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1.3.32 Quantum Communication: efficiency thresholds, coding, and 
environment engineering  
 
The study of how efficiently information can be preserved when transferring it via the use of quantum 
carriers, is central in quantum-information theory and represents a fundamental prerequisite to 
develop reliable quantum technologies. Our activity in the field covers a broad spectrum of different 
research lines which, among others, include the theoretical characterization of the optimal thresholds 
of the communication efficiency (capacities) attainable by several realistic quantum communication 
models (e.g. Bosonic quantum channels), the development of detection and coding schemes that 
allows one to reach such ultimate limits, the way in which partial engineering of the communication 
line environment can be used to in order to improve the overall quality of the signaling process, the 

study of non-Markovian effects.  
 

Starting from previous results, in Refs. [1,2,8,10,12,14,20] generalizations of the 
longstanding Gaussian optimizer conjecture for Bosonic channels were proven. In 
particular in Ref. [8] an ordering between the quantum states emerging from a 
single mode gauge-covariant bosonic Gaussian channel was observed. Specifically 
it was shown that within the set of input density matrices with the same given 
spectrum, the element passive with respect to the Fock basis (i.e. diagonal with 
decreasing eigenvalues) produces an output which majorizes all the other outputs 
emerging from the same set. In Ref. [5] the set of linear maps sending the set of 
quantum Gaussian states into itself was explored: these transformations are in 
general not positive, a feature which can be exploited as a test to check whether a 
given quantum state belongs to the convex hull of Gaussian states. In Ref. [19] we 
derived several upper bounds on the quantum capacity of qubit and bosonic 
thermal attenuators. 
 
In Ref. [4] an all-optical scheme for simulating non-Markovian evolution of a 
quantum system was proposed. It uses only linear optics elements and by 
controlling the system parameters allows one to control the presence or absence 
of information backflow from the environment.  
 
In Ref. [3] a set of new functionals (called entanglement-breaking indices) has 
been introduced which characterize how many local iterations of a given (local) 
quantum channel are needed in order to completely destroy the entanglement 
between the system of interest over which the transformation is defined and an 
external ancilla. In Ref. [6] instead the set of Entanglement Saving quantum 
channels was characterized: these are completely positive, trace preserving 
transformations which when acting locally on a bipartite quantum system initially 
prepared into a maximally entangled configuration, preserve its entanglement 
even when applied an arbitrary number of times. In Ref. [22] a similar analysis 
was conducted for the case of dynamical semigroups, and in Ref. [23] a scheme 
was proposed to improve the entanglement survival via environment resetting.  
 
In Ref. [18] reciprocal pairs of quantum channels were introduced as completely 
positive transformations which admit a rigid, distance-preserving, yet not 
completely-positive transformation that allows to reproduce the outcome of one 
from the corresponding outcome of the other, see Fig. 1. From a classical 
perspective these transmission lines should exhibit the same communication 
efficiency, interestingly enough however, it turns out that this is no longer the case 
in the quantum setting.  
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In Refs [7,15] we presented a new decoding protocol to realize transmission of 
classical information through a quantum channel at asymptotically maximum 
capacity, achieving the Holevo bound and thus the optimal communication rate. 
At variance with previous proposals, our scheme recovers the message bit by bit, 
making use of a series "yes-no" measurements, organized in bisection fashion, 
thus determining which codeword was sent in log(N) steps, N being the number 
of codewords. In Refs. [9,13,16] several schemes for the detection of low-intensity 
optical coherent signals ware studied which use probabilistic amplifier operated 
in the non-heralded version, improved applications of Hadamard receivers, and 
adaptive receivers. In Ref. [25] a dynamical model for Positive-Operator Valued 
Measures was presented. In Ref. [30] a perturbative to continuous-time quantum 
error correction was presented.  
 
The distribution of entangled quantum systems among two or more nodes of a 
network is a key task at the basis of quantum communication, quantum 
computation and quantum cryptography. Unfortunately, the transmission lines 
used in this procedure can introduce so much perturbations and noise in the 
transmitted signal that prevent the possibility of restoring quantum correlations 
in the received messages either by means of encoding optimization or by 
exploiting local operations and classical communication. In Ref. [11] we presented 
a procedure which allows one to improve the performance of some of these 
channels. The mechanism underpinning this result is a protocol which we dub cut-
and-paste, as it consists in extracting and reshuffling the sub-components of these 
communication lines, which finally succeed in "correcting each other". The proof 
of this counterintuitive phenomenon has a direct application in the realization of 
quantum information networks based on imperfect and highly noisy 
communication lines. In Ref. [17] instead we reported a bulk optics experiment 
demonstrating the possibility of restoring the entanglement distribution through 
noisy quantum channels by inserting a suitable unitary operation (filter) in the 
middle of the transmission process, see Fig. 2 below. We focus on two relevant 
classes of single-qubit channels consisting in repeated applications of rotated 
phase damping or rotated amplitude damping maps, both modeling the combined 
Hamiltonian and dissipative dynamics of the polarization state of single photons. 
Our results show that interposing a unitary filter between two noisy channels can 
significantly improve entanglement transmission.  
 

