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Underwater quantum communication plays a crucial role in ensuring secure data transmission and extensible quantum
networks in underwater environments. However, the implementation of such applications encounters challenges due to the
light attenuation caused by the complicated natural seawater. This paper focuses on employing a model based on seawater
chlorophyll-a concentration to characterize the absorption and scattering of light through quantum channels. We propose
a multi-scattering random channel model, which demonstrates characteristics of the excess noise in different propagation
directions of communication links. Furthermore, we consider the fidelity of a continuous-variable quantum teleportation
through seawater channel. To enhance transmission performance, non-Gaussian operations have been conducted. Numeri-
cal simulations show that incorporating non-Gaussian operations enables the protocol to achieve higher fidelity transmission
or lower fidelity fading rates over longer transmission distances.

Keywords: continuous-variable quantum teleportation, multi-scattering underwater channel, non-Gaussian

operations
PACS: 03.67.HK, 03.67.Dd, 03.67.—a

1. Introduction

Quantum teleportation facilitates the transfer of an un-
known input state from Alice to Bob by leveraging quantum
entanglement as the teleportation channel.!’?! Continuous-
variable quantum teleportation (CVQT) has garnered con-
siderable attention due to its efficient source preparations
and compatibility with existing devices.[*®! Over time,
the CVQT system has expanded from the initial fiber
channel "~ to the free-space channel,!'%'?! with experimen-
tal verification.['3-1®1 Nevertheless, achieving high-quality
free-space quantum communication in underwater environ-
ments presents challenges due to the intricate composition of
seawater and the dynamic fluctuations of external environmen-
tal factors. Light propagation in seawater entails a sophisti-
cated process. Thus, a comprehensive understanding of the
underwater optical channel’s characteristics and careful con-
figuration of system parameters are pivotal for successful im-
plementation of high-quality free-space quantum communica-
tion in underwater settings.

Mobley’s statements!!”}

propose a classification of sea-
water’s optical properties into two distinct categories: inher-
ent optical properties (IOPs) and apparent optical properties
(AOPs). 10Ps primarily rely on optical parameters related to

the transmission medium, such as absorption coefficient, scat-
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tering coefficient, attenuation coefficient, and volume scatter-
ing function. AOPs are not solely determined by the properties
of the transmission medium, but they also take into account
the geometric structure of the light field. Seawater exhibits
three principal AOPs: radiance, irradiance, and reflectance.
Previous research conducted by Prieur et al.!'8! has made sig-
nificant contributions to the optical classification of coastal
and marine waters. Their work involved analyzing specific
spectral absorption curves associated with phytoplankton pig-
ments, dissolved organic matter, and other particulate matter.
These studies have provided valuable insights into the defini-
tion and understanding of IOPs in different marine regions.
Recently, significant progress has been made in the the-
oretical analysis of underwater free-space quantum communi-
cation. Shi e al.l"! conducted a study utilizing Monte Carlo
(MC) simulation and vector radiative transfer theory to ex-
amine the performance of underwater free-space quantum key
distribution (QKD). Their findings demonstrated the feasibil-
ity of QKD in clear seawater. Similarly, Zuo et al.?") inves-
tigated the evolution of quantum states over fading channels,
considering factors such as absorption, scattering, turbulence,
and ocean thermal noise of background light. These studies
employed fixed IOPs or Beer’s law to simulate the attenuation
effects of seawater, which simplifies the analysis and aligns
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reasonably well with experimental results. However, an im-
portant aspect that requires further attention in these inves-
tigations is the variation of absorption and scattering coeffi-
cients with depths within the same water body.*!! Addition-
ally, Beer’s law, which assumes a perfect transmitter and re-
ceiver and considers all scattered photons are lost, may not
fully capture the complexity of real-world scenarios. In prac-
tice, some scattered photons can still reach the receiver af-
ter multiple scattering events.?>) Consequently, the assump-
tions of Beer’s law lead to an underestimation of received light
power, especially in scattering-dominated situations, such as
turbid harbor water.

This paper presents an extension of prior research?*! by
introducing a novel multi-scattering random channel model for
underwater CVQT links.
simulation method and integrates the chlorophyll concentra-

The proposed model employs MC

tion model to effectively capture the spatialtemporal behavior
of the channel. This study involves identifying key channel
parameters and conducting an in-depth analysis of both light
source sampling and receiver parameters within the proposed

model. Based on this multi-scattering random channel model,
the study investigates the influence of this channel on CVQT
protocol. To further enhance the system performance in such
a challenging channel, non-Gaussian (NG) operations are in-
troduced to improve the overall system performance.

