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ABSTRACT In developing the global quantum Internet, quantum communication with low-earth-orbit
satellites will play a pivotal role. Such communication will need to be two way: effective not only in the
satellite-to-ground (downlink) channel but also in the ground-to-satellite channel (uplink). Given that losses
on this latter channel are significantly larger relative to the former, techniques that can exploit the superior
downlink to enhance quantum communication in the uplink should be explored. In this article, we do just
that—exploring how continuous-variable entanglement in the form of two-mode-squeezed vacuum (TMSV)
states can be used to significantly enhance the fidelity of ground-to-satellite quantum-state transfer relative
to direct uplink-transfer. More specifically, through detailed phase-screen simulations of beam evolution
through turbulent atmospheres in both the downlink and uplink channels, we demonstrate how a TMSV
teleportation channel, created by the satellite, can be used to dramatically improve the fidelity of uplink
coherent-state transfer relative to direct transfer. We then show how this, in turn, leads to the uplink-
transmission of a higher alphabet of coherent states. Additionally, we show how non-Gaussian operations,
acting on the received component of the TMSV state at the ground station, can lead to further enhancement
of the fidelity. Since TMSYV states can readily be produced in situ on a satellite platform and form a reliable
teleportation channel for most quantum states, our work suggests that future satellites forming part of the
emerging quantum Internet should be designed with uplink-communication via quantum teleportation in
mind.

INDEX TERMS Free-space optics, quantum communications, quantum teleportation, satellites.

I. INTRODUCTION
UANTUM communications via low Earth orbit (LEO)
represent a critical component of the so-called quan-
tum Internet—a new heterogeneous global communication
system based on classical and quantum communication tech-
niques whose information security will be underpinned by
quantum protocols such as quantum key distribution (QKD).
This new Internet will also be used as the backbone
communication system interconnecting future quantum com-
puters via routed quantum information transfer. The quan-
tum Internet paradigm has taken large steps forward in the
past few years, particularly with the spectacular success of
Micius—the first quantum-enabled satellite launched in
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2016 [1]-[4]. Building on the pioneering Micius mission,
some +20 satellite missions are now under development [5];
some at the advanced design phase.

The importance of satellite-based technology to the quan-
tum Internet paradigm lies in a satellite’s ability to transmit
quantum signals through much longer distances relative to
terrestrial-only links [1], [2], [6].

Indeed, the Micius experiment has demonstrated quantum
communication over a range of 7600 km [4], a feat put into
perspective by the current terrestrial-only quantum commu-
nication record of 500 km [7].

The Micius experiment deployed quantum communica-
tion protocols via discrete variable (DV) technology where
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the quantum information was encoded in the polarization
state of single photons [2], [3]. Alternatively, continuous-
variable (CV) quantum information, where the information
is encoded in the quadratures of the electromagnetic field of
optical states, is widely touted as perhaps a more promising
candidate to transfer quantum information [8], [9]. This is
largely due to the relatively technical simplicity (and matu-
rity) of the CV-enabled devices required to send, receive, and
measure quantum signals, robustness against background
noise, and the potential of the enlarged Hilbert space asso-
ciated with CV systems to lead to enhanced communication
throughput in practical settings.! For these reasons, there is
great interest in pursuing designs of CV-enabled quantum
satellites, there have been many recent studies focusing on
the more feasible satellite-to-ground (downlink) transmis-
sion of quantum signals, largely with a view to enable CV-
QKD [11], [12]. As of yet, there has not been any experimen-
tal realizations of satellite-based CV quantum communica-
tions. In this article, we turn to a hitherto overlooked type
of satellite-based CV quantum communications, namely, the
use of CV quantum downlink communications as a means
to enhance ground-to-satellite (uplink) quantum communi-
cations with a LEO satellite.

The main challenge faced in satellite-based quantum com-
munications is the degradation of the signal as it is transmit-
ted through the turbulent atmosphere of the Earth [13]-[15],
a degradation that is almost always larger than the noise
introduced by the components used [16], [17]. It is well doc-
umented that uplink satellite laser communications is con-
siderably more challenging compared to downlink satellite
transmission: the turbulent eddies in the Earth’s atmosphere
have a more disruptive effect in the uplink channel. This is
because the size of the eddies encountered by a laser beam in
the downlink at the atmospheric entry point are significantly
smaller than the laser beam’s transverse dimensions (spot
size) at the entry point, whereas in the uplink the opposite
is true [18]. The consequence of this is that an asymmetry in
the channels exists, with the uplink beam profile evolving in
a more random fashion, especially in regard to beam wan-
dering effects. Ultimately, this asymmetry manifests itself in
higher losses in the uplink channel [18], [19].

Here, we investigate the use of quantum resources deliv-
ered through the satellite downlink channel as a resource
for teleportation in the uplink, and the subsequent use of
that teleportation resource to enhance quantum communi-
cations relative to simple direct uplink transmission. More
specifically, a two-mode-squeezed vacuum (TMSV) state is
considered as the resource to construct a quantum teleporta-
tion channel, created via the downlink channel, to teleport a

'In theory both DV and CV communication deliver the same throughput,
and the reality is both systems have their pros and cons. However, there
certainly is a school-of-thought that in many pragmatic systems, the higher
dimensional encoding space directly available to CV systems will lead to
enhanced outcomes. A detailed discussion of the pros and cons of both DV
and CV systems is given in [10].
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coherent state from the ground station to a LEO satellite.> For
uplink communications, the use of the teleportation channel
leads to significantly higher fidelities compared to the direct
transmission channel. Moreover, the teleportation channel
is capable of transferring coherent states with larger ampli-
tudes, something that is very difficult via direct transmission.
This latter attribute is important for many CV-based quantum
protocols, such as CV-QKD, since for these protocols the
capability to transmit coherent states of different amplitudes
is a key requirement.

