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{marcellopassos123,paolaconcha05, fagnermuruci}@gmail.com, jose huguenin@id.uff.br

Abstract. We present an implementation an experimental simulation of quantum
channels by using an all-optical setup where the qubit was encoded in polariza-
tion degree of freedom and the environment was encoded in the propagation path
degree of freedom. The experiment is a test bed for theoretical investigation of
quantum decoherence processesing Markovian quantum channels.

Resumo. Neste trabalho, apresentamos a realização da simulação experimen-
tal de canais quânticos usando circuitos ópticos onde o qubit foi codificado
no grau de liberdade de polarização e o ambiente foi codificado no grau de
liberdade do caminho. Esse experimento é uma plataforma para realização
de testes na investigação teórica do processo de decoerência quântica no em
canais quânticos Markovianos.

1. Introduction
Quantum communication and Quantum Computation present a hard challenge: decoher-
ence process due inevitable interaction of qubits with the environment in quantum chan-
nels [Nielsen and Chuang 2001]. Indeed, Coherence is a very important resource for the
quantum information theory and contributes to the advancement of quantum information
processing [Bagan et al. 2016].

Developed originally in quantum optics domain [Glauber 1963], nowadays, the
theory of quantum coherence presents a intense research field that consists to quantify-
ing coherence for general states once coherence is regarded as an operational resource
[Baumgratz et al. 2014].

Concerning the decoherence, an important phenomena observed is the freezing
of coherence, that’s consist in time invariance of the quantum system that evolves under
noisy dynamics without external control [Bromley et al. 2015]. We recover this effect in
our optical simulation.

Simulation of quantum systems by means linear optical circuits are an in-
tense research field. We can cite studies of topological phases in the evolution of a
pair of entangled qubits [Souza et al. 2007], Bell’s inequality [Borges et al. 2010], Mer-
min’s inequality for entangled tripartite system [Balthazar et al. 2016], cryptography



[Souza et al. 2008], teleportation [da Silva et al. 2016], and simulation of quantum gates
[Balthazar and Huguenin 2016].

In Ref. [Obando et al. 2020] we present a complete theoretical and experimental
studies on quantum decoherence processes, by considering a single qubit in Markovian
channels. In the present work we focus on the presentation of the experimental simulation
of Amplitude Damping (AD) and Bit Flip (BF) channels.

2. Optical simulation of quantum channels
The system and reservoir are encoded in degree of freedom of light, more specifically an
intense laser beam. The qubit representing the system are encoded in polarization degree
of freedom in such way we have |H⟩ ≡ |0⟩S(system ground state) and |V ⟩ ≡ |1⟩S(system
excited state). The reservoir is encoded in the propagation path (orthogonal directions),
labeled as |0⟩R and |1⟩R.

Figure 1 presents the experimental setup. A DPSS laser (horizontally polarized)
(532nm, 1.5mw power) passes through a half wave plate with its fast axis making an
angle of θ1 with the horizontal (HWP1@θ1). The initial polarization state can be written
as

|ψi⟩ = |ψ(θ1)⟩S = cos(2θ1)|H⟩s + sin(2θ1)|V ⟩S. (1)

Figure 1. Experimental setup. HWP for half wave plate, QWP for quarter wave
plate, PBS for polarizing beam splitter, PZT for piezoelectric ceramic, and CCD
for Charge-Coupled Device camera.

Setting θ1, we can write different initial states. For instance, If θ1 = π/8,
we have a +45◦ polarized beam that is the analog of the maximally coherent state
|ψ(π/8)⟩S ≡ |+⟩S = 1√

2
( |H⟩+ |V ⟩ ) [Passos et al. 2018]. For θ1 = π/4 we have a

vertically polarized beam stated as |ψV ⟩S ≡ |1⟩S = |V ⟩. For system-reservoir state, the
initial propagation path is associated to the reservoir ground state. Then we can write that
after HWP1 we have initial state the state |ψβ⟩S|0⟩R where β = +, V .

The quantum channels are simulated by the optical circuit presented in the block
”Channels” and follows Ref. [Salles et al. 2008]. For any initial state shining PBS1, H-
polarization component is transmitted and the V-polarization reflected. For V-component,
half wave plate HWP2@θv has its fast axis performing an angle θv with the vertical direc-
tion. For H-component, another half wave plate HWP3@θh has its fast axis performing an
angle θh with the horizontal. The two arms are recombined in PBS2. For θv = θh = 0 the



polarization components H and V leaves PBS2 in the same port (the path associated with
the reservoir ground state |0⟩R). For θv or/and θh different from zero, the path associated
with the reservoir excited state |1⟩R present non zero intensity.

In this path we have an additional half wave plate HWP4@θ4. A phase difference
ϕ = ϕ2−ϕ1 between the paths |0⟩R and |1⟩R can be controled by using a couple of quarter
waves plates QWP1@ϕ1 and QWP2@ϕ2 that are inserted or removed in the path |1⟩R.
In association with combinations of θv, θh, and θ4, we can emulates different quantum
channels [Salles et al. 2008].

As we need density matrix ρ polarization states after the channels in order to
calculate coherence, tomographic measurements is preformed in the last part of the circuit
(“Tomography” block).

The Quantum Coherence (C(ρ)) and the Maximum Coherence (Cmax(ρ)) are
given by [Obando et al. 2020]

C(ρ) =
∑

s,s′(s ̸=s′)

|⟨s|ρ|s′⟩|, (2)

Cmax(ρ) =
∑
s,s′

|⟨s|ρ− I/d|s′⟩|, (3)

with I denoting the identity operator. For one-qubit (d = 2) in the computational basis,
the density operator presents the form ρ = (I + r⃗.̇σ⃗) /2, where r⃗ = (rx, ry, rz). Then we
can compare our experimental results with quantum theory.

