PHYSICAL REVIEW A 104, 022615 (2021)

Overcoming the uplink limit of satellite-based quantum communication
with deterministic quantum teleportation

Zhiyue Zuo,' Yijun Wang,' Qin Liao®,>" and Ying Guo'
ISchool of Automation, Central South University, Changsha 410083, China
2College of Computer Science and Electronic Engineering, Hunan University, Changsha 410082, China

® (Received 21 April 2021; accepted 19 August 2021; published 31 August 2021)

Satellite-based quantum communication is essential for both foundational quantum physics tests and scalable
quantum networks. However, the practical implementation of such application is limited due to the turbulent
atmosphere, which is especially challenging for the ground-to-satellite uplink scenario. Here we consider the

configuration of the continuous-variable quantum teleportation protocol to overcome both the uplink limit and
background-radiation constraints with an unconditional and deterministic transfer, where the propagation of
quantum light is affected by the favorable satellite-to-ground downlink (including the effects of absorption,
scattering, turbulence, pointing errors, and background light). In particular, we derive the turbulent-induced

fidelity that is achievable by the protocol for both nighttime and daytime operations, showing the effectiveness
of this approach for various squeezing levels and orbit conditions (satellite altitudes and zenith angles). Finally,
several approaches for fidelity enhancement are suggested, in terms of optimizing the transmitted Gaussian

entanglement in the free-space scenario.

DOLI: 10.1103/PhysRevA.104.022615

I. INTRODUCTION

One of the most famous applications of quantum mechan-
ics is the capability to achieve theoretically unconditional
secure communication even against adversaries with a quan-
tum computer [1]. In recent decades, a number of quantum
protocols have been successfully realized, including quan-
tum teleportation (QT) [2], quantum key distribution (QKD)
[3-5], quantum secret sharing [6], quantum clock synchro-
nization [7], and distributed quantum metrology and sensing
[8]. Further efforts in this research community have consid-
ered realizing a real-world quantum network on a global scale.

Unfortunately, the transmission distance of a ground-based
quantum protocol (based on optical fibers) was limited to
moderate distances due to huge channel losses, and the
quantum signal fails to be measured precisely or replicated
perfectly [9]. To achieve a global-scale quantum network, the
transmission distance needs to be greatly lengthened. One
solution to this problem is the protocol of quantum repeaters
(QRs) [10], which divides the transmission path into several
segments along which errors and loss are corrected by using
entanglement swapping [11] and entanglement purification
[12]. However, the realization of expensive QRs remains
experimentally challenging, such as the capabilities of long
storage time and high retrieval efficiency [13]. In QKD Lu-
camarini et al. introduced an alternative scheme of QRs to
overcome the rate-distance limit [14], but it also needs a chain
of trusted nodes for a global scale. The more nodes there are
in such a network, the more serious challenges that security
could be compromised are [15].
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In view of the above, another promising solution is the use
of orbiting satellites to transfer information among ground
stations. The satellite, acting as a trusted and fast-moving
node, can physically connect two separated points on Earth
with reduced link loss since the extinction and turbulence
mainly occur in the first 20 km of the atmosphere layer [16].
Several schemes for satellite-based quantum communication
with current technology have been developed for satellite-to-
ground downlink, ground-to-satellite uplink, or both [17-20].
To date, researchers have mainly focused on the downlink sce-
nario because of its favorable transmission. Under comparable
atmospheric conditions, the uplink geometry suffers more
severe beam wandering and diffraction-induced broadening
than downlink because the turbulence acts on the early stages
of optical signal transmission [21]. In [22], Bourgoin et al.
pointed out that the secret key rate in uplink QKD is less than
one order of magnitude compared with the downlink scenario.
Even with its challenges, however, the uplink geometry is
also of great value since the information needs to transfer
to the satellite node through an uplink, acting as an essential
building block for a complete global-scale quantum network.

To overcome the uplink limit, Pugh et al. upgraded the
uplink protocol with well-known adaptive optics (AO) tech-
niques to reduce the detrimental effects of turbulence [23].
But the AO-based system in the real world is limited by the
tight space and power of a satellite, for which much effort is
devoted to satellite design, data storage or processing, and the
accessibility for maintenance and repair [24]. Furthermore,
Oliker and Gruneisen showed that the point-ahead angle of the
uplink system will lead to imperfect wave-front compensation
of AO and, as consequence, larger coupling attenuation at the
receiver [25]. Although the authors reduced such attenuation
by increasing the telescope diameter to 1 m, it is not realistic
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to have a 1-m telescope on a quantum satellite at this time;
for example, Micius has a 30-cm telescope on board [17], and
QEYSSAT is designed to have a 40-cm one [26].