The main contributions of this article can be summarized,
thus, as follows.

1) Althrough a series of detailed phase-screen simula-
tions, we quantify the asymmetric losses experienced
by the downlink and uplink channels of a LEO satellite
in quantum communication with a terrestrial ground
station. Moreover, we expand previous analyses of the
uplink and downlink channels by including (and quan-
tifying) the excess noise in each channel. This excess
noise limits the accuracy of the quadrature measure-
ments, effectively reducing the amount of transferred
quantum information.

2) Using these same simulations, we then determine the
fidelity of coherent state transfer through direct uplink
transfer.

3) We model the creation of a resource CV teleportation
channel in the downlink that is created by sending from
the satellite one mode of an in situ produced TMSV
state.

4) We then use that resource to determine the fidelity of
coherent state transfer to the satellite via teleportation,
quantifying the gain achieved over direct transfer.

5) Finally, we investigate a series of non-Gaussian opera-
tions that can be invoked on the received TMSV mode
at the ground station as a means to further enhance
uplink coherent-state transfer via teleportation.

Specifically, photon subtraction (PS), addition, and catal-
ysis are investigated—identifying the gains in teleportation
fidelity achieved for each scheme. Sequences of these non-
Gaussian operations are also investigated, and the optimal
scheme amongst them identified.

The remainder of this article is as follows. In Section II,
we describe CV teleportation through noisy channels. In Sec-
tion III, we detail our phase-screen simulations, comparing
their predictions with a range of theoretical models, and dis-
cussing the implications of our simulations in the context of
asymmetric downlink/uplink channel losses. In Section IV,
we discuss a series of non-Gaussian operations that can be
applied to a TMSV state, discussing their roles in potentially
enhancing CV teleportation via a noisy TMSV channel. In

2We focus on unknown coherent states here for simplicity. The use of
the asymmetric satellite-to-ground channel reported here will provide for
similar uplink gains for a wide range of input quantum states whose detailed
characteristics are unknown.
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FIGURE 1. (a) CV teleportation of a coherent state using a bipartite
entangled resource between a satellite and a ground station. Homodyne
measurement results are transmitted by the ground station after
combining the received quantum signal with the coherent state. The
satellite uses the measurement results to apply a displacement operator
on the remaining mode of the entangled state to obtain the teleported
state. (b) In satellite communications the downlink channel is
considerably less noisy than the uplink channel.

Section V, we discuss the application of our schemes to a
wider range of states, and discuss differences with the DV-
only scheme of Micius. Finally, we draw our conclusions in
Section VI.

Notation: Operators are denoted by uppercase letters. The
sets of complex numbers and of positive integer numbers
are denoted by C and N, respectively. For z € C: |z| and
arg(z) denote the absolute value and the phase, respectively;
Re(z) and Im(z) denote the real part and the imaginary part,
respectively; z* is the complex conjugate; and i = /—1. The
trace and the adjoint of an operator are denoted by Tr{-}
and (~)T, respectively. The annihilation, the creation, and the
identity operators are denoted by A, AT, and I, respectively.
The displacement operator with parameter « € C is D(«) =
explaA” — a*A].

II. CV TELEPORTATION

Consider the teleportation protocol introduced in [20]. Here,
the parties involved in the teleportation are a ground station
and a satellite in space, with the quantum channel between
them corresponding to the free-space atmospheric channel
as exemplified in Fig. 1(a). The teleportation protocol starts
with the generation of a bipartite entangled resource state,
Z 4B, in the satellite. Part A of E4p is sent through the at-
mosphere to the ground station, where it is combined with
the input state using a balanced beam-splitter. Afterward,
a Bell projective measurement (using a pair of homodyne
detectors) on part A and the input state is performed. The
measurement result is broadcast to the satellite which, by
doing a corrective operation on B, recovers the input state as
the final output of the protocol.? To describe the teleportation
protocol, follow the methodology introduced in [21]. Using
this methodology, the output state can be computed by using

3We assume noiseless classical communications between satellite and
ground station by means of a different channel, such as radio-waves or wide-
beam optical signals.
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the Wigner characteristic functions (CF) of the input state
=iy and the entangled resource state Z4p. Here, CFs are
indicated by x (§), for some complex parameter &. In [22],
the methodology is further expanded to include imperfect
homodyne measurements, obtaining

2
Xout®) = Xin(€nE) X ap(E. gnEHe TEA=1) (1)

where g is the gain parameter, and 7> the efficiency of the
homodyne measurements. The CF of a generic n-mode state
Z is obtained by taking the trace of the product of E with
the displacement operator, giving

x(&1. 8, .... &) =Tr{ED(E)D(&2) - --DEn)y (2)

where {§, &, .. ., &} € C are complex arguments, each one
representing a mode of E in the CF.

In this article, the entangled resource used is a TMSYV state.
The TMSYV state can be considered as the application of the
two mode squeezing operator to the vacuum

ITMSV) = 515(0)[0,0) = e 41420414310 ) (3)

where o = re' is the squeezing parameter. Here, take ¢ =
7, as this is the phase that maximizes the effectiveness of
teleportation [22]. The CF of a TMSV state is

1
—5 (VUEal + 1)

—WVE - lass +6)) | @

where V = cosh(2r) is the variance of the distribution of the
quadratures. Throughout this article, quadrature variances
are in shot noise units (SNU), where the variance of the
vacuum state is 1 SNU (A = 2). Additionally, a coherent state
(the state to be transferred to the satellite) is defined by the
application of the displacement operator to the vacuum

la) = D(a)|0) (5)

xtmsv(éa. EB) = exp [

with the corresponding CF given by
_LigPRaoi *
Xy (€) = g7 28 F2iImED), (6)