Figure 1. Graphical representation of 
output throughput of a quantum 
channel (blue region) of its reciprocal 
counterpart (red region) obtained by 
rigidly inverting the former (figure 
taken from [18]).  
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In Ref. [21] we considered the problem of correctly classifying a given quantum 
two-level system (qubit) which is known to be in one of two equally probable 
quantum states. We assumed that this task should be performed by a quantum 
machine which does not have at its disposal a complete classical description of the 
two template states, but can only have partial prior information about their level 
of purity and mutual overlap. Moreover, similarly to the classical supervised 
learning paradigm, we assumed that the machine can be trained by n qubits 
prepared in the first template state and by n more qubits prepared in the second 
template state. In this situation we were interested in the optimal process which 
correctly classifies the input qubit with the largest probability allowed by 
quantum mechanics. The problem was studied in its full generality for a number 
of different prior information scenarios and for an arbitrary size n of the training 
data. Finite size corrections around the asymptotic limit n→∞ were also derived. 
In Ref. [28] instead we derived the optimal performance of quantum state overlap 
estimation, a task which essential for at the decoding stage of any communication 
line. 
 
In Ref. [24] the impossibility of undoing a mixing process was analyzed in the 
context of quantum information theory. The optimal machine to undo the mixing 
process was studied in the case of pure states, focusing on qubit systems. For 
simple but non-trivial cases we computed the analytical solution, comparing the 
performance of the optimal machine with other protocols. As a spin-off of this 
analysis in Ref. [29] we provided optimal bounds for the quantum capacity of the 
depolarizing channel.  
 
In Ref. [27] we exploited an improved version of the Lieb-Robinson bound derived 
in [26], to estimate the quantum capacity of information transmission on spin-
network communication lines.  
 
In Refs. [31,32] quantum cascade networks where analyzed in which quantum 
systems are connected through unidirectional channels that can mutually interact 
giving rise to interference effects. In particular we showed how to compute master 
equations for cascade systems in an arbitrary interferometric configuration by 
means of a collisional model.  
 
In Ref. [33] we studied the most efficient way to exploit a certain amount of 
entanglement to perform quantum teleportation protocols implemented using 
two-mode Gaussian states with a limited degree of entanglement and energy. 
 

Figure 2. Scheme of the experimental 
setting used in Ref. [17]. The model 
uses a source of polarization entangled 
qubits which undergoes to noisy 
evolutions (grey boxes) and filtering 
operations (the F element of the 
figure). Figure taken from [17].  
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FIG. 1. Schem e of t he exp er im ent al set up A source of

polarizat ion entangled qubit s sends the a-photon direct ly to
the tomography stage, while the s-photon is t ransmit ted by

a SMF to the simulat ion of ⌦= Φ ◦ Φ or ⌦0 = Φ ◦ F ◦ Φ and
then measured in the same temporally synchronized bipart ite

tomography. Φ = ΦP D or Φ = ΦA D are represented by the
black boxes, while F = ⇤' is represented by the t ransparent -

gray box enclosing a half wave plate H W P ( ' ). Finally, we
specify that ⌦(⌦0) corresponds to the absence (presence) of

H W P ( ' ).

a rotat ion degree of freedom in the angle ✓ (as seen in
Fig. 2 a)) [6, 21].

Since both ⇤✓ plates are synchronized in their rotat ion
angle, there are only four combinat ions of Pauli opera-
t ions; when the first ΦP D is applying I , the second ΦP D

can apply I or σz ; when the first ΦP D is applying σz ,
the second ΦP D can apply I or σz . Then, the stat ist i-
cal mixture between I and σz is obtained by ext ract ing
a fract ion PI I = (1 − p

2
)2 of coincidences from the I + I

tomography, a fract ion PIσz
= (1− p

2
) · p

2
of coincidences

from the I + σz and σz + I tomographies, and a fract ion
Pσz σz

= ( p
2
)2 from the σz + σz tomography.