In this scenario, the QT protocol, which allows an unknown
quantum state to perform disembodied transportation from
one object to another, opens a way for new opportunities.
Recently, it was reported that the QT protocol overcomes
the uplink limit of quantum communication via the downlink
channel in the Micius platform [19]. There, the authors put
the entanglement source at Micius and finished the transmis-
sion from ground to satellite through the favorable downlink.
However, that analysis was based on a discrete-variable (DV)
scheme, which prepared photonic qubits with probabilistic
generation; therefore, it is hard to provide instantaneous trans-
fer of quantum states without postselection [27]. Moreover,
both background light and gravity affect the detection of pho-
tons, adding additional noise to the satellite-based DV system
[28,29]. Alternatively, a continuous-variable (CV) scheme
[30,31], using entangled states described in phase space, can
realize unconditional and deterministic transfer since the gen-
eration, manipulation, and detection of continuous variables
are unconditionally complete [32]. In addition, coherent de-
tection with a bright local oscillator (LO) acting as a filter
can reduce the background noise [33], while the influence of
gravity on the signal could be compensated by employing a
LO reference, which is affected in the same way [28].

Motivated by the findings above, in this paper, we establish
the theoretic analysis of a continuous-variable quantum tele-
portation (CVQT) protocol based on the Braunstein-Kimble
(BK) scheme [34] from a ground observatory to a low-Earth-
orbit satellite. This scenario involves more general models
for the physical processes occurring within the atmosphere
(extinction, scattering, and turbulence) and descriptions for
the background noise from sunlight. Accounting for these
models, average fidelity, the figure of merit in a free-space
protocol, is analyzed under various satellite altitudes together
with nighttime and daytime operations. We show that the
uplink QT with continuous variables is feasible for both night
and day. Finally, we show here the average fidelity can be
further improved by enhancing the Gaussian entanglement of
entangled states.

This paper is organized as follows. In Sec. II, we suggest
the structure of CVQT and show its fidelity model in a fading
channel. In Sec. III, the atmosphere transmittance and excess
noise of satellite-mediated links are demonstrated, and the
fidelity for such a link is subsequently derived. In Sec. 1V,
enhanced strategies are suggested to improve the performance
of CVQT. Finally, we draw a conclusion in Sec. V.

II. BK-BASED CVQT IN A FADING CHANNEL

In what follows, we introduce the notion of the CVQT
protocol over a fading channel. Here we first use the BK
standard scheme for easy understanding and then extend it
in Sec. IV. We believe this route will be more favorable for
readers since we mainly focus on overcoming the uplink limit,
rather than a new teleportation scheme.

The schematic for CVQT via a satellite-to-ground down-
link is shown in Fig. 1 (without the blue blocks). To teleport
an unknown quantum state from ground to satellite without

an uplink limit, Bob (satellite) holds the Einstein-Podolsky-
Rosen (EPR) source. For a simple and convenient evaluation
of fidelity, we describe the framework by its characteristic
function (CF) representation [35]. This scheme can be de-
scribed as follows.

(1) EPR preparation. Bob prepares an ideal EPR state gen-
erated from a pair of degenerate optical parametric amplifiers
operating below their oscillation threshold [27], which can be
described by its CF

Prpr (&4, &) = exp(TUTT), (1

where I' = (§7,&,,§;,&) and U is the covariance matrix
given by

_ |:cosh(2r)I )

sinh(27)R
= sinh(2r)R :

cosh(2r)I

where r denotes the squeezing parameter, I = diag(1, 1), and

R has the form
0o -1
R:[_l 5 ] 3)

(2) EPR correlation. Alice (ground station) establishes the
correlation with Bob via a transmitted EPR state. In particular,
Bob leaves mode b of the EPR state locally, while the trans-
mitted mode (mode a) passes through the favorable downlink.
The major characteristics of the downlink are described by
transmittance 1 and excess noise €. Then, the CF of the trans-
mitted EPR state is given by

rurt
D(&,, &) = exp (— i ) &)
with the covariance matrix
Al CR
UIZ[CR BI}’ )

where A = ncosh(2r) —n+ 1+ €, B = cosh(2r), and C =
/nsinh(2r). Here the channel of mode b is assumed to be
an ideal one without losses and excess noise.