In general, we can describe the effects a noisy channel,
with a given transmissivity 7 and excess noise €, has on a
mode of any quantum state by scaling the &’s in the relevant
CF by +/T, and adding a CF corresponding to a vacuum state.
For a TMSYV state where only mode B is transmitted through
the noisy channel, the corresponding CF is [23]

1
Xmsv (Ea. §B) = exp [—5(6 +1- T)I€B|2]

X xmsv(Ea, VTER). )

At times, it will be convenient to refer to the transmissivity
in dB, as given by —101og;, T'. Note that due to the negative
sign in this definition, when the transmissivity is referred to
in dB, a larger loss will have a higher numerical value of
the dB transmissivity. Indeed, in this article, the term “loss”

4102118



@IEEE Transactions on,
uantumEngineering

Villasefior et al.: ENHANCED UPLINK QUANTUM COMMUNICATION WITH SATELLITE VIA DOWNLINK CHANNELS

is taken to mean a transmissivity given in dB—the specific
transmissivity being referred to being clear given the context.
If transmissivity is specified without reference to units then
it has its normal meaning of a ratio of energies (larger loss
corresponding to lower transmissivity).

A. FIDELITY OF TELEPORTATION

We use the fidelity of teleportation as the figure-of-merit
to evaluate the effectiveness of quantum teleportation. The
fidelity F is a measurement of the closeness of two states Z |
and E,, and is given by

1
Fe ;/dzéxE](E)sz(—é). ®)

To compute the fidelity of a teleported coherent state, F T,
first use (4), and (7) to write the CF of a TMSV state that
has been transmitted through a noisy channel. Then, using
(1) and (6) obtain the CF of the teleported state. Finally, FT
is computed as in (8), resulting in

FIV,T,e.n, 8 )= %exp [—%W(l - g)ﬂ ©)
where g = gn, and
A=V4+ZBTV - D+eE+1)—28/T(V2-1)
+&+1. (10)

Ultimately, 7T depends on the characteristics of the noisy
channel involved in the protocol (7" and €), the parameter
V, and the gain g. These last two parameters, V and g, can
be controlled to optimize the fidelity of teleportation for any
given T and €.

The resulting fidelity of the teleported states is compared
with the fidelity of states directly transmitted through the
uplink noisy channel. The fidelity of direct transmission FPT
is computed by first writing the CF of a coherent state that has
been transmitted through the noisy channel, as

1
xia><s>=exp[—5<e+1—T>|5|2}xa>(ﬁs>. (1)

Then, the fidelity between the original state and the trans-
mitted state is computed by using (8), resulting in

. 21,12
[_2(1 V) |a|] 1)

2
FOUT e, q) = ——
(T, e, ) exp e

2+4€

To perform a fair assessment, it is not enough to simply

consider a single coherent state. Instead, the mean fidelity

must be considered over an ensemble of coherent states,

drawn from a Gaussian distribution, whose probability dis-
tribution is given by [22]

1 o)

with o the variance of the distribution. Think of o as deter-
mining the alphabet of states used when transmitting quan-
tum information, or during a protocol such as CV-QKD.
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FIGURE 2. Fidelities for teleportation and direct transmission toward the
satellite, via a fixed-transmissivity channel. Ensembles of coherent states
with different values of o are considered. The horizontal dotted line in
red marks the classical limit of the fidelity of teleportation. Recall, a
higher T in dB corresponds to higher loss.

Now, the mean fidelity can be defined as
F= /dazP(a)}'(...,a). (14)

To compare the effectiveness of teleportation relative to di-
rect transmission, Fig. 2 presents the values of F obtained for
both schemes via a fixed noisy channel, for different values
of 0. The excess noise in the channel is fixed as € = 0.02. For
the fixed loss channel, the loss and the excess noise (¢€) are
not tied to any real physical channel; the value € = 0.02 is
chosen because it approximates real excess noise values that
may arise during uplink or downlink [24]. Throughout this
work, the efficiency of the homodyne detection used in all
calculations presented here, is fixed to n*> = 1 dB (~ 0.79).
We believe such an efficiency factor will be mainstream for
the next-generation detectors available when quantum com-
munication via space is moved into the production phase; it
is already achievable in some state-of-the-art detectors [25].
If the efficiency for homodyne detection can be increased
beyond 1 dB, the benefit of teleportation relative to direct
transfer will be increased beyond what is shown here. For
efficiency values below approximately 0.6, the teleportation
fidelity falls below the classical limits. Additionally, the val-
ues of g and V involved in the teleportation are optimized
for each value of the transmissivity. When the loss is small
(1 dB), the optimal value of V is approximately 100, how-
ever, as the loss of the channel increases, the optimal value
of V rapidly decreases toward unity. Using purely classical
communications, a value of Fgugsical = 0.5 can be achieved
for a single arbitrary coherent state, therefore, quantum state
transfer is only of interest in the regime where F > Fjagsical
[26].* From the results presented in Fig. 2, the following
two observations should be noted. First, for each value of

4Since the coherent states considered are unknown and arbitrary, the
classical limit is calculated considering the states are drawn from an uniform
distribution (6 — oo in 13).
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o, there exists a threshold in the transmissivity above which
teleportation yields a higher mean fidelity. Second, as o in-
creases, this threshold decreases. This second observation is
important for numerous quantum communication protocols
(e.g., coherent CV-QKD) where large numbers of transmitted
states are desired. These two observations indicate that the
transmission of quantum states by means of teleportation can
be a better alternative relative to simple direct transmission.
In the following section, this result is explained in more detail
in the context of uplink satellite communications, where tele-
portation is considered from the ground station to the satellite
via a TMSV state created via the downlink channel.