The paper is organized as follows. Section 2 provides
a recapitulation of the schematic diagram of CVQT proto-
col and derives its fidelity using the characteristic function
framework. In Section 3, a detailed description of the multi-
scattering stochastic channel model is presented, along with
an analysis of the system’s excess noise. Section 4 introduces
the proposal to utilize NG operations for improving the per-
formance of CVQT. Finally, the paper concludes in Section 5,
summarizing the key findings and contributions of the study.

2. CVQT protocol in seawater channel

Considering a CVQT-based quantum optical communica-
tion model as shown in Fig. 1, and its implementation can be
described as follows.

Quantum channel? M

Teleccope |B,

ABS

Alice (a (b
) e )
i In)
DOPAl  DOPA2 —
TING
Ay Source in
(©)
% / |
M d I Particle Scattered
odule \ light
------------------------- > 2
Teleccope+ \_} &J Bell Incident
; measurement light
Source , (d)

: Classical channel

Coherent beam
Pout t=— — AM—<— PM —e—

Coherent
Bob detection

Teleccope ¥

Fig. 1. (a) The CVQT scheme. DOPA: degenerate optical parametric amplifier; LO: local oscillator; BS: beam splitter; ABS: asymmetrical
beam splitter; AM: amplitude modulator; PM: phase modulator. (b) NG operations module diagram. 7)ng: transmittance of NG operations beam
splitter; n: input photon numbers; m: output photon numbers; PNRD: photon number resolving detector; PG: photon generator. (c) Geometry
defining the simulation direction cosines. The green light vector illustrates the direction in the global coordinate frame before it encounters
the next particle. e, the unit direction vector. (d) Beam attenuation transmission diagram. FOV: the field of view; Ab: photon absorption; BS:
photon backscatter; FS: photon forward scatter; MS: photon multiple scatter.
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Step 1 Alice prepares an optical two-mode squeezed
vacuum state (known as an Einstein—Podolsky—Rosen (EPR)
source) with a pair of degenerate optical parametric amplifiers,
which can be represented by its covariance matrix

cosh(2r) 0 0 —sinh(2r)
M _ 0 cosh(2r) —sinh(2r) 0
AoBo = 0 —sinh(2r) cosh(2r) 0 ’
—sinh(2r) 0 0 cosh(2r)

(D

where A and By are two modes of EPR source, r represents
the squeezing parameter.

Step 2 Alice sends mode By to Bob through the seawater
fading channel and leaves mode A locally. The seawater link
is characterized by transmittance Ty and excess noise &. Since
mode A remains local, it is assumed that the mode A chan-
nel is an ideal one without loss and excess noise. Accordingly,
the covariance matrix M, becomes

X Z
MAOBI = (ZT Y)’ (2)

where mode B is the mode B( decayed by the fading channel,
X, Y, and Z are two-dimensional matrices given by

X:(cosh(Zr) 0 )

0  cosh(2r)
Y — Ty(cosh(2r)+&—1)+1 0
0 Ti(cosh(2r)+&—1)+1 )’

—/Tsinh(2r) ) . 3)

z- ( 0
—/Tsinh(2r) 0

In our enhancement strategies, NG operations are per-
formed on By mode before passing through the lossy seawater
channel, which will show in Section 4.

Step 3 When Bob receives mode By, an entangled quan-
tum channel is established. Alice combines the input state
Ppin With mode Ag through a balanced beam splitter, and per-
forms Bell measurement by using a pair of homodyne detec-
tion with local oscillator.[?*] After that, Alice notifies Bob of
the measurement quadratures x, = (xi, +x,)/Vv2 and p_ =
(Pin — Pa) /V/2 via a classic channel.

Step 4 Based on the measurement results, Bob performs
coherent displacement operations using a phase modulator and
an amplitude modulator.!”! The output state pyy is obtained
by asymmetric coupling of the modulated coherent beam and
mode B beam. Because of the participation of classical com-
munication and the destruction of the input state by Bell mea-
surement, this process is not superluminal communication and
does not violate the no-cloning theorem.