(3) Bell measurement. Alice combines the input state with
mode a via a balanced beam splitter (BS) and performs a
CV Bell measurement with a pair of homodyne detections
with LO. The input state is destroyed by the joint measure-
ment with the measured quadratures x; = (xi, + x,)/+/2 and
p_ = (pin — pa)/~/2. Here we consider an ideal homodyne
detection for Bell measurement, and the analysis with imper-
fect detection is shown in [36].

(4) Displacement. The measured quadratures x4 and p_,
which are used for coherent displacement on mode b, i.e.,
xp — xp + +/2x; and p, — p, + +/2p_, are broadcast to Bob
via the classical channel. In particular, Bob implements a
translation for mode b by coupling a coherent beam with a
98:2 BS, which is modulated by x; and p_, respectively, via
an amplitude modulator and a phase modulator [27]. Finally,
Bob retrieves the input state at the ground station, which can
be expressed as

DPou(§) = Pin(5)P(E™, &), (6)

where ®;,(§) and @, (§) denote the CF of the input state and
output state, respectively.
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FIG. 1. Ground-to-satellite CVQT via downlink. (a) Overview of the ground-to-satellite CVQT. The downlink is characterized by
atmospheric transmittance n and excess noise €. (b) The setup of the active-attenuation scheme on the satellite. EPR, Einstein-Podolsky-Rosen
state; DOPA, degenerate optical parametric amplifier; AM, amplitude modulator; PM, phase modulator. (c) The setup of the active-attenuation
scheme at the ground station. The Bell measurement results (x; and p_) and the real-time transmittance measured by the channel monitoring
module are sent to the satellite through the classical communication channel. LO, local oscillator; BM, Bell measurement. (d) The setup of
the quantum catalysis scheme on the satellite. BS, beam splitter; PNRD, photon-number-resolving detection; VOA, variable optical attenuator;
ABS, asymmetrical beam splitter; PD, photodetector; BHD, balance homodyne detector.

As shown in the descriptions above, CVQT can realize
an unconditional and deterministic transfer since the gen-
eration, manipulation, and detection of continuous variables
are unconditionally complete. In contrast, the DV protocol
experiences an obstacle in deterministic teleportation due to
its probabilistic generation method [19]. In addition, CVQT
waives the expensive single-photon detection (SPD) of the DV
protocol, thereby avoiding the cooling problem of SPD at the
same time [37]. Thus, the CV protocol is more suitable than a
DV-based one for the requirements of building a network with
nanosatellite [38].

Next, we demonstrate the fidelity of CVQT. Here we con-
sider the case where the input state is a coherent state. The

fidelity F denotes the closeness of the original and teleported
states [39] and takes a value between 0 and 1, corresponding to
orthogonal and identical states, respectively. Mathematically,
the fidelity under the CF representation is given by

1
F=— / d*E ©i (§) Dot (—6). 7

For coherent-state teleportation, F can be derived by the
blocks of the covariance matrix in Eq. (5), given by [40]

®)
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TABLE I. The simulation parameters in this work.

Variable Value Description Reference
¢ 0°-60° Zenith angle

H 100, 300, 500 km Satellite altitude

C? (nighttime) 1.12x 10716 m=2/3 Refraction-index structure parameter

C? (daytime) 1.64x10716 m=2/3 Refraction-index structure parameter

no (nighttime) 0.61 m™3 Mean number of scatterer particles

ng (daytime) 0.01 m™3 Mean number of scatterer particles

B 0.7 Extinction coefficient [16]
A 800 nm Wavelength [44]
wo 80 mm Initial beam radius [45]
a 1 m Receiver telescope radius [46]
o 0.4 prad Boresight error [47]
H,, (nighttime) 1.5x107 W m~2 Sr um Typical brightness [48]
H, (daytime) 1.5W m™2 Sr um Typical brightness [48]
Biiter 0.01 nm Filter bandwidth [48]
Qiov T Field of view [46]

where D = (2 4+ A 4+ B — 2C)1. Therefore, we have the fi-
delity given by

2
F= .
3 —n+ (n + )cosh(2r) — 2,/nsinh(2r) + €

Note that we select a vacuum state as the input state
in the calculation. This is possible because the telepor-
tation fidelity is the same for all coherent states, or in
other words, the teleportation is invariant under displacement
transformation [41].