1ll. GROUND-TO-SATELLITE QUANTUM
COMMUNICATION

Consider a quantum communications setup between a
ground station and a satellite. In this setup, the satellite and
ground station have the ability to send and receive quan-
tum optical signals between each other. The ground station
is positioned at ground level, iy = 0 km, and the satellite
when directly overhead is at an altitude H = 500 km. The
total propagation length between the satellite and the ground
station depends on the zenith angle, ¢, of the satellite relative
to the ground station. The quantum signals are in the form
of short laser pulses with a time-bin width of 7o = 100 ps,
emitted from a laser with a wavelength of A = 1550 nm. Each
laser pulse has an amplitude in the transverse plane possess-
ing a Gaussian profile, and with a beam waist of radius wy.
Although in some special configurations the beam wq can be
made as large as the transmitting aperture, without loss of
generality, w is always assumed smaller than the radius of
the transmitting aperture. As the signal propagates, its beam
width increases due to natural diffraction as well as due to the
effects of the atmosphere. The satellite and ground station
are both equipped with a telescopic aperture to receive the
quantum signals. The radius of the aperture of the satellite is
Tsat, While for the ground station the radius is rgs. Considering
a flyover time of the satellite of 4 min, a repetition rate of
the quantum signal of 100 MHz, and favorable atmospheric
conditions, we expect that a ground-to-satellite transfer rate
of 2.4 x 10'° per flyover could be achieved. In order to study
the transmission of quantum signals through the atmosphere,
it is key to have a correct model of the effects of the atmo-
spheric turbulence on the propagating beams. Ultimately, this
model will allow us to estimate the values 7 and € of the
uplink and downlink channels.

Besides the quantum signals, the ground station and the
satellite also transmit a strong optical signal, which can be
used as a phase reference for performing homodyne mea-
surements. This strong signal is commonly called a “local
oscillator” (LO). In this article, the LO is considered to be
multiplexed with the quantum signal using orthogonal polar-
ization, as in [27]. This leads to significant noise reduction
in any quadrature measurement. The sources of excess noise
arising in such multiplexing are discussed in [24]. Alterna-
tively, it is worth mentioning that there exists an alternative
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method in which the LO is generated locally at the receiver,
the so called “local LO.” There exists a series of advantages
and disadvantages between a transferred LO and a local LO
in regards to the sources of excess noise and the practicality
of each implementation. An analysis of the use of a local
LO for space-based quantum communications can be found
in [28]. Moreover, there exist additional methods that can
be implemented in order to reduce the excess noise, at the
cost of additional complexity added to the communications
system [29]-[33].

A. MODELING ATMOSPHERIC CHANNELS
The effects of the atmosphere on a propagating beam are
modeled using the phase screen model, based in the Kol-
mogorov’s theory [34]. The phase screen model is con-
structed by subdividing the atmosphere into regions of length
Ah;. For each region the random phase changes induced to
the beam by the atmosphere are compressed into a phase
screen. The phase screen is then placed at the start of the
propagation length, and the rest of the atmosphere is taken to
have a constant refractive index. The result at the end of the
entire propagation length is a beam that has been deformed
mimicking the effects of the turbulent currents in the atmo-
sphere. Thus, this process recreates what a receiver with an
intensity detector would observe. Numerically, the beam is
represented by a uniform grid of pixels, each one assigned
with a complex number, and the propagation is modeled
via a Fourier algorithm [35]. Since the result of each beam
propagation is random, the simulations are run 10 000 times,
in order to obtain a correct estimation of the properties of
the channel. A detailed description of the numerical methods
used can be found elsewhere, e.g., [36]-[38].

In the phase screen model, the first requirement is a model
of the refractive index structure of the atmosphere, C2. The
widely adopted H — V5,7 model [39] is used here

C2(h) = 0.00594(v/27)*(10~°1) 1% exp(—h/1000) + 2.7
x 1071 exp(—h/1500) + A exp(—h/100) (15)

where £ is the altitude in meters, v = 21 m/s is the rms wind-
speed, and A = 1.7 x 10~*m~2/3 the nominal value of C2
at ground level. In the H — V5,7 model, the main effects of
the turbulence are confined to an altitude of 20 km, since for
higher altitudes the effects are minimal. Besides the refrac-
tive index, the upper bounds and lower bounds to the sizes of
the turbulent eddies that make up the turbulent atmosphere
are also needed. The upper bounds and lower bounds are the
so-called outer scale and inner scale, Ly and [y, respectively.
Here, the empirical Coulman—Vernin profile is used to model
Ly as a function of the altitude % [40]

4

— 2
1+ (50")

Lo(h) = (16)

and the inner scale is set to some fraction of the outer scale,
specifically, Iy = 8Ly, where 6 = 0.005.
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With the atmospheric models specified, we now look into
how the phase screens are constructed so as to mimic the
effects of the turbulence. Each individual phase screen is
created by performing a fast Fourier transform over a uniform
square grid of random complex numbers, sampled from a
Gaussian distribution with zero mean and variance, given by
the spectral density function [37]

_5/3€X (—KZ/KZ)
Py () = 0497, > T Lo
(k2 + )

A7)
where « is the radial spatial frequency on a plane orthogonal
to the propagation direction, k,, = 5.92/ly, ko = 27 /Ly, and
ro is the coherent length. Since the main effects induced by
the atmosphere happen between zero altitude and 20 km, the
uplink and downlink transmissions will possess key differ-
ences, mainly arising from the interplay between the sizes of
the beam and the turbulent eddies. During downlink trans-
mission, the beam first encounters the atmosphere with a
large beam size; which possesses essentially no curvature
at this point. On the other hand, in the uplink channel, the
beam encounters the atmosphere at the start of its path where
it has a positive curvature and a small beam size. For these
reasons, the loss in the downlink will be dominated by refrac-
tion while the (higher) loss in the uplink will be dominated
by beam wandering. Under the flat beam assumption, the
coherent length for the downlink can be written as

| . —3/5
pdownlink _ (0'423k2 sec(¢) /h* C,%(h)dh) (13)

where k = 277 /A, and h~ and h™ correspond to the lower and
upper altitudes of the propagation path corresponding to the
respective phase screen. For the uplink, some parameters that
characterize the properties of the beam need to be defined
first, namely