In what follows, the fidelity of the CVQT protocol is cal-
culated. Fidelity characterizes the proximity between the input
state and the output state, given by

2
]:(pin apout) = |:tl‘ \/ vV Pin Pout v/ Pin :l s 4

where the value ranges from O to 1. For coherent-state telepor-
tation, fidelity can be simplified as>!

2
VdetE’

F=

&)

where matrix E = 2I;, + RXR+Y+Z'R+RZ, I, = ( 10 >

01
01
and R = 10/
Therefore the fidelity can be derived as
2
F . (6)

" 34 (Tu+ 1)cosh(2r) + (& — 1)T; — 2+/T; sinh(27)

From Eq. (6), we can see that the fidelity of CVQT is mainly
affected by transmittance T, excess noise &, and squeezing
parameter r. Consequently, the accurate identification of chan-
nel parameters is the basis of CVQT performance analysis.

3. Multi-scattering random channel model

In this section, we introduce the seawater chloro-
phyll concentration model-based MC simulations algorithm,
demonstrate the characteristics of the multi-scattering random

channel, and analyze the excess noise of underwater links.

3.1. Monte Carlo simulations algorithm

The power attenuation of light in seawater is mainly af-
fected by absorption, scattering, and turbulence. In most prac-
tical situations, compared with the strong absorption and scat-
tering of seawater channel, the channel fading caused by turbu-
lence can be ignored.*%! We will focus mainly on absorption
and scattering. The specific model is given in Appendix A and
Appendix B.

The average power P; of the optical signal received by the
receiver in the underwater laser communication link can be
simply summarized as

i=n

Way X Py, z-€, > cos@ and Z Oi(z-e;) =L,
P = =0 @)

0, other,

where P, is the transmitted optical power, W,, is the average
power weight reaching the receiver, L is the link distance be-
tween the receiver and the light source, n represents the num-
ber of scattering times before reaching the receiver, the unit
direction vectors e are shown in Fig. 1, and d represents the
random step size of each scattering. z-e, > cos (FOV/ 2)
and Y= (2 -e;) = L represent two conditions for a surviv-
ing photon to reach the receiver: the angle of incidence is less
than half the receiver FOV and the projection of the photon
scattering path in the propagation direction is equal to L. The
statistical loss comes from the photon absorption and scatter-
ing (forward scattering and backward scattering) during prop-
agation. However, the multi-scattering of some photons may

100311-3
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lead to an increase in the received power, and the parameters
of the receiver also affect the final received power.

On this basis, we employ MC simulations to rigorously
characterize transmission attenuation in seawater. The idea
of MC simulations is to establish a complex probability den-
sity function (PDF) based on known components. By ran-
domly sampling these known processes, we can use these dis-
crete samples to study channel characteristics under differ-
ent types seawater, link distance, light source, and transceiver
parameters.?”) The MC simulations steps can be described as
follows.

Step 1 Setting the receiver parameters which include
aperture size and FOV, and sampling the Gaussian spot to gen-
erate photons.

Step 2 The initial coordinates and propagation direction
vector (Vy, Vy, ;) of photons are determined by randomly step
size 8, polar angle 6, and azimuth angle @, as shown in
Fig. 1. The initial propagation direction can be calculated as
Vv, = sin 6y cos @p, Vy, = sin By sin ¢y, and v, = cos 6.

Step 3 The current coordinates and power are iteratively
calculated according to the initial coordinates and photon

power. The new propagation direction of scattered photons
can be expressed as

Transmittance

Difference value
© ©

60 3
40 >
20 m‘i\\

P

2
DIStaI]C. 4
e ( 6 0
)

sin 6; cos ;
X | sin6;sin @;
cos 6;

®)

and equation (7) is used to determine whether the photon
reaches the receiver. Note that the PDF of the above random
variables change with the depth (the concentration of the cor-
responding substance), and each step requires a cumulative
calculation of their corresponding depths to determine their
extinction coefficients in the chlorophyll model. The specific
algorithm and parameter settings are in Appendix C.

3.2. Monte Carlo simulation results

Using the MC simulation method introduced above, we
can estimate the transmittance affected by seawater attenua-
tion. The transmittance can be calculated as

©))

where w; and w; represent the weight of emitted photons and
successfully received photons, N, and n, represent the number
of emitted photons and successfully received photons, respec-
tively. According to the characteristics of the MC method,
increasing the total number of photons in simulation can re-
duce the deviation of results, but increases the computational
complexity, so we have N, = 10°. As shown in Fig. 2, all
quantities vary with depth and transmission distance, and the
magnitude of their values is indicated by the color. Figure 2(a)
shows the simulation results of MC-based transmittance.