Equation (9) denotes the fidelity under deterministic losses.
However, the turbulent-induced downlink is a fading chan-
nel with fluctuating losses. Hence, the above-derived fidelity
should take the loss fluctuation into account. Fortunately, the
loss fluctuation, or, equivalently, the transmittance fluctuation,
can be characterized by the probability density function of
transmittance P(n) [42]. This is because the transmittance can
be considered real random variables because of the negligible
depolarization of the atmosphere [43]. With the support of
‘P(n), the resulting input-output relations of a fading channel
can be given by (see the Supplemental Material in Ref. [42])

(€))

1
Do ()= / AP () ®in(é), (10)
0

where ®i,(£) and ®oy (&) denote the CF of the field before
and after the fading channel, respectively. Correspondingly,
the fidelity under fluctuating transmittance can be derived by
averaging the determined fidelity in Eq. (9) with P(n), which
is given by

1
]’ave=/ dnFP(). (1)
0

Note that Eq. (11) is also treated for other fading channels,
such as a horizontal free-space link or an ocean turbulent
channel.

III. SIMULATION RESULTS

In this section, we derive the downlink characteristics
for atmosphere transmittance and excess noise and then

demonstrate the fidelity during both nighttime and daytime
operation. Note that, for a simple and convenient discussion,
we consider a scenario with clear weather and without fog or
rain. The simulation parameters in the following are shown in
Table L.

A. Transmittance

In the following, we work with P(n) via the elliptic-beam
model [49] with regular extinction. The elliptic-beam model
(see Fig. 2) takes into account the beam wandering, beam
broadening, and deformation (assume an elliptic deformation)
of a Gaussian beam caused by the atmosphere and has good
agreement with experimental results. In the elliptic-beam
model, P(n) has the form

2 3
Pn) = —f d4®/ depc(O; u, £)5(n —n(O)), (12)
T JR4 0

with the random vector

O = (x9, Yo, w1, w2, @), (13)

Y,

W
YA
02 AP
AN X,
w,

o0, |A¢

FIG. 2. The elliptic-beam model on the receiving aperture with
radius a. w; and w, denote the semiaxes of arriving elliptic beams.
Here w, rotates on the angle ¢ related to the x axis.
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where (xg, yo) denotes the beam-centroid coordinates at the
telescope plane, w; and w, are the semiaxes of arriving ellip-
tic beams, ¢ is the orientation angle between the semiaxis w;
and the x axis, n(®) define the relationship between 1 and v,
and pg(O; u, X) is a Gaussian probability density of ® with
the mean value p and the covariance matrix X. However, the
model in [49] is based on a horizontal link, where the index of
the refraction structure parameter C? is regarded as a constant.
In the satellite-based scenario, C,f is a variable in terms of
the altitude of location, so one should update the original
model for legitimate use. The update of the elliptic-beam
model in satellite-mediated links (both downlink and uplink)
is shown in our previous work [50]. The implementation of
the updated model for deriving the downlink P(#) is shown in
Appendix A.

Note that the simulation parameters shown in Table I
are the same as in our previous work, so for the numerical
simulation readers can refer to [50]. Since the continuous
satellite-mediated link is equivalent to a segmented linear link
for less complexity, the parameters C2 and ng are constants
and denote the equivalent atmosphere parameters for the first
20-km atmospheric thickness above the sea-level site (this
thickness includes 95% of total atmospheric effects [16]). In
engineering, one can raise the altitude of a ground station for
less absorption, scattering, and effects of turbulence. More-
over, the influence of turbulence can be further reduced with
various methods, such as AO [51], the receiver diversity [52],
and so on [53]. In addition, we use an apparatus-induced
boresight error o = 0.4 prad for fine pointing in the downlink
approach [47]. This error arises from stress, noise, structure
fabrication, and so on in the electronic or mechanical tele-
scope apparatus [21]. Therefore, one can improve the quality
of the apparatus for a smaller pointing error. Note that the
error caused by turbulence hardly occurs in the downlink
approach [54].

B. Excess noise

Next, we discuss the excess noise in the downlink scenario.
We mainly consider the noise from background light, which
was discussed in our previous work [46]. We present the
model of background noise in Appendix B and use the result
5.9622x107° and 0.6062 shot-noise units for nighttime and
daytime scenarios, respectively. Note that we consider the
worst-case scenarios with maximal background noise; there-
fore, the field of view 2, of the receiver telescope is set to
7. In practice, a smaller telescope introduces less background
noise at the receiver but reduces the transmittance of quan-
tum light at the same time [55]. Moreover, one can reduce
background noise by AO acting as a spatial filter, while the
spectral filtering of the optical signal from the orbiting satellite
is useless due to the Doppler effect [56].