L
@=1+1—?
2L

where R and w, are given by

=i+ (32)

AL \1'?
w = wy [1 + (N_w()>:| (20)

where L is the total distance between satellite and ground sta-
tion (dependent on ¢). Given these definitions, the coherent
length for the uplink channel can be written as

‘ ~3/5
puplink (0.424k2 sec(¢)(p1 +0.6221, A1/ 6)) 1)

where

Wt H—h
_ 2
251 —/hi Cn(h)[®<H_h0>+
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FIGURE 3. H-V5;; model, with the positions of the phase screens shown
for two cases: equally spaced phase screens and spacing that conserves
a constant value of the Rytov parameter with b = 0.2.
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The position of each phase screen is determined using the
condition that the Rytov parameter ’"12e is maintained constant
over each length Ah;, specifically [41]

re = 1.23k"/6 /

Set the value of b = 0.2, which corresponds to a total of
17 phase screens up to 20 km. In Fig. 3, the H — V5,7 model
is plotted with the positions of the phase screens set by the
condition given by (23). For comparison, the positions of the
phase screens are also plotted placed at a uniform distance
between ground level and 20 km. By using the condition
imposed by (23), the phase screens are more adequately
distributed to account for the altitude variations in the tur-
bulence. Finally, to account for the remaining turbulence
between 20 km and H a single phase screen is used.

At the end of every beam propagation simulation, the
transmissivity induced by the atmosphere can be obtained
by integrating the intensity of the beam over the receiver
aperture, as

ht

C2(hy(h —hH)"Wedh =b.  (23)

ffD LigdA
Py

where L is the intensity (power per unit area) of the beam
at the plane containing the receiver aperture, Py is the initial
total power of the beam at the point of emission, and D is
the surface area of the receiver aperture. Despite the main

Tiurb = (24)
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source of loss arising from the atmospheric turbulence, the
extinction of the signal caused by absorption and scattering
by the particles of the atmosphere also needs to be accounted
for, as well as the loss due to the imperfect optical devices
used. To account for the extinction, a transmissivity Texy =
exp(—0.7 sec ¢) is adopted. For the loss due to the optical
devices consider a transmissivity value Top = 0.794 (1 dB)
[42]. The total transmissivity of the channel is then simply

T = TturbnxtTopt- (25)

B. EXCESS NOISE

Since in CV quantum states the information is encoded in the
quadratures of the states, an LO is required in order to extract
this information via homodyne or heterodyne measurements.
This means that to reproduce realistic values of the fideli-
ties that would actually be measured in an experiment, we
need to account for the excess noise between the LO and
the quantum signal, i.e., a nonzero € [43]. The theoretical
predictions corresponding to a pure loss channel case, corre-
spond to € = 0. In [24], it is discussed that for coherent state
transmission via atmospheric channels the main components
of the excess noise arise from turbulence-induced effects on
the LO, in addition to time-of-arrival fluctuations caused by
delays between the laser pulses and the LO. The variations
in the intensity of the LO induce an excess noise given by

€ = g Lo (D)Veig (26)

where Vi, is the statistical variance of the quadratures of the
quantum signal, corresponding to Vi, = o for direct trans-
mission, and Vo =V for the teleportation channel. For a
given aperture size, the scintillation index averaged over the
aperture of the LO is

— =2
osi.Lo(D) = P2y /PLo” —1 (27)

where PLo = [[p ILodA is the power of the LO (with in-
tensity given by Iy o) over the aperture. Since the uplink
channel is more affected by beam wandering, os1,1.0(D) can
be expected to be much greater for the uplink relative to the
downlink.

Time-of-arrival fluctuations are caused by a broadening of
the time-bin width of the signal pulse from t( to 7|, where 7|

is given by [24]
T =,/ +8u (28)

0.391(1 4+ 0.1718% — 0.2878°/3)v; sec(¢)
n = 5

where

c

H
v = / C2Ly dn (29)
ho
and where c is the speed of light in vacuum. As derived
in [44], the variance of 1y, is given by oé = rlz /4, which
leads to an excess noise [14]

€ = 2(ke)*(1 — Pta)"évsig (30)
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where py, is the timing correlation coefficient between the LO
and the signal. The value of oy, is independent of the direction
of propagation of the beam. For a value of 7y = 100 ps, €,
is virtually independent of the atmospheric turbulence, since
the pulse broadening only becomes considerable for 7y <
0.1 ps [24]. Therefore, considering that p, = 1 — 10~13, the
noise contribution due to the time of arrival fluctuations be-
comes €, = 0.007Vy;g.

With the two main sources of noise outlined, we now write
the total excess noise as € = €y, + €. The excess noise being
directly proportional to Vi, reflects the fact that, due to the
fluctuating nature of atmospheric channels, the values of T
and € need to be estimated by repeated measurements of the
channel. This means that in an experimental setup one can-
not distinguish between variations of the quadratures due to
quantum uncertainty, or the variations induced by the fluctu-
ating value of T'. Therefore, the variations of T of the channel
effectively translate to additional excess noise. The excess
noise, €, is accounted for during homodyne measurement.
This is done implicitly via the CF of the transmitted TMSV
state (7). Note that although there are additional sources of
excess noise, their contributions are minor compared to those
considered here [16].

C. OTHER CHANNEL MODELING TECHNIQUES
Throughout this article, phase-screen simulations are used
to model the channel. Performing phase-screen simulations
is essentially a numerical approach to solving the stochastic
parabolic equation, and adopts a versatile technique referred
to as the split-step method [37]. Despite its computationally
intensive nature, the split-step method has been widely used
to study the atmospheric optical propagation of classical light
under a variety of conditions (see, e.g., [45]-[50]). Due to its
quantitative agreement with analytical results, the split-step
method is also believed to be very reliable (see, e.g., [S1]-
[53D.