(b)

1.0

0.8

0.6

0.4

Transmittance

0.2

Quotient value

2
D .
1815&1106 (4
)

Fig. 2. (a) Variation of transmittance Tyyc with depth d and transmission distance L based on MC simulation. (b) Variation of transmittance Tgeer With
depth d and transmission distance L based on Beer’s law. (c) The difference between Tyjc and Tpeer. (d) The quotient between Tyic and Tgeer-
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It can be seen that the transmittance decreases exponentially
with the increase of transmission distance. However, for the
same transmission distance, there is a depth interval (30 m—
60 m) where the transmittance is worse because the total at-
tenuation is higher in this region. Compared with Fig. 2(b),
Tvc and Tgeer have similar variations, but Tyyc is higher in the
middle of the attenuation distance. As shown in Fig. 2(c), Tmc
is more pronounced than 7geer at medium attenuation trans-
mission distances of 30 m—60 m in depth. This is due to the
enrichment of scatterers (mainly NPA) in this interval, which
emphasises the total power received from multi-scattered pho-
tons compared to Beer’s law, which assumes that all scattered
photons are lost. From Fig. 2(d), it can be seen that Tyc de-
cays more slowly than T, as the link distance increases and
is more clear at high scattering depths.

Take it a step further, we demonstrate the influence of
Gaussian light source and receiver settings on simulation. As

(a)

0.02

0.01
0
-0.01
-0.02
0.02  -0.01 0 0.01 0.02 0.02  -0.01
d
0.02 0 e
40 0.02
0.01
0.01
30
0 0
20 001
-0.01
-0.02
10
-0.02 -0.03
0
002  -0.01 0 0.01 0.02 20.03 -0.02 -0.01
(2) (h)
0.02 40 0.02
35
0.01 0 0.01
25
0
20
-0.01 15 -0.01
10
-0.02 5 -0.02

-0.02

-0.02 -0.01

-0.01 0 0.01 0.02

Fig. 3. Intensity distributions of the beam. (a) Maximum beam divergence: 1.5 mrad; beamwidth:

0

0

0

shown in Fig. 1, we cut off the light spot (the beam propa-
gates 6 m vertically downwards), and the simulation results
are shown in Fig. 3 (FOV as central axis, coordinates are
+0.0127x aperture size). In contrast to Figs. 3(a)-3(c), as
the initial maximum divergence angle of the light source in-
creases, the beam spot becomes larger and the light inten-
sity becomes weaker. Compared with Figs. 3(a), 3(d), and
3(g), as the beamwidth of the light source increases, the cen-
ter of the spot becomes weaker because the larger beamwidth
makes the initial position of the photon more dispersive. Fig-
ures 3(a), 3(e), 3(f) show that as the aperture size of the re-
ceiver increases, the received power increases accordingly.
Figures 3(a), 3(h), 3(i) display that when the receiver FOV
> 30°, the received power is essentially unchanged. This may
be because the photon without scattering or single-scattering

enter the receiver at a small angle.

(c)

0.02

0.01

-0.01

-0.02

-0.02

001 002 003 -0.05 0 0.05

0.01 0.02 -0.02 -0.01 0 0.01 0.02

1 mm; aperture size: 2 inch (1 inch=2.54 cm); FOV:

180°. (b) Maximum beam divergence: 3 mrad; beamwidth: 1 mm; aperture size: 2 inch; FOV: 180°. (c) Maximum beam divergence: 5 mrad; beamwidth:
1 mm; aperture size: 2 inch; FOV: 180°. (d) Maximum beam divergence: 1.5 mrad; beamwidth: 3 mm; aperture size: 2 inch; FOV: 180°. (d) Maximum
beam divergence: 1.5 mrad; beamwidth: 2 mm; aperture size: 2 inch; FOV: 180°. (e) Maximum beam divergence: 1.5 mrad; beamwidth: 1 mm; aperture
size: 3 inch; FOV: 180°. (f) Maximum beam divergence: 1.5 mrad; beamwidth: 1 mm; aperture size: 4 inch; FOV: 180°. (g) Maximum beam divergence:
1.5 mrad; beamwidth: 5 mm; aperture size: 2 inch; FOV: 180°. (h) Maximum beam divergence: 1.5 mrad; beamwidth: 1 mm; aperture size: 2 inch; FOV:
80°. (i) Maximum beam divergence: 1.5 mrad; beamwidth: 1 mm; aperture size: 2 inch; FOV: 30°.
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3.3. Excess noise analysis