In addition, the CVQT protocol requires a LO for ho-
modyne detection [57]. A copropagating LO, suffering from
turbulence, shows time-of-arrival fluctuation and leads to a
mismatch between the signal and LO [21]. This problem intro-
duces an additional noise even if we consider ideal homodyne
detection for the Bell measurement. Fortunately, such noise
can be avoided by using a LO, where one can enable reliable
coherent detection using a LO generated on the receiver side

0.8
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FIG. 3. The average fidelity varying with zenith angle (a) with
squeezing optimization and (b) without squeezing optimization. In
(a) and (b), the classical limit of teleportation is Fjiy;; = 0.5.

with an individual laser [58]. Therefore, the noise caused by
a copropagating LO is ignored in the following. Note that the
LO scheme has a trade-off because part of the signal would
be split off for the lock phase; however, such an analysis is
beyond the scope of this work.

C. Fidelity

To evaluate the effectiveness of the protocol, numerical
simulations of average fidelity during both nighttime and day-
time are demonstrated. Note that we can achieve fidelity of
0.5 for teleporting coherent states with local operations and
classical communication without entanglement [59]. There-
fore, quantum teleportation is effective only when the fidelity
is larger than the classical limit Fj;,;; = 0.5. Furthermore, an
EPR state with too strong squeezing might disentangle faster
in uncorrelated loss channels [60]. Figure 1 is a natural exam-
ple of uncorrelated loss channels, where Bob keeps the mode
b location without losses and a remote receiver of mode a,
connected via downlink. Hence, we consider the optimization
of the squeezing parameter in the following.
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FIG. 4. Optimal squeezing parameter versus zenith angle at dif-
ferent satellite altitudes during nighttime.

The average fidelity F,,. as a function of zenith angle ¢
for different satellite altitudes is shown in Fig. 3(a). Here
the squeezing parameter is optimal for each zenith angle.
We find that the nighttime average fidelity for all satellite
altitudes is above the classical limit, which manifests the
effectiveness of our protocol. For the daytime situation, the
effectiveness appears when the zenith angle is less than 53°,
49°, and 35° under a 100-, 300-, and 500-km satellite al-
titude, respectively. Note that a large effective zenith angle
means stronger resistance to environmental effects and longer
operation time during a single communication cycle. In ad-
dition, it is hard for the DV protocol to realize daytime
operation without enhancement [29]; therefore, the results
show the central role of the proposed protocol for building
global-scale quantum networks without both the uplink limit
and background-radiation constraints. Figure 3(b) shows the
simulations without squeezing optimization, and the squeez-
ing parameter r is set to 0.7. Results show that squeezing
optimization improves average fidelity, especially when the
satellite altitude rises to 500 km.

Figure 4 reveals the relationship between the optimal
squeezing parameter 7o and zenith angle ¢ for different satel-
lite altitudes. Here we present the results for the nighttime
scenario as an example. A negative correlation is found be-
tween the optimal squeezing parameter and the zenith angle
at all altitudes. For a fixed zenith angle, the optimal squeezing
parameter falls as the satellite altitude rises. Note that both
larger zenith angle and higher satellite altitude suggest more
serious turbulence effects. Therefore, the optimal squeezing
parameter tends to be a small value when the turbulence
effects go up.

IV. ENHANCED STRATEGIES

In this section, we propose enhanced strategies to improve
the average fidelity of satellite-mediated teleportation. The
main resource of teleportation is Gaussian entanglement [2];
therefore, the fidelity can be enhanced by the following strate-
gies. Note that other methods which can preserve Gaussian
entanglement also have the potential to enhance the proposed
protocol.

A. Active attenuation

As is known, increasing the correlation of two modes in
a two-mode Gaussian state is beneficial to the preservation
of entanglement [60]. Therefore, we propose an enhanced
strategy by increasing the correlation between the downlink
and the channel of mode b. The proposed strategy, called the
active-attenuation scheme, is shown in Figs. 1(b) and 1(c). A
channel monitor is located at the ground station to measure
the real-time transmittance of the downlink, and then the side
information is broadcasted to Bob via a classical channel. On
Bob’s side, a variable optical attenuator (VOA) adds adap-
tive attenuation in terms of real-time transmittance so that
the channel of mode b has the same transmittance with the
downlink. Hence, the uncorrelated channels turn out to be
fully correlated channels and so, as a consequence, preserve
entanglement.

Next, we derive the fidelity of the active-attenuation
scheme. Mathematically, the added attenuation will affect the
blocks of mode b in Eq. (5) and the correlation between two
modes. Therefore, the covariance matrix {{; turns out to be a
new covariance matrix given by

Al  CR
UZ_[CR BI} (14
where A = A, B = ncosh(2r) +1 — 5, and C = nsinh(2r).
Here we assume the VOA only reduces the transmittance
without introducing additional excess noise. Then, the fidelity
with added attenuation under deterministic losses is given by

1
F= .
24ncosh(2r) — n — nsinh(2r)

Similarly, the average fidelity under fluctuating losses can be
derived in terms of Eq. (11).