Other channel-modeling techniques have been proposed
to simplify the description of the atmospheric propagation
of quantum light under specific situations. It is worthwhile
to compare their predictions with our detailed phase-screen
simulations. Channel modeling techniques based on the so-
called elliptic-beam approximation [13] are believed to be
particularly useful when the phase fluctuations of the output
field amplitude can be neglected. This point is discussed
further in [54], by highlighting the fact that homodyne mea-
surements can be constructed where phase fluctuations of
the output field can be neglected. Under the elliptic-beam
approximation, it is assumed that the atmospheric propa-
gation only leads to beam wandering, beam spreading, and
beam deformation (into an elliptical form). However, the
extinction losses due to back-scattering and absorption can
also be added phenomenologically under such an approxima-
tion [54]. Although originally proposed under the assump-
tion of a horizontal channel, the elliptic-beam approximation
was directly adopted in [55] to study the performance of CV-
QKD in the downlink channel. In addition, the authors of [42]
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FIGURE 4. Mean turbulence-induced loss Ty, [dB] predicted by different
channel modeling techniques. The parameters of the channel are given
in Table I, with wo = 15 cm and rga¢ = rgs = 1 m. Recall, a higher Ty, in
dB corresponds to higher loss. In the legend box within the figure, “This
work,” refers to the phase-screen simulations in this article.

proposed a generalized channel modeling technique based on
the elliptic-beam approximation, providing a comprehensive
model for the losses suffered by the quantum light in both
the uplink and downlink channels. All these works [13], [42],
[54], [55] assumed an infinite outer scale (i.e., Lo =00) and a
zero inner scale (i.e., [p=0), effectively neglecting the inner
scale and outer scale effects. The inner scale and the outer
scale effects, although sometimes neglected in theoretical
studies (e.g., the elliptic-beam model), need to be taken into
account in order to accurately model satellite-based chan-
nels [15]. These effects are taken into account here by ap-
propriately setting up the phase-screen simulations.

Fig. 4 shows a comparison of the predictions of the
mean turbulence-induced loss Ty, [dB] obtained from (i) the
phase-screen simulations, and (ii) the channel modeling tech-
niques (based on the elliptic-beam approximation) of [55]
and [42]. Although the phase-screen simulations take into
account the inner scale and outer scale effects by adopting
the empirical Coulman—Vernin profile [recall (16)], for com-
parison, the results predicted by the phase-screen simulations
with Ly = oo and [y =0 are also shown. From Fig. 4, it is clear
that the mean transmissivities in the downlink channel, pre-
dicted by all the considered channel modeling techniques, are
similar. This is because the main source of loss in a downlink
channel is diffraction loss. For the uplink channel, observe
that the mean transmissivities predicted by the phase-screen
simulations with Ly = oo and [y =0 match the mean trans-
missivities predicted by the generalized channel modeling
technique. Such an observation is reasonable since [42] in-
deed assumes Ly = oo and [y = 0.

An interesting observation from Fig. 4 is that the mean
losses predicted with a finite outer scale and a nonzero inner
scale are lower than the mean losses predicted with an infinite

4102118

TABLE | Satellite Channel Parameters

H ho A T0
500km  Okm 1550 nm 100 ps
900 (L. — Ba.(16 1000
o = Eq.(16) Downlink

800 [y = 0L 800

600
700

400
600 200

0
500 - 0.198 0.199 0.2 0201 0.202

Probability Distribution

0.05 0.1 0.15
T e E R S : L
0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
T

FIGURE 5. PDFs of the transmissivity for the satellite communications
channels, uplink (red) and downlink (blue). The parameters of the
channels are given in Table I, with { = 0%, wo = 15 cm, and rgat = rgs = 1
m.

outer scale and a zero inner scale. Such an observation can be
explained mainly by the fact that the presence of a finite outer
scale reduces the amount of beam wandering and long-term
beam spreading [18]. This observation does not refute the
conventional wisdom that the channel loss in the uplink chan-
nel is higher than the channel loss in the downlink channel.
However, this observation does indicate that the disadvantage
of an uplink channel may be overestimated in some models.
We believe that setting a finite outer scale and a nonzero inner
scale (according to the empirical Coulman—Vernin profile) is
more relevant (rather than simply setting Ly = co and [y = 0)
when studying the atmospheric propagation of light through
a satellite-based channel. Therefore, in the rest of this article,
we will utilize the results from the phase-screen simulations
that adopt a finite outer scale and a nonzero inner scale.

D. GROUND-TO-SATELLITE STATE TRANSMISSION

Using our phase-screen simulations, the uplink and downlink
channels are modeled with the characteristics presented in
Table I. Consider that rgy = rgs in order to focus the analysis
in the turbulence induced loss. Also note that, in a realistic
satellite communications deployment, it is expected that the
aperture of the ground station is larger than the satellite’s
aperture (see later calculations). However, setting the aper-
tures constant in the first instance allows for a more direct
comparison of the effects of turbulence on the links. The
model returns the probability distribution function (PDF) of
the loss for each channel, as shown in Fig. 5. The PDF of
the downlink channel is extremely narrow compared to the
PDF corresponding to the uplink channel. This is due to
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the asymmetry of the interaction between the beam and the
atmosphere, as explained earlier. The scintillation index of
the LO is computed by simulating the propagation of a strong
beam corresponding to the LO. The scintillation index values
are several orders of magnitude larger for the uplink relative
to the downlink.