Many noise sources interfere with underwater CVQT sys-
tems, including background noise, dark current noise, thermal
noise, and shot noise. Generally, the original excess noise €
with Gaussian-modulated states in the fiber system is about
0.01 in shot-noise units (SNU).[?%2°1 We take blackbody radi-
ation and underwater ambient light as AOPs and analyze back-
ground noise.

Underwater ambient light whose primary source is the re-
fracted sunlight and be absorbed in a certain depth. The solar
background noise power is given by

Piot = AFOV? Bijie; Thtter ERLgac Xp (—Cay (AL, d)d),  (10)

where A = D? /4, D is the aperture size (4 inches in our cal-
culations), FOV = 7 is the field of view, Bfjer = 0.01 nm and
Thier = 1 are the narrow band filter spectral bandwidth and
transmission, which value determined by the laser used to gen-
erate LO,% E = 1440 W /m? is downwelling solar irradiance,
R = 1.25% is the reflectance, Lg, is direction factor (Lg,e = 1
vertical, Lg,c = 2.9 horizontal),?!1 ¢, is the average extinction
coefficient and calculate as

1 rd
cav (A, d) = ﬁ/ (AL, %) dx. (11)
0
The blackbody radiation noise power is
2hc? o x TFOV? x ATy, Thiter Biiter
la = (12)

A7 lexp(he/ MKT) — 1]

Above all, the total excess noise can be expressed as
Pyo1 + Poal

hv 7

where T = 1 ns is the effective sampling period, v is the fre-
quency of the noise photons. Figure 4 shows the variation of
total excess noise with depth in different propagation direc-
tions, it can be found that the excess noise of CVQT link hori-
zontal transmission is much larger than that of vertical propa-

E&E=8&+T (13)

gation. Moreover, the background excess noise of both propa-
gation directions is reduced to less than 10~* for depths above
17 m.

Vertical direction
—— Horizontal direction

Parameter settings

Total excess noise (SUN)

Aperture Filter Filter
0.08 size FOV bandwidth|transmission
10.16 cm| 180° | 0.01 nm 1
0.04
0
0 20 40 60 80 100
Depth (m)

Fig. 4. Attenuation curve of total excess noise with depth.

4. Performance analysis

The establishment of a quantum channel depends on the
successful distribution of entangled pairs. However, the en-
tangled states will degrade due to the influence of environ-
mental attenuation, thus reducing the fidelity. Fortunately, we
can make up for the environmental impact by using entangle-
ment enhancement strategies, such as photon catalysis, pho-
ton addition, and photon subtraction, which are NG operations
and have been used to improve the performance of quantum
communication, (732331

These NG operations can be realized by ABS with
tunable transmittance Mg and conditional measurement, as
shown in Fig. 1(b). When the ABS inputs the signal state (Bg
mode), the auxiliary fock state |n) is injected from another
port. After that, a perfect photon number projective measure-
ment is performed and the PNRD is used to detect the output

(321 If m < n, the photon number is added to

fock state |m).
signal states, which is called photon addition. On the con-
trary, if m > n, the photon number is subtracted from signal
states, which is called photon subtraction. When m = n, we
call it photon catalysis. Here we consider zero-photon catal-
ysis (m = n = 0), single-photon addition (m =0, n = 1) and
single-photon subtraction (m = 1, n = 0) for simulation.