Once the tomography regist ry fract ions are combined,
the new regist ry will be equivalent to a tomography of
the state under a the act ion of ⌦P D = ΦP D ◦ ΦP D .

a) b)

FIG. 2. Single channel m odules. a) ΦP D : The unrotated

yellow plate H W P (0) const itutes the PD channel Γ , since I
is applied when it is absent or σz when it is present . b) ΦA D :

The SI and MZI const itute the AD channel ⌃ , since t rans-
form the vert ical polarizat ion into horizontal by a rotat ion of

H W P (↵). Either in a) or b), the rotat ing red plate H W P (✓)
represents ⇤✓.

R ot at ing A mpli t ude D amping Channel: To sim-
ulate each ⌃ channel, we use a displaced Sagnac inter-
ferometer (SI), opened and closed by a single polarizing
beam splitter (PBS) (as seen in Fig. 2 b)). The par-
allel t rajectories of |V i and |H i project ions inside the
SI are temporally compensated and go in clockwise and
counter-clockwise direct ions, respect ively. Both t rajec-

tories are intercepted by independent HWPs, a rotat ing
one H W P (↵) for |V i and another unrotated H W P (0)
for |H i . The rotat ion angle ↵ is related to the damp-

ing parameter ⌘by the expression ↵(⌘) =
ar ccos(−

p
1− ⌘)

2
[6, 10].

After the SI there is an unbalanced Mach-Zehnder in-
terferometer (MZI), that allows to couple in the same
trajectory the damped and undamped polarizat ions as
they pass through a beam splitter (BS). The temporal
di↵erence between the MZI arms is set to a value larger
than the coherence length of the photons in order to sim-
ulate random phase fluctuat ions that destroy quantum
interferences at its output .

The act ion of ⌦A D = ΦA D ◦ ΦA D is then obtained
by select ing the same damping ⌘in both ⌃ , while both
HWPs corresponding to ⇤' rotate in a synchronous way.

F i l t er ing: The protocol first ly requires to fix the
damping parameter p for ⌦P D or ⌘for ⌦A D , to scan
the channel in the rotat ion angle ✓ and verify the lo-
cat ion of periodic EB regions. It results that these
regions are located around ✓P D = ⇡

8
± n ⇡

4
for the

(⌦P D ,s ⌦Ia)(⇢sa ) experiment and around ✓A P = ⇡
4
± n ⇡

2
for the (⌦A D ,s ⌦Ia)(⇢sa ) experiment , in both cases with
n 2 N. Once this condit ion is experimentally cert ified,
one proceeds to fix the angle✓= ✓P D or ✓= ✓A D . Then,
the operat ion of F is studied by scanning the rotat ion '
of an ext ra HWP (as seen in Fig. 1).

As a consequence, either ⌦0
P D = ΦP D ◦ ⇤' ◦ ΦP D or

⌦0
A D = ΦA D ◦ ⇤' ◦ ΦA D will be no more EB , in a region

where, on the cont rary, ⌦P D and ⌦A D were EB.

I V . R ESU LT S

In Fig. 3 we report the experimental results for the
channels ⌦P D and ⌦0

P D act ing over the s-photon of a
pair of entangled photons, with the damping parameter
set to the value p = 0.65. Fig. 3 a) shows the EB be-
haviour of ⌦P D around ✓P D = ± ⇡

8
as predicted by the

simulated model, while Fig.3 b) shows an entanglement
revival of ⌦0

P D for ' = ± ⇡
8

. Similarly, in Fig. 4 we report
the results of ⌦A D and ⌦0

A D channels act ing over the s-
photon from a pair of entangled photons, having set the
damping parameter to the value ⌘= 0.66± 0.017. Fig. 4
a) shows the EB behavior of ⌦A D around ✓A D = ± ⇡

8
as

predicted by the simulated model, while Fig.4 b) shows
an entanglement revival of ⌦0

A D for ' = ⇡
8

.

The experimental data were obtained by averaging
and calculat ing the standard deviat ion over 5 values per
point . The blue lines were calculated considering per-
fect input state and opt ical condit ions. The simulated
shaded green areas correspond to the regions of all pos-
sible experimental results within one standard deviat ion
of Fex p = 0.980 ± 0.016 for ⌦P D and ⌦0

P D , and also
considering the error propagat ion of 0.5 degrees of un-
certainty in ✓ for ⌦A D and ⌦0

A D . This di↵erence in the
data analysis between PD and AD channel origins from
the negligible error cont ribut ion of 0.5 degrees of uncer-
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In Ref. [34] we showed how to recover complete positivity (and hence positivity) 
of the Redfield equation via a coarse grain average technique. We derived general 
bounds for the coarse graining time scale above which the positivity of the 
Redfield equation is guaranteed.  
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