We will now use the properties of the atmospheric down-
link and uplink channels, to construct the teleportation and
the direct transmission channels, respectively. In the telepor-
tation channel, an entangled resource state is first transmit-
ted from the satellite to the ground-station via the downlink
channel, and then used in quantum teleportation to create
the teleportation channel. The direct transmission channel in-
volves simply transmitting the state from the ground-station
to the satellite via the uplink.

In the absence of any sophisticated feedback system, at
the immediate moment the quantum signal is sent, the exact
transmissivity of the atmospheric channel is unknown; only
the PDF of the transmissivity is known. The fidelity of a
teleported (or directly transmitted) state can be calculated
by the integral of 10 [or (12)] weighted by the PDF of the
corresponding atmospheric channel, and the distribution of
states through (14). The teleportation channel is optimized by
choosing the squeezing of the initial TMSV state, V, and the
teleportation gain, g, to maximize the fidelity 7.> For the loss
values anticipated for the teleportation channel, the optimal
values of V and g are found in the ranges 1 to 1.5, and 1 to 1.2,
respectively. Alternatively, this procedure can approximated
in terms of an effective transmissivity 7;, and an effective
excess noise ¢y, as [56]

—
Tt =T
€ = M‘/Sig + ET
T
Var(WT) =T — VT 31)

with the mean values computed as

1
T:/ Tpc(T)dT
0

- 1
VT = / VT p(T)dT (32)
0

with p; (T') the corresponding PDF of T for a given ¢. The
values T; and ¢f can be used directly with (10) [or (12)] to
compute the fidelity of a teleported (or directly transmitted)
coherent state. Then, the ensemble of coherent states can be
averaged by using (14), to obtain the value of F.°

St is possible, through the use of the LO, to estimate the channel trans-
missivity experienced by a received signal. However, determining the trans-
missivity to be experienced by a yet-to-be-sent signal is more difficult as it
requires classical feedback (receiver to the transmitter) within the channel
coherence time (~ 1 ms). This more complicated feedback system is not
investigated here.

6We compared the values of F obtained using the first direct-integration
technique with the approximate technique using the effective parameters, ¢
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FIGURE 6. Ground-to-satellite properties for the direct transfer channel
and for the teleportation channel, shown for ;; = 1. The parameters of
the channels are given in Table I, with wo = 0.15 m and ret = rgs =1 m.
For the teleportation channel, the entangled resource is distributed via
the downlink. The left axis (blue) corresponds to the effective
transmissivity, while the right axis (red) corresponds to the effective
excess noise. Recall, a higher 7; in dB corresponds to higher loss.

Fig. 6 presents the properties of the downlink and uplink
channels obtained using the phase-screen simulations. Fol-
lowing (26) and (30), the value of € is proportional to the
variance of the quadratures of the quantum states transmitted
through the channel. For this reason, the value of € is plotted
with a fixed Vig = 1, to give a fair comparison between the
two channels. This parameter will change in the calculations
as follows. Observe that, as expected, losses are higher (i.e.,
larger effective transmissivity when stated in dB) for direct
transmission. Moreover, the value of ¢ for the direct chan-
nel is one order of magnitude greater than the value for the
teleportation channel. This is a direct consequence of the
variations in the intensity for both the quantum signal and
the LO. The results are not shown for direct transmission
modeled for an uplink with Ly=o00 and [y=0, but in this
case e ~ 0.6 for { = 0%, meaning that such a channel is
inadequate for the transmission of quantum states.

The results presented in Fig. 7 show that the teleportation
channel has a significant advantage over direct transmission.
Direct transmission is only capable of overcoming the clas-
sical limit for a reduced alphabet of o = 2, and low zenith
angles up to 30°. On the other hand, the teleportation channel
exceeds the classical limit for a larger range in the alphabet,
and for a wide range of zenith angles. This shows that one
can indeed avoid, to a significant extent, the detrimental ef-
fects of the direct uplink channel via a teleportation using

and ¢, found the differences between the F values obtained was on average
~ 1073, Note, this result remains intact if the transmissivity is measured
by the receiver for each TMSV state captured (a Gaussian state), or if
the transmissivity remains unmeasured and the received TMSV states are
instead modeled as a (non-Gaussian) ensemble of states characterized by
the PDF of the transmissivity. Assuming the measured values describe the
same PDF the mathematical procedure described by (31) and (32) remains
intact.
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FIGURE 7. Mean fidelities for ground-to-satellite transfer via direct
transmission and via teleportation, shown for different values of ¢. The
channels parameters adopted are given in Table I, with wo = 0.15 m and
Isat = Igs = 1 m. The direct transmission for ¢ = 10, 25 result in mean
fidelities < 0.35 for all zenith angles.
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FIGURE 8. Properties for the direct transmission channel and the
teleportation channel. The parameters of the channels are given in
Table 1. For the direct transfer channel rs;¢ = 0.15 m and wo = 0.5 m,
while for the teleportation channel rgs = 0.5 m and wo = 0.15 m.

an entangled resource distributed via the downlink channel.
Note, the values of o considered here encompass the ranges
required to undertake high-throughput CV-QKD [16].

1) ASYMMETRIC APERTURES

We have analyzed the case for telescope aperture radii of
Tgs = I'sae = 1 m. These radii are set to values we believe pos-
sible for next-generation (production-phase) quantum satel-
lite communications. However, to explore aperture radii akin
to current satellite proof-of-principle experiments [2], [57],
the calculations are repeated using smaller radii. In Fig. 8,
the properties of the direct transmission and teleportation
channels are shown, with rg =15 cm and res = 50 cm,
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FIGURE 9. Mean fidelities for the ground-to-satellite transfer via the
direct transmission channel and the teleportation channel. For the direct
transfer channel rs3; = 0.15 m and wo = 0.5 m, while for the
teleportation channel rgs = 0.5 m and wo = 0.15 m.

and in Fig. 9, we show the corresponding mean fidelities for
ground-to-satellite transfer. Observe that when using these
smaller aperture radii, the mean fidelity of the direct transfer
is always below the classical limit. However, the teleporta-
tion channel is still capable of surpassing the classical limit.
As such, even at aperture settings consistent with current
experimental settings, a communication gain in the uplink
is possible via the use of teleportation.

