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Abstract: The calibration of a quantum channel, i.e. the
determination of the transmission losses a�ecting it, is
de�nitely one of the principal objectives in both the quan-
tum communication and quantummetrology frameworks.
Another task of the utmost relevance is the identi�cation,
e.g. by extracting its photon number distribution, of the
noise potentially present in the channel.
Here we present a protocol, based on the response of a
photon-number-resolving detector at di�erent quantum
e�ciencies, able to accomplish both of these tasks at once,
providing with a single measurement an estimate of the
transmission losses as well as the photon statistics of the
noise present in the exploited quantum channel.
We show and discuss the experimental results obtained in
the practical implementation of such protocol, with di�er-
ent kinds and levels of noise.

Keywords: Quantum Communication, Quantum Metrol-
ogy, Calibration

1 Introduction
Some of nowadays hottest research �elds as quantum
metrology and sensing [1–7], quantum information [8–11]
and foundations of QuantumMechanics [12–16] �nd a fun-
damental tool in quantum channels, transmitting the in-
formation carriers (usually single photons or entangled
photon pairs).
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An ideal quantum channel should be completely transpar-
ent, in order to grant the transmission of all the informa-
tion passing through it, and free from any noise deteriorat-
ing the transmission quality. Unfortunately, a real quan-
tum key distribution (QKD) attempt is always a�ected by
losses, be it via open air (earth-to-earth or earth-to-space)
[17–19], because of the interaction of the photons with the
atmosphere, or through optical �bers [20–23], because of
the fact that single photons can be absorbed and noise
photons may appear from scattering processes due to the
presence of conventional communication in the adjacent
channels.
This is why the characterization of a quantum channel
[24–28], especially the determination of its transmission
losses and of the noise potentially present in it, is de�-
nitely a fundamental task for developing and increment-
ing the performances of the rising quantum technologies
[29–32].
Inspired by some theoretical works [33], we present a pro-
tocol giving an estimate of the losses in a quantumchannel
distributing single photons and,within the samemeasure-
ment, extracting the photon number distribution [34–36]
of the noise in it.
We show experimental results demonstrating reasonably
good reconstruction, with �delities ranging from 90.4%
to 99.1%, of di�erent kinds (poissonian and thermal) and
levels of noise, together with a good estimate of the chan-
nel losses. Even though there are techniques obtainingbet-
ter results in determining the transmission losses or the
noise presence in a quantum channel, up to our knowl-
edge this is the only technique able to perform both tasks
at the same time, simplifying (after adequate improve-
ment) the channel characterization process.

2 Theoretical framework
Let us assume to have a single-photon source (SPS) pro-
ducing single photons anddistributing them in a lossy and
potentially noisy quantum channel. Our aim is the char-
acterization of such channel, i.e. the evaluation of both
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Figure 1: Representation of a noisy and lossy quantum channel con-
necting a single-photon source (SPS) to a linear photon-number-
resolving detector (PNRD): the channel noise is depicted as an
unknown photon source mixed with the single photons in a beam
splitter (BS), while the losses are simulated by an attenuator of
transmittance τ.

the amount of losses and the photon statistics of the back-
ground noise present, allowing, in determinate scenarios,
to identify the potential noise source.
From the quantum mechanical perspective, this can be
depicted as our SPS output being mixed in a non-
polarizing beam splitter with an unknown noise source
(see Fig.1) whose photon number distribution is described
by the coe�cients

{
b(m), m ∈ N

}
, where b(m) repre-

sents the probability of having m incoming noise photons
(
∑∞

m=0 bm = 1). After such mixing, the probability of hav-
ing m photons in the output state will be [37]:

p(m) = b(m − 1)ξ + b(m)(1 − ξ ), (1)

being ξ the probability of having a single photon in the
quantum channel input.
That said, if we suppose to put a linear photon-number-
resolving detector (PNRD) with e�ciency η at the output
port of the beam splitter (i.e. at the end of the quantum
channel distributing our single photons), we can extract
the probability Π(k, η, τch) of having k photocounts:

Π(k, η, τch) =
∑
m≥k

m!
k!(m − k)! (τchη)

k(1 − τchη)m−kp(m).