Figure 5 shows the average fidelity F,. of the active-
attenuation scheme as a function of zenith angle ¢{ con-
sidering the effect of the squeezing parameter. The re-
sults show that the influence of squeezing parameters on
the active-attenuation scheme cannot be neglected. The
active-attenuation scheme manifests superior performance un-
der higher losses (H =500 km, ¢ > 42°) only when the
squeezing parameter is set to 0.7. If a higher squeez-
ing parameter is used (r = 1.5), the average fidelity of
the active-attenuation scheme never falls below the clas-
sical limit, which is not preserved for the no-attenuation
scheme. This is because higher squeezing (higher mean
photon number in two modes) renders the quantum state
more sensitive to losses, so as a consequence, the asym-
metry of the state is more pronounced. However, sym-
metry shows benefits for teleportation [61]. Therefore, the
active-attenuation scheme leads to a more pronounced im-
provement under a higher squeezing parameter.

15)

B. Quantum catalysis

In addition, our previous works [62—64] showed that the
quantum catalysis (QC) operation can improve the entan-
glement property of the EPR state, providing a promising
solution to enhance teleportation. Figure 1(d) illustrates the
schematic of the QC-based scheme. Here we analyze the case
of zero-photon catalysis (ZPC). Accurately, mode a is sent
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FIG. 5. The average fidelity of the active-attenuation scheme vs
zenith angle for different satellite altitudes and squeezing parameters.
From top to bottom, the satellite altitude H is equal to 100, 300, and
500 km. Dashed lines represent the case without attenuation.

to one of the input ports of the asymmetrical beam splitter
(ABS) before transmission and is modified by an auxiliary
zero-photon state. Then, the ZPC operation postselects the
ABS output by conditional detection of the zero photon. In
an ideal case, the auxiliary zero-photon state will not be
destroyed at all, and the photon-number-resolving detector
at the corresponding output ports can register zero photons.
Hence, the ZPC operation happens to be a zero-energy-input
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FIG. 6. The average fidelity of the ZPC scheme vs zenith angle
for different squeezing parameters. The transmittance of the ABS has
been optimized.

operation that does not engender the consumption of external
energy.

Next, we derive the fidelity of the ZPC-based scheme. The
CF of the EPR state after the ZPC operation becomes (see
Appendix C for details)

Z(&4, 6p)
Z(0,0)
where ®gpr 7(&,, &) is the CF of the EPR state with a mod-
ified squeezing parameter satisfying tanh(7) = tanh(r),/no
and Z(&,, &) is the term resulting from the ZPC operation
given by

D&y, &) = Depr, (€4, 1), (16)

1 — tanh?(r)
1 — tanh?(7)
Z(0, 0) denotes the success probability of the ZPC operation,
which can be expressed as

Z(8a, 6p) = a7

2
200,0) = =, (18)

where E =1+ ng + ycosh(2r). Then, the fidelity of the
ZPC-based scheme under deterministic losses is derived from
Eq. (7), which can be expressed as

E
7= 2E 4 no(n + D[cosh(2r) — 1] — 2. /nnosinh(2r)

Finally, the average fidelity with fluctuating losses can be
derived in terms of Eq. (11).

Figure 6 shows the average fidelity F,y of the ZPC-based
scheme as a function of zenith angle ¢ considering the effect
of the squeezing parameter. Here we present the results of the
nighttime situation with # = 300 km. The ABS transmittance
is optimal for each zenith angle. Results show that the in-
fluence of the squeezing parameter cannot be neglected. The
larger the squeezing parameter is, the more pronounced the
ZPC-induced improvement is. When the squeezing parameter
equals 0.7, the ZPC-based scheme shows enhancement only
if the zenith angle is more than 45°. Moreover, the maxi-
mal fidelity enhancement was achieved at { = 60° with an

19)
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FIG. 7. Optimal transmittance of the ABS vs zenith angle and
the corresponding discarded proportion.

improvement of 0.15. If a squeezing parameter of 1.5 is used,
the enhancement can be improved. In this case, the average
fidelity never drops below the classical limit with the help of
ZPC operation, while it drops to the classical limit at 35° with
no catalysis scheme.