These NG operations are non-deterministic.*3! There-
fore, the probability of success is an important index to study
entanglement-based NG operations. For zero-photon catal-
ysis, single-photon addition, and single-photon subtraction,
their success probability is calculated as

. 2
PC — 1 —tanh r2 7
1 — nngtanh”r
1—tanh?r) (1 —
PA:( )( 1NG)

(l — 71ING tanh® r)2
S tanh” r (1 — tanh?r) (1 — 1ng)

. (14)

1— NGtanhzr2
(1-n )

Successful probability

Fig. 5. The successful probability as a function of the transmittance Nng
of the ABS and squeezing parameter r. PC: success probability of zero-
photon catalysis; PA: success probability of single-photon addition; PS:
success probability of single-photon subtraction.
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The success probability versus ABS transmittance 1ng
and squeezing parameter r is shown in Fig. 5. For zero-
photon catalysis, it has the highest success probability, which
increases with the increase of 1ng and decreases with the in-
crease of r. For single-photon addition, the success probabil-
ity increases as Tng and r decrease. For single-photon sub-
traction, the success probability is always smaller than single-

photon addition. As r decreases, the success probability in-

Fo=

creases first and then decreases. For smaller r, it gets the ex-
treme points of the success probability at smaller 1nG.

Next, we further demonstrate the effect of NG operations
on underwater CVQT fidelity in terms of transmission distance
and depth. Here, we comprehensively consider the success
probability and set r = 1.5, nng = 0.3. For zero-photon cataly-
sis, single-photon addition and single-photon subtraction, their
fidelity is calculated as

2 (1 — nng tanh?r)

4 — (1 —T;) 2nng tanh? r + T (1 — nng tanh? ) — 4tanhry/NnG Ty
2 (1 — NG tanh?r)

Fa

- 44 2T+ 2nnG T tanh? r + T, (1 — 11NGtanh2 r) — 8tanhr/NnGTs ’
2 (1 —nng tanh? r)

Fs=

The simulation results of fidelity are shown in Fig. 6. The
classic boundary of fidelity is 0.5. It is found that under the
worst attenuation condition (depth at 44 m), the fidelity of the
photon catalysis scheme propagates 4.9 m to reach the clas-
sical boundary, which is 3.2 m more than that of the origi-
nal scheme (MC scheme,1.7 m). At a depth of 100 m, the
background excess noise and attenuation are the minimum,
the catalysis scheme propagating 8.8 m has more obvious ad-
vantages than the MC scheme propagating 3.1 m. Under the
same conditions, the fidelity of the photon addition and sub-
traction schemes reaches the classical boundary after propa-
gating 7.9 m and 1.8 m, respectively.

Catalysis
e
‘ Classical limj¢

Subtraction

Transmittance

0.2 A %0
0 40 &
2 4 %
. 6 8 100 <
Distance (m) Q‘Z’

Fig. 6. The fidelity as a function of transmission distance and depth.

Figure 7 shows the variation of fidelity with propaga-
tion distance for different NG operations. It can be seen that
the NG operations have lower initial fidelity, however, as the
propagation distance increases, the NG operations can reduce
the fidelity decay rate. NG operations also improve the fi-
delity of the propagation process, which is more pronounced
under high attenuation conditions. In summary, NG opera-
tions have different advantages in improving the fidelity of the

6—(1-2T;)2nNG tanh? r+ T, &, (1 — Nng tanh? r) —8tanhry/nNng Ty

5)

‘CVQT system. Nevertheless, the NG operations are proba-

bilistically successful, and higher performance may cause a
lower probability of success. Fortunately, some scholars have
proposed Gaussian post-selection methods to implement vir-
tual NG operations.** which provides an opportunity for the
practicality of NG operations.
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0.8

0.6

0.4

0.2

Fidelity

T T T

1 | 1
I 1 1 I
I 1 | 1
I 1 1 I
| 1 | 1
I 1 1 I
1 1 | 1
I 1 1 I
1 1 | 1
I | | |
1 1 | 1
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Monte Carlo

Catalysis Subtraction Classical limit
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1
1
1
1
1

T
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I
1
I
1
I
1
I
1

Monte Carlo  Catalysis Addition  Subtraction Classical limit

Fig. 7. Fidelity at different propagation distances.

5. Conclusion

We have investigated the NG approach-based CVQT pro-
tocol to overcome loss and noise in underwater links. The
configuration of the protocol is displayed, and the fidelity in
the characteristic function framework is derived. According
to the optical transmitting properties of seawater, we proposed
a multi-scattering random channel model, focusing on the al-
gorithms and characteristics of this model. What is more, the
excess noise of the CVQT links in different propagation di-
rections is evaluated. Numerical simulations show that multi-
scattering random channels have higher transmittance under
high scattering conditions, and for the same transmission dis-
tance, multi-scattering random channels have slower transmit-
tance decay. Non-Gaussian operations can effectively improve
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transmission fidelity, as well as being able to slow down the fi-
delity decay rate under high attenuation conditions.