(2)
The parameter τch, representing the transmissivity of the
quantum channel, can be reconstructed, together with the
noisephotonnumberdistribution coe�cients b(m)’s,with
a single measurement procedure, by exploiting a regular-
ized least-squares minimisation algorithm [33] based on
the photocount probabilities Pi(k) registered by the PNR
detector for a properly chosen set of di�erent detection ef-
�ciencies {ηi}. This result can be achieved, for example,
by minimizing the quantity

∑
i,k[Pi(k) − Π(k, ηi , τch)]

2,
with the physical “smoothness” constraint implemented
by means of a quadratic, convex and device independent
function [38–40].

Being impossible to perform such photon statistics recon-
struction in a theoretically in�nite Hilbert space, we have
to limit ourselves to a truncated reconstructionFock space,
carefully choosing aM for which the probability of having
m > M results negligible [35, 36].

3 Experimental setup
In our implementation (see Fig. 2), the single photons are
produced by a quasi-noiseless heralded SPS [41]. In such
setup, a CW laser at 532 nm pumps a 10 × 1 × 10 mm
periodically-poled lithiumniobate (PPLN) crystal, produc-
ing type-0 Parametric Down-Conversion (PDC).
The heralding idler photon (λi = 810 nm) goes through
an interference �lter (IF, 10 nm FWHM) and an iris, and
then is coupled into a single-mode �ber (SMF) connected
to a heralding detector, a prototype module [42, 43] based
on a red-enhanced silicon-based single-photon avalanche
diode [44, 45] (RE SPAD in Fig. 2) designed to provide a
high detection e�ciency (≈ 40%) and a low timing jitter of
≈ 90 ps FWHM at 810 nm.
The heralded signal photon (λs = 1550 nm) is spatially
and spectrally �ltered by an iris and an IF (30 nm FWHM)
respectively, and then it is coupled to a 20 m long SMF
connected to a high-speed 2 × 2 optical switch (OS) based
on a LiNbO3 integrated waveguide Mach-Zehnder interfer-
ometer [46], working as an optical shutter. The OS is con-
trolled by a custom-made circuit receiving the heralding
signal from the RE SPAD and hence triggering a custom-
made fast pulse generator, opening the output channel of
the SPS for few nanoseconds in presence of the heralded
single photon. This source shows a heralding e�ciency of
ξ = (9.2 ± 0.6)%. Furthermore, to investigate the multi-
photon component of the SPS we connect it to a Hanbury-
Brown and Twiss interferometer, composed of a 50:50 �ber
beam splitter (FBS) with the output ports connected to two
Indium/GalliumArsenide single-photon avalanchediodes
(InGaAs SPADs), and evaluate the parameter α = P12

P1P2
(directly related to the Glauber second-order autocorrela-
tion function g(2)(0)) [41, 47, 48], where Pi (i = 1, 2) is
the photocount probability of the i−th InGaAs SPAD and
P12 is the probability of observing a coincidence count in
both the InGaAs SPADs. With this procedure we observe
α = 0.005±0.007, among the lowest present in literature.
The output of the SPS is then combined with the noise
source in a 99:1 FBS. The noise source is composed of a
pulsed laser at 1550 nm triggered by the heralding signal
coming from the SPS, addressed to a�ber coupler and then
injected in the FBS. A rotating ground glass disk can be
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Figure 2: Scheme of the experimental setup. The signal (heralded
single photons produced by Type-0 PDC in a PPLN crystal) are
mixed with the “noise” photons in a 99:1 FBS. The FBS output is
addressed to the detection apparatus, composed of a variable at-
tenuator and a TES-based PNRD.

inserted before the �ber coupler, in order to change the
nature of the induced noise from Poissonian to pseudo-
thermal.
Being losses critical for the SPS, while not relevant for the
noise source, the single photons will enter the 99%port of
the FBS, and the noise photons the 1%one.We stress that,
to avoid unwanted interference e�ects, the single photons
and the noise ones arrive at the FBS with a few nanosec-
onds time mismatch, still remaining indistinguishable by
the adopted detection device.
The output of the FBS goes to a variable attenuator, con-
nected to a superconducting PNRD based on a Transition
Edge Sensor (TES) [40, 49, 50]. The TES exploited is com-
posed of a∼ 34 nm thick Ti/Au �lm [50–52], fabricated by
dc-magnetron sputtering. The sensitive area, obtained by
lithography and chemical etching, is 10 × 10 µm (more
details on the fabrication process are given in [50]). Upon
varying the top Ti �lm thickness, the critical temperatures
of these TESs can range between 90mKand 130mK, show-
ing a sharp transition (1-2 mK). In order to take advan-
tage of the negative electro-thermal feedback, providing
the possibility to obtain a self-regulation of the bias point
without a �ne temperature control and reducing the de-
tector response time, the TES is voltage biased. In a cal-
ibration performed with a PNRD-generalized version of
Klyshkho’s absolute calibration method [37], the TES de-
tector exploited for the experiment showed a detection ef-
�ciency ηTES = (67.0 ± 0.7)%. The losses of the last �ber,
directly connected to the TES, are included in this value.
The attenuator is used to variate the transmittance of the
TES input channel, simulating a set of di�erent detec-