Figure 7 shows the optimal ABS transmittance, along with
the corresponding discard proportion, as a function of the
zenith angle ¢. Note that the discard proportion is related
to the success probability of the ZPC operation as shown in
Eq. (18) and is independent of the atmosphere transmittance.
The optimal ABS transmittance equals 1 in the case of ¢ < 35°
when the squeezing parameter is set to 0.7. In other words,
the protocol without the ZPC operation performs better than
a ZPC-based one in this case. For a squeezing parameter of
1.5, the ZPC-based scheme shows excellent performance, and
a case with a larger zenith angle needs a smaller optimal ABS
transmittance.

C. Postselection

The postselection scheme has been shown to improve the
performance of free-space continuous-variable QKD in both
the asymptotic regime [65] and composable regime [66]. In
these references, the system improves the secret key rate by
postselecting the events with high transmittance and discards
the events under the preset threshold. Then, the preserved
events for further tasks have a higher quality of entanglement.

We therefore consider the technique of postselection for
teleportation enhancement. We set a transmittance thresh-
old 7min before teleportation and monitor the downlink
transmittance the same as in the active-attenuation scheme
[see Figs. 1(b) and 1(c)]. The ground station discards quantum
states with low transmittance (1 < 7m;,) and holds one with
higher transmittance for teleportation. From the engineering
point of view, postselection is the easiest to implement among
the three methods of our work since it off-loads additional
processing to the ground station, so it has fewer modifications
and less data processing on the satellite side. In engineer-
ing, space, power consumption, and computational power or
memory are often constrained on a satellite [53]. However,
the increase in fidelity from postselection rests on discarding
part of the quantum state. Hence, this scheme should strike a

0.8 . .
—¥— Postselection, r=0.7
H=300 km - >k - No postselection, r=0.7
—2— Postselection, r=1.5
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D
e
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o
2
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0.4
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Zenith angle (deg)

FIG. 8. The average fidelity of the postselection scheme vs zenith
angle for different squeezing parameters.

trade-off between average fidelity and the discard proportion
in practice.

Figure 8 shows the average fidelity JF,. of the postse-
lection scheme as a function of zenith angle ¢ considering
the effect of the squeezing parameter. Here we present the
results for the nighttime scenario with H = 300 km. For a
simple and convenient discussion, we ignore the trade-off be-
tween average fidelity and discarding quantum states. Hence,
the transmittance threshold is optimal for each zenith angle
to maximize the average fidelity. We find that the protocol
with postselection improves average fidelity under all con-
ditions. This is not only because of the improved average
transmittance of preserved quantum states but also because
of the reduced transmittance fluctuation. A more intuitive
way to understand this effect from channel fluctuation can be
given by considering the Simon entanglement criterion [67]
in which any two-mode Gaussian state is entangled only if
the entanglement-criterion equation is negative. The reduced
fluctuation reduces the positive element of the entanglement-
criterion equation, preserving its negative value.

Figure 9 shows the optimal threshold 7oy, along with
the corresponding discard proportion, vs zenith angle ¢. A
negative correlation is found between the optimal threshold

: : : 100
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~— <
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FIG. 9. Optimal threshold vs zenith angle and the corresponding
discarded proportion.
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and zenith angle. As the zenith angle increases, the discard
proportion rises and reaches up to 100% when the zenith
angle is 60° (here nop; = 0.2461). In addition, no significant
correlation is found between the optimal threshold and the
squeezing parameter.

V. CONCLUSION

We have suggested the BK-based CVQT protocol to
overcome both the uplink limit and background-radiation
constraints of satellite-based quantum communication
through an unconditional and deterministic transfer. In
this protocol, the CV entanglement source is deployed to
the quantum satellite; therefore, the teleported quantum
state finishes the transmission from the ground to satellite
via a favorable downlink. We presented the setup of the
protocol and then established the downlink model focusing
on atmosphere transmittance and the excess noise from the
background light. Accounting for these models, we derived
the average fidelity of the protocol for satellites with different
altitudes and zenith angles under both nighttime and daytime
operation. The results illustrate that the proposed protocol can
overcome the uplink limit and achieve effective teleportation
even for a satellite at 500-km orbit. Benefiting from coherent
detection, the protocol offers effective resistance against
background noise, thereby realizing all-day operation. We
also investigated that the optimal squeezing parameter of the
EPR state tends to a smaller value under stronger turbulence.
Furthermore, by preserving Gaussian entanglement in terms
of the characteristics of the free-space link, we further
improved the average fidelity of the protocol with several
strategies, i.e., active attenuation, quantum catalysis, and
postselection.
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APPENDIX A: THE IMPLEMENTATION
OF THE ELLIPTIC-BEAM MODEL