Appendix A: Settings of absorption parameters

Absorption is an irreversible loss of intensity, depending
on the composition of seawater.’> The light absorption ef-
fect in natural seawater is mainly caused by pure water, phy-
toplankton, chromophoric dissolved organic matter (CDOM),
and nonalgal particle—mineral detritus (NAP). The total ab-
sorption characteristics of seawater are determined by the
spectral absorption characteristics of these components and

their concentrations. It can be subdivided as follows: 3%

a(AL,d) = apy (AL) +ac(AL)Ce(d) "
+ leCf(d) exXp (—kf)uL)
+anCp(d)exp (—knAL) +agexp (—kqAL). (A1)

The first term, apy (A1) is the wavelength-dependent ab-
sorption coefficient of pure seawater, and its values can be
found in Ref. [18].

The second term, a. (A1 )Ce(d)®°? represents the absorp-
tion coefficient of phytoplankton. a.(Ar) is the spectral ab-
sorption coefficient of chlorophyll at a reference wavelength of
400 nm. C.(d) is the variation function of chlorophyll (mainly
chlorophyll-a) concentration with depth, which can be calcu-
lated as

N d
Cc(d) = Chlaze, (Cb —§X —
Zey

L 2a)

e (A2)

~+ Cax €Xp —

The specific parameters setting are shown in Table A1. All the
values are based on the data set S5 from Ref. [37].

The third term, afC¢(d)exp (—kfAL) represents the ab-
sorption coefficient of fulvic acid, af = 35.959 m? /mg is the
spectral absorption coefficients of fulvic acid, C¢(d) is the con-
centrations of the fulvic acid and k¢ = 0.0189 nm ! is the ab-
sorption slope coefficients of fulvic acid.

The fourth term, a,Cy,(d) exp (—knAr) represents the ab-
sorption coefficient of humic acid, a, = 18.828 m?/mg is the
spectral absorption coefficients of humic acid, C,(d) is the
concentrations of the humic acid and k, = 0.01105 nm™! is the
absorption slope coefficients of humic acid. Note that C¢(d)
and Gy (d) can be normalized by C.(d), and calculated as

Ci(d) = 1.74098C, (d) exp(0.12327C¢(d)),

Ca(d) = 0.19334C,(d) exp(0.12343C,(d)). (A3)

The fifth term, aqexp (—kqAL) represents the absorption
coefficient of NAP, a4 = 9.721 m? /mg is the spectral absorp-
tion coefficients of NAP at a reference wavelength of 400 nm
and kg = 0.012 nm~! is the absorption slope coefficients of
NAP.

Table A1. The settings of parameters.

Parameters Value Description
Chlage, 0.338 average column-integrated content of total chlorophyll-a

Gy 0.611 background chlorophyll-a concentration at the surface
s 0.214 vertical gradient

Zeu 70.3 depth of the euphotic layer

Crnax 0.676 maximum concentration

AL 0.663 width of the Gaussian peak

Cimax Cuax/Zeu dimensionless depth of the maximum concentration

Appendix B: Settings of absorption parameters

Scattering, on the other hand, refers to the deviation of
light from the original path, which includes diffraction caused
by particles with a size comparable to the wavelength or re-
fraction caused by particles with a size much smaller than the
wavelength. Similarly, for natural water bodies, the scattering
of light by seawater is mainly caused by pure water and NAP,
that i8]

b(AL,d) = bpw(AL) + bo(AL)Co(d) + by(AL)CI(d).  (BI)

The first term, b,y (AL) is wavelength-dependent scatter-
ing coefficient of pure seawater. The second term, bs(Ar) and
Cs(d) correspond to small particles scattering spectrum and
concentration function. The third term, b;(Ar) and C(d) cor-
respond to large particles scattering spectrum and concentra-

tion function. The specific parameters calculation are shown
in Table B2.

Table B2. The settings of each term.

Function Formula Unit

bpw(AL) 0.005826(400/ Ay )*3222 m~!
bs(AL) 1.1513(400/A)"7 m?/g
Cs(d) 0.01739C,(d) exp (0.11631C,(d)) mg/m>
bi(AL) 0.3411(400/21)%3 m?/g
Gi(d) 0.76284C.(d)exp (0.03092C,(d)) mg/m?