tion e�ciencies: the response of the TES-based PNRD for
each e�ciency ηi = ηtotτi , (i, 1, ..., N) is registered and
then used to reconstruct the noise photon number distri-
bution and, at the same time, obtain the estimate of ηTES
bymeans of a recursive a least-squaresminimization algo-
rithmwith “smoothness” constraint [35, 36]. The insertion
loss of the attenuator was evaluated with classical meth-
ods, giving a transmission coe�cient γ = 0.76 ± 0.01.
This means that the overall e�ciency of our detection ap-
paratus, formed by the TES and the attenuator, was ηtot =
γηTES = (50.9 ± 0.9)%.

4 Obtained results
To test the robustness of ourmethod,we performed six dif-
ferent experimental runs, three with a thermal-like added
noise and three with a poissonian one, all with di�erent
mean photon numbers per pulse ranging from 0.45 to 2.
As predictable, taking into account both the heralding ef-
�ciency of the SPS and the global detection e�ciency ηtot,
our TESwas able to discriminate properly only up to Pi(2),
with Pi(3) becoming clearly visible only for the acquisi-
tions with the greatest amount of simulated noise (for the
evaluation of the experimental photocount probabilities,
see [40]).
Before each acquisition, the whole output of the FBS was
connected to a previously calibrated InGaAs SPAD (with
e�ciency ηSPAD = (9.5 ± 0.2)%) able to discriminate be-
tween the heralded photons and noise photons contribu-
tions, to obtain an estimate of both the channel losses and
the added noise mean photon number µ.
In Fig. 3 are reported the plots of the reconstructed pho-
ton statistics of the quantum channel noise, compared
with the expected ones, for each of the six acquisitions
performed. The quality of the reconstructions is generally
good, if comparedwith the expected photon distributions,
as certi�ed by the obtained �delities F =

∑M
m=0

√
b(r)m b(e)m

(being b(r)m and b(e)m respectively the reconstructed and ex-
pected bm elements), 97.8%, 98.3% and 99.1% for the
best three cases. For the remaining three ones, as evident
from the corresponding plots, the matching between re-
constructed and expected photon statistics is not com-
pletely satisfactory (as certi�ed by the lower �delities,
ranging from 90% to 96%), demonstrating that our tech-
nique is not ready yet for a broad use.
Concerning the quantum channel losses estimation, in-
stead, the average channel transmittance coe�cient ex-
tracted with our reconstruction method is τ(r)ch = 0.84 ±
0.04, in excellent agreement with the one measured with
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(a) Poissonian noise with µ =
0.47.

(b) Pseudo-thermal noise with
µ = 0.47.

(c) Poissonian noise with µ =
0.84.

(d) Pseudo-thermal noise with
µ = 0.95.

(e) Poissonian noise with µ =
1.64.

(f) Pseudo-thermal noise with
µ = 1.78.

Figure 3: Plots comparing the expected noise photon distributions
b(e)m (brown bars) with the reconstructed ones (yellow bars). The

�delities F =
∑M

m=0

√
b(r)m b(e)m obtained are the following: plot (a),

F = 95.7%; plot (b), F = 94.0%; plot (c), F = 99.1%; plot (d),
F = 97.8%; plot (e), F = 98.3%; plot (f), F = 90.2%.

the SPAD, τch = 0.85 ± 0.02.
As a further consistency check, for each acquisition
we compared the experimental photocount probabilities
P(xp)i (k) with the ones obtained from the reconstructed
photon statistics (P(r)i (k)) and with the expected ones
(P(e)i (k)), derived by the b(e)m coe�cients. In Fig. 4 are re-
ported the plots of these quantities (up to k = 2) for each
of the e�ciencies {ηi}, together with the corresponding �-
delity between the reconstructed and experimental ones(
Fi =

∑
k

√
P(xp)i (k)P(r)i (k)

)
, in two particolar cases: Pois-

sonian noise with µ = 0.84 in Fig. 4a, pseudo-thermal
noise with µ = 1.78 in Fig. 4b. In both cases Fi is always
above99.95%, even if the case of Fig. 4a is the onewith the
best reconstructed photon statistics (F = 99.1%)while the
one represented in Fig. 4b is the one with the least faithful
reconstruction outcome (F = 90.2%).
This can be due to the fact that, with such a low over-
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(a) Poissonian noise with µ = 0.84.
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(b) Pseudo-thermal noise with µ = 1.78.