It is worth to mention that Cmax(ρ) is related with the purity of the state while
C(ρ) is ssociated to the level of superposition, for instance, the state |+⟩ = 1√

2
(|0⟩+ |1⟩)

presents C(ρ) = Cmax(ρ) = 1. However, for the state |V ⟩, C(ρ) = 0, there is no
superposition and Cmax(ρ) = 1, we have a pure state.

3. Experimental results
In this section we present the results for the simulated channels. We present the simulation
of Amplitude Damping and Bit Flip channels.

3.1. Amplitude Damping (AD) channel

We can emulate AD channel by setting θh = 0◦, θv = θ, θ4 = 0◦ and we do not insert
the QW plates. The transformation map can be written as

|ψ(θ1)⟩S |0⟩R → cos(2θ1) |H⟩S|0⟩R + sin(2θ1)[cos(2θ)|V ⟩S|0⟩R
+ sin(2θ) |H⟩S |1⟩R]. (4)

.

By comparing with the map of the AD channel, we can recognize the relation of
θ and the time dependent probability p(t) as [Obando et al. 2020]

cos(2θ) =
√
1− p(t), (5)

in such way we can relate t with θ and reproduce the qubit dynamics along the channel.



For an initial state |ψ(θ1)⟩S = |V ⟩S , that is, θ1 = π/4, we have

|ψ(π/4)⟩S = [cos(2θ)|V ⟩s ⊗ |0⟩R + sin(2θ)|H⟩S ⊗ |1⟩R] . (6)

For θ = 0, that corresponding t = 0, the system and reservoir are in the intial
state. For θ = π/4, that corresponding t → ∞, the sytem decay and the reservoir gains a
quantum of energy. In our approach, the laser beam transform its polarization from V to
H .

For an initial state |ψ(θ1)⟩S = |+⟩S , that is, θ1 = π/8, we have

|ψ(π/8)⟩S =
1√
2
cos(2θ)|H⟩s ⊗ |0⟩R

+
1√
2
[cos(2θ)|V ⟩S|0⟩R + sin(2θ) |H⟩S |1⟩R] . (7)

By re-writing regrouping reservoir states, we have

|ψ(π/8)⟩S = cos(2θ)
[|H⟩s + |V ⟩s]√

2
⊗ |0⟩R

+
1√
2
sin(2θ) |H⟩S |1⟩R. (8)

For θ = 0 (t = 0) the system and reservoir are in the initial state |+⟩s ⊗ |0⟩R. For
θ = π/4, (t → ∞), the system decay and the reservoir gains a quantum of energy. In our
approach, the laser beam transform its polarization from +45◦ to H .

Figure 2 show the result for variation of θ for both illustrated initial states. Squares
and triangles dots are experimental points while solid and dashed line are the respective
theoretical quantum previsions. Fig. 2(a) presents C(t) and Cmax(t) for the initial state
|ψi⟩ = |V ⟩ . As we can see, C(t) is null for all t once no coherent superposition is
present. For Cmax we observe a frozen in the maximum value after passing by a minimum
(Cmax = 0 see inset in Fig. 2(a)). Note that before decaying to |H⟩, the system state
became a mixed state.

For the initial state |ψi⟩ = |+⟩ (Fig. 2(b)), we have a lose of the coherent super-
position and C(t) decay fast to zero, as expected. On the other hand, Cmax (Fig.2(b))
presents a minimum (Cmax = 0.87) before frozen again. Our experimental results are in
excellent agreement with quantum theory.

3.2. Bit Flip (BF) channel

Bit Flip (BF) channel is simulated by setting θh = −θ, θv = θ, θ4 = 0◦ and, again, we do
not insert the QW plates. The results for BF channel is presented in Fig.3 for the initial
state |V ⟩ (a) and |+⟩ (b). Here we present the graphic as function of p, not γt.

For the initial state |ψi⟩ = |V ⟩, (Fig. 3(a)), we can see that that quantum coherence
C(p) remains equal to zero as expected. For p = 0 we have Cmax(0) = 1 once we have
a pure state. For p = 0.5 we have the mixed state for BF channel, leading to Cmax = 0.
For p = 1, the BF channel has as final state |H⟩ that are a pure states and we recover
Cmax = 1.



Figure 2. Quantum coherence (C) and maximal coherence (Cmax) evolution in the
AD channel for the initial state |V ⟩ (a) and |+⟩.

Figure 3. Quantum coherence (C) and maximal coherence (Cmax) evolution in the
BF channel for the initial state |V ⟩ (a) and |+⟩ (b).

Now, for the initial state |ψi⟩ = |+⟩, Fig. 3(b))shows the variation of C(p) and
Cmax(p). Such as state is pure and presents maximal superposition. Then, for p = 0
both coherence C(0) and Cmax(0) are maximal. We can observe that for BF channel both
coherence C(p) and Cmax(p) were frozen and we do not have loss of superposition and
purity, as expected [Obando et al. 2020].

All experimental results are in entire agreement with the quantum mechanics pre-
dictions.

4. Concluding remarks
We presented an experimental simulation of quantum channels exploring polarization de-
gree of freedom of an intense laser beam by means a linear optical circuit. We per-
formed the simulation of the Amplitude Damping (AD) and bit flip (BF) channels. It
was possible to observe frozen behavior of Quantum Coherence and Maximal Coherence.
All results are in excellent agreement with quantum mechanics prediction. This work
is an experimental view of a complete study (theoretical and experimental) presented



in Ref.[Obando et al. 2020]. Here, we reinforce that linear optical circuits associated to
intense laser beams is an excellent bed test for the evolution of quantum properties in
quantum channels.
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