The vector u of Eq. (13) can be expressed as

(AL)

w2 — w2\ —aridud 211
n=1 —Io(az[%])e “iv2 —2{1 —e 2'w }exp -

where the elements (xo) = (y9) = 0. The covariance matrix X
is given by

() o 0 0

o () 0 0

X = 0 0 (Aw?) (Aw Aw,) (A2)
0 0 (Awlsz) (Aw%)

The derivation of x and X refer to the Supplemental Material
of [49]. In this work, we derive u and ¥ of the downlink
scenario with the equivalent atmospheric parameters together
with the permittivity fluctuation spectrum [68]
2 -1 2ng 2
A(r) =0.132C |73 + m|f0(f;dscat)| , (A3)
where k = 27 /A indicates the wave number, |t]| € [T, Tp],
with 79 € 1/Ly, and t,, € 1/ly (ly is the inner scale of the
turbulence). fy(T;dsa) indicates the amplitude of the wave
scattered from a separate particle, whose calculation method
can be found in [69]. The last two parameters of w in the
updated model can be calculated as

4H?sec?(¢) |: T n?
2 2

(w}) = ———5=| ==noWy'sec($)—
: kw2 |24 H2

-8

5 h3

+ 1.1C2E* W, sec(g)F + 1}, (A4)
3

where 1 = 20 km represents the altitude of the layer with main
atmosphere effects. For X, the factors become

(x3) = (v5) = aH sec(2), (A5)
4H?sec?(¢)[ o i3
(wf) = kz—w%[ﬁnowésec@)m

8

L1CRW see) ! 4 1} (A6)
. n 0 H% .

Based on the elements above, we can estimate P(n) via
the Monte Carlo method. In general, the transmittance n can
be estimated by

- B(iios)
n = ()i exp —[“—/“} . (A7)
A=)
with
9(2) = expl—Bsec(?)], (A8)

where § is the extinction coefficient, & = (xq, yg) with the
corresponding polar coordinates (E, ¢), Weg (+) is the effective
spot radius with the deformation effect, and 7 is the transmit-
tance for the centered beam, which can be calculated by

a1

(wi+wy)? MarTay)
2

lwi—wj|

Al ~w) ’

(A9)
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where A(-) is the scale function and B(-) is the shape function.
The two functions can be expressed as

_ | exp[laic?] \]
A(g) = |:ln<21 _ exp[—a2§2]10(a2g2))] s (AlO)
exp(—a¢?)I (a*E?)
1 —exp(—a?s)lp(a??)

B(s) = 24°¢?

1— exp[_%ang] -1
x|:111(21 —exp[_a2§2]10(a2§2)>:| , (A1l

where [;(-) indicates the modified Bessel function of the ith
order.

APPENDIX B: BACKGROUND NOISE

In the daytime (nighttime) situation, the main cause of
background noise is the sunlight (moonlight) collected by the
receiver based on the station on Earth. As the telescope comes
close to the surface of Earth, the noise power P received by
the telescope can be expressed as [46]

P = QfovArecI{bBﬁltera (Bl)

where the parameters from left to right are field of view,
aperture area, the brightness of the sky ground, and fil-
ter bandwidth, respectively. The parameter H), changes with
weather conditions, as listed in [48]. Here we use H), =
1.5%10™> W m~2 Sr um and H, = 1.5 W m~2 Sr um for
nighttime and daytime situations, respectively. Finally, the
excess noise is given by
o BarP
T hvu,

(B2)

where & denotes Planck’s constant, v, is the frequency of light,
and B is the effective sampling period of the homodyne
detector, which is set to 1 ns [46].

APPENDIX C: THE CF OF THE EPR STATE
AFTER ZPC OPERATION

Here we derive the CF of the EPR state after ZPC op-
eration. Theoretically, the input-output relation of the ZPC
operation under density-operator representation can be ex-
pressed as

Pout.b = Tty [Bpin 5103 (01S10) 1 (011, (ChH

where S denotes the beam-splitter operator related to the ABS
transmittance 7. In terms of the Weyl expansion of the den-
sity operator [70], the CF corresponding to poy 5 is given by

d*«
Boue(£) = / RPN D), (€

where k1 =§//y —k0/y, k2 =Kk /¥ —EV0/Y, ¥ =
1 — g, Pjy, is the CF of the input mode, and @ is the CF of
the zero-photon Fock state, which has the form

Do (k1) = e 212  Lo(liey 2], (C3)

where Ly(-) are the Laguerre polynomials. Note that we have
used the following integration formula:

2
/d_yefxwlﬂ’wzy* — le%. (C4)
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