Figure 4: Plots comparing the expected photocount probabilities
P(e)i (k) (brown bars), the reconstructed ones P(r)i (k) (orange bars)
and the ones obtained experimentally P(xp)i (k) (yellow bars). For
each of the two sets, corresponding to two di�erent acquisitions,
the bottom-right plot shows the �delities Fi between P(xp)i (k) and
P(r)i (k).

all system e�ciency, the Pi(0) contribution is dominant.
Hence, the reconstruction method, relying on the contri-
bution of the di�erent photocounts probabilities of the
PNR detector to “decouple” the channel transmission
losses and the noise photon number distribution coe�-
cients, becomes less reliable, specially when dealing with
bigger reconstruction Hilbert spaces (i.e. at higher µ). This
means that, in order to achieve a faithful and robust self-
characterization of a quantum channel with this method,
the whole system e�ciency shouldn’t drop below few per-
cents, inevitably putting a threshold on the amount of
channel losses (and noise level) that one could be able to
reconstruct.
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In conclusion, we have shown a method for the self-
characterization of a quantum channel, able to give an es-
timate of the transmission losses and of the potential noise
photon number distribution at the same time. Even if the
results are quite satisfactory and in good agreement with
the expectations, we feel that this method still needs to
be improved before being considered sound and robust
enough for a widespread application.

Acknowledgement: This work has received funding from
European Union commission and the EMRP programme
Participating States (EXL02 - SIQUTE project), from the
EMPIR programme co-�nanced by the Participating States
and from the EuropeanUnion’s Horizon 2020 research and
innovationprogramme (14IND05MIQC2project), and from
MIUR (FIRB Project No. D11J11000450001).
We deeply thank Dr. Marco Genovese and Prof. Matteo G.
A. Paris for fruitful discussions.

References
[1] G. Brida, M. Genovese, and M. Gramegna, Laser Phys. Lett. 3,

115 (2006)
[2] S.V. Polyakov and A.L. Migdall, J. Mod. Opt. 56(9), 1045 (2009)
[3] J.C. Zwinkels, E. Ikonen, N.P. Fox, G. Ulm,M.L. Rastello, Metrolo-

gia 47, R15 (2010)
[4] W. Schmunk,M. Rodenberger, S. Peters, H. Hofer, and S. Kueck,

J. Mod. Opt. 58(14), 1252 (2011)
[5] M.L. Rastello et al., Metrologia 51, S267 (2014)
[6] G. Brida et al., Opt. Expr. 18, 20572 (2010)
[7] M. Genovese, arXiv:1601.06066 (2016), to appear in Journal of

Optics
[8] R. Thew and N. Gisin, Nat. Phot. 1, 165 (2007)
[9] J.L. O’Brien, A. Furusawa, and J. Vickovic, Nat. Phot. 3, 687

(2009)
[10] M. Lasota, R. Demkowicz-Dobrzanski, and K. Banaszek, Int. J.

Quant. Inf. 11, 1350034 (2013)
[11] D. S. Simon, G. Jaeger, and A. V. Sergienko, Int. J. Quant. Inf. 12

(04), 1430004 (2014)
[12] M. Genovese, Phys. Rep. 413, 319 (2005) and refs. therein.
[13] G. Brida, I.P. Degiovanni,M.Genovese, V. Schettini, S. Polyakov,

and A. Migdall, Opt. Expr. 16, 11750 (2008)
[14] G. Brida, I.P. Degiovanni, M. Genovese, F. Piacentini, V. Schet-

tini, N. Gisin, S.V. Polyakov, and A. Migdall, Phys. Rev. A 79,
044102 (2009)

[15] J.B. Brask, R. Chaves and N. Brunner, Phys. Rev. A 88, 012111
(2013)