The distributions of absorption and scattering coefficients
are shown in Fig. B1, which both vary with the wavelength
of incident light and the substance concentration at the corre-
sponding depth. In the MC simulations, we chose the incident
light wavelength of 532 nm, which falls within the seawater
optical transmission window.?"]

100311-8



Chin. Phys. B 32, 100311 (2023)

400 400
1.0 (b) 0.11
450 0.9 450 0.10
é 500 0.8 é/ 500 0.09
= 0.7 = 0.08
o 550 e 550
i:’ 0.6 § 0.07
[0} [}
S 600 0.5 £ 600 0.06
= 3 0.05
650 0.4 650
0.04
0.3
700 700
0 20 40 60 80 100 0 20 40 60 80 100
Depth (m) Depth (m)

Fig. B1. (a) Variation of absorption coefficient a(Ar,d) with depth d and wavelength A.. (b) Variation of scattering coefficient b(Ar,d) with
depth d and wavelength A.. Here, the value of the absorption and scattering coefficients are characterized by color, the unit of a(Ar,d) and
b(Ap,d) are m™!,

Appendix C: Settings of MC simulations

In the simulation, we have a Gaussian light source (light intensity is Gaussian distributed) as the signal source. The ini-
tial scattering angle can be calculated as 6y = ro@giy/2/ @, Where ro = @p+/—1In(1—UI0,1]) is the sampling radius, @gy/> =
0.75 mrad is maximum divergence semi-angle, @y = 1 mm is beamwidth. The azimuth angle ¢ obeys U|[0,2x]. Therefore, the
initial horizontal and vertical coordinates of the sampled photons are xy = rpcos ¢y and yg = rg sin ¢y. The step length of photon
moving in anisotropic medium is determined by the probability distribution of optical distance, and the steps § = —Inyxs/c, Xs
obeys U[0, 1]. The specific algorithm flow is shown in Fig. C1.

Set receiver position, aperture size and FOV]

y

Set the maximum divergence angle and

beamwidth of the light source to sample
109 photons

Je

2

Choose steps § = —lny/ci, xo~U[0,1]
\l/ Accumulate photon

distance

Choose azimuth angle ¢ = 21x,, x,~U[0,1]

Y

Choose polar angle 6 from TTHG function

y

Calculate next photon position (z;, v;, 2i)

w;+1>Threshold

Update weights
wip1 =wi(l—a;/c;)

. f

Photon reaches

receiver

Record the Cartesian coordinate of the
photon reaching the receiver and count the
photon power

End

Fig. C1. Flowchart of MC simulation: a is absorption coefficients; b is scattering coefficients; ¢ = a+ b is total attenuation coefficients; U denotes
uniform distribution; the two-term Henyey—Greenstein (TTHG) function is a common probability function of seawater scattering phase, which can be
found in Ref. [40]; the initial weight is 1; threshold is 1074,
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Fig. C2. The link geometry and photon trajectory for underwater CVQT
system.

The selection of extinction coefficients for the model de-
pends on the calculation of each depth, which is shown in
Fig. C2. The transformations of the coordinate system and
direction vectors after each scattering are given recursively by
following equations:

Zi = €1,
yi=(zxe_1)/|zxe—1|, i=1,....n, (C1)
T =Yi X zj,
e; = x;sin 6;cos @; + y; sin ; sin @; + z; cos O;,
i=1,...,n. (C2)

Therefore, the depth of each step can be calculated as d; =
6,'(2 '6,‘).

The pseudo code of the algorithm is shown in Algo-
rithm 1.

Algorithm 1 MC simulations

Input: Propagation distance L; receiver aperture size and FOV; light source maximum divergence angle and beamwidth.

Output: Received photon location, number, power.

1. Initialize 8, 6, ¢ randomly, W = 1;

2. Calculate initial direction vector and photon position;
3.for W > 10+ do

4.  ifz-e, >cos FOTV and Y= 5(z -e;) = L then

5 Reord photon location, number, power;

6 else

7. Accumulate photon distance and depth;

8 Search a, b, ¢ corresponding to the depth in chlorophyll model;

9 Randomly generate next 8, 6, @, compute next current direction vector and photon position;
10. end if

11. Update W;

12. end for

13. return Simulation Over
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