[16] G. Brida et al., J. Phys. Soc. of Jap. 82, 034004 (2013)
[17] R. Ursin et al., Nature Physics 3, 481 (2007)
[18] G. Vallone et al., Phys. Rev. Lett. 115, 040502 (2015)
[19] J.-Y. Wang et al., Nat. Phot. 7, 387 (2013)
[20] B. Korzh et al., Nat. Phot. 9, 163 (2015)
[21] P. Jouguet, S. Kunz-Jacques, A. Leverrier, P. Grangier, and E. Dia-

manti, Nat. Phot. 7, 378 (2013)

[22] H. Takesue et al., Nat. Phot. 1, 343 (2007)
[23] K. A. Patel et al., Appl. Phys. Lett. 104, 051123 (2014)
[24] G. Brassard, N. Lutkenhaus, T. Mor, and B. C. Sanders, Phys.

Rev. Lett. 85, 1330 (2000)
[25] P. Villoresi et al., New J. of Phys. 10, 033038 (2008)
[26] K. Banaszek, A. Dragan,W.Wasilewski, and C. Radzewicz, Phys.

Rev. Lett. 92, 257901 (2004)
[27] D. Stucki et al., New J. of Phys. 11 075003 (2009)
[28] R. Vasile, S. Olivares, M. G. A. Paris, and S. Maniscalco, Phys.

Rev. A 83, 042321 (2011)
[29] G. Brida, A. Cavanna, I. P. Degiovanni, M. Genovese, and P.

Traina, Laser Phys. Lett. 9 (3), 247 (2012)
[30] E. D. Lopaeva, I. Ruo Berchera, I. P. Degiovanni, S. Olivares, G.

Brida, and M. Genovese, Phys. Rev. Lett. 110, 153603 (2013)
[31] G. Brida, M. Genovese, and I. Ruo Berchera, Nat. Phot. 4, 227

(2010)
[32] D. Gatto Monticone et al., Phys. Rev. Lett. 113, 143602 (2014)
[33] D. Mogilevtsev, J. Rehacek, and Z. Hradil, New J. of Phys. 14,

095001 (2012), and references therein
[34] A. R. Rossi, S. Olivares, and M. G. A. Paris, Phys. Rev. A 70,

055801 (2004)
[35] G. Zambra et al., Phys. Rev. Lett. 95, 063602 (2005)
[36] G. Brida, M. Genovese, M. G. A. Paris, and F. Piacentini, Opt.

Lett. 31 (23), 3508 (2006)
[37] A. Avella et al., Opt. Expr., 19 (23), 23249 (2011)
[38] J. S. Lundeen et al., Nat. Phys. 5, 27 (2009)
[39] G. Brida et al., Phys. Rev. Lett. 108, 253601 (2012)
[40] G. Brida et al., New J. Phys. 14, 085001 (2012)
[41] G. Brida et al., Appl. Phys. Lett. 101, 221112 (2012)
[42] A. Giudice et al., Proc. SPIE 8375, 83750P (2012)
[43] A. Gulinatti et al., J. Mod. Opt. 59 (17), 1489 (2012)
[44] S. Castelletto, I. P. Degiovanni, A. Migdall and M. Ware, New J.

Phys. 6, 87 (2004)
[45] S. Castelletto, I. P. Degiovanni, V. Schettini and A. Migdall, Opt.

Expr. 13, 6709 (2005)
[46] EOSPACE, Inc., Redmond, WA., http://www.eospace.com
[47] P. Grangier, G. Roger, andA. Aspect, Eur. Phys. Lett. 1, 173 (1986)
[48] G. Brida et al., Phys. Lett. A 328, 313 (2004)
[49] L. Lolli et al., Int. J. of Quant. Inf. 9, 405 (2011)
[50] D. Fukuda et al., Opt. Expr. 19 (2), 870 (2011)
[51] C. Portesi, E. Taralli, R. Rocci, M. Rajteri, and E. Monticone, J.

Low Temp. Phys. 151, 261 (2008)
[52] E. Taralli, M. Rajteri, E. Monticone, and C. Portesi, Int. J. Quan-

tum. Inf. 5, 293 (2007)
[53] D. Drung et al., IEEE T. Appl. Supercon. 17, 699 (2007)

Unauthenticated
Download Date | 5/25/16 4:19 PM


	1 Introduction
	2 Theoretical framework
	3 Experimental setup
	4 Obtained results