Finally, consider more optimized versions of the direct
transmission protocol—attainable at the cost of increased
implementation complexity. In such optimized versions, the
initial coherent state is amplified by a gain factor before being
sent through the channel. In principle, such implementation
means determining the transmissivity within every coherent
time sample (of order 1 ms), feeding that transmissivity value
back to the receiver, and then applying the optimized am-
plification for that transmissivity value. However, note that
the implementation of such amplification to a quantum state
is in practice probabilistic (in general, a low probability of
success) and approximate (the output state not exactly an am-
plified version of input state) [58], [59]. More pragmatic op-
timization approaches can be adopted where an amplification
gain is applied to all coherent states optimized on the aver-
age transmissivity (as determined by prior knowledge of the
transmissivity distribution). This pragmatic approach does
indeed improve direct transmission but still finds regions of
transmissivity where the use of a the teleportation channel
is still a better alternative. However, we caution again that
such experiments are idealized, and when the probabilistic
and approximate form of real-world quantum state amplifi-
cation is accounted for, the perceived benefits of optimized
amplification will disappear in many settings.
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FIGURE 10. Experimental setups for (a) wide class of non-Gaussian
operations, (b) PS, (c) PA, and (d) photon catalysis.

IV. CV TELEPORTATION WITH NON-GAUSSIAN
OPERATIONS

A great deal of recent research has been focused on the
photonic engineering of highly nonclassical, non-Gaussian
states of light, aiming to achieve enhanced entanglement,
and other desirable properties. Indeed, non-Gaussian features
are essential for various quantum information tasks, such as
entanglement distillation [60]-[69], noiseless linear ampli-
fication [70]-[75], and quantum computation [76]—[79]. In
entanglement distillation and noiseless linear amplification,
non-Gaussian features are a requirement due to the impos-
sibility of distilling (or amplifying) entanglement in a pure
Gaussian setting [80]. In universal quantum computation,
non-Gaussian features are indispensable if quantum compu-
tational advantages are to be obtained [81].

Non-Gaussian operations, which map Gaussian states into
non-Gaussian states, are a common approach to delivering
non-Gaussian features into a quantum system. At the core of
non-Gaussian operations is the application of the annihilation
operator A and the creation operator AT There are two basic
types of these operations, namely PS and photon addition
(PA), which apply A and AT to a state, respectively. Both
operations have been shown to enhance the entanglement of
TMSV states (e.g., [82]-[84]). Various studies on combina-
tions of PS and PA have also been undertaken (e.g., [85]—
[88]). A specific combination, photon catalysis (PC), is of
particular research interest. Instead of subtracting or adding
photons, PC replaces photons from a state, and is known
to significantly enhance the entanglement of TMSV states
under certain conditions (e.g., [89], [90]). If TMSV states
are in fact shared between a satellite and a ground station,
it is natural to ask whether non-Gaussian operations can be
used at the ground station to further facilitate satellite-based
quantum teleportation.

A. NON-GAUSSIAN STATES AND NON-GAUSSIAN
OPERATIONS

A simple experimental setup for realizing non-Gaussian
operations consists of beam-splitters and photon-number-
detectors. As discussed earlier, the LO required for the
quadrature measurements of the non-Gaussian states is as-
sumed to be multiplexed (via polarization) with the quantum
signal. For example, as depicted in Fig. 10(a), an input state
interacts with an ancilla Fock state |N) at a beam-splitter
with transmissivity 7. If M photons are detected in the
ancilla output the operation has succeeded. In practice, the
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probability of success of a non-Gaussian operation is an im-
portant parameter to consider. In this regard, single-photon
non-Gaussian operations (M, N € {0, 1}) usually have the
highest success probability for a given type of non-Gaussian
operation [84], making them the best candidates for practical
implementations. Therefore, this article is restricted to the
use of non-Gaussian operations with single-photon ancillae
and single-photon detection [i.e., Fig. 10(b)-(d)].

In the Schrodinger picture, the transformation of the non-
Gaussian operations described earlier can be represented by
an operator [91]

0 = (M|U(Ty)IN) (33)
where

U(Ty) =: exp {(/Tb — 1) (ATA + B*B)

+ (AB* - ATB) NS } (34)

is the beam-splitter operator, : - : means simple ordering (i.e.,
normal ordering of the creation operators to the left without
taking into account the commutation relations), and A and B
are the annihilation operators of the incoming state and the
ancilla, respectively. Using the coherent state representation
of the Fock state
1oV

~ JUNTdaV
the following compact forms are obtained for the operators

for PS(N=0,M=1),PA(N=1, M =0), and PC (N =
1, M = 1) [92], respectively:

1 —-T, AtA
. ° AT

b
. ATA
Opp = -1 —-TA"VT
T — 1 i
Opc = ,/Tb< bT ATA + 1) JIAY 36)
b

Suppose a non-Gaussian operation O € {Opa, Ops, Opc} is
to be performed to a state. Let Z;, be the density operator
of said state. The resultant state after the operation can be
written as

IN)

exp (otBT) 10) (35)

a=0

Ops =

[x]

1
o = 77080 37
where N = Tr{OEin0+} is a normalization constant, which
is also the probability of success of the non-Gaussian
operation.

B. CV TELEPORTATION PROTOCOL WITH NON-GAUSSIAN
OPERATIONS

In this section, we study the use of non-Gaussian opera-
tions in the protocol of CV quantum teleportation proposed
by [20]. The deployment of the protocol over satellite chan-
nels has been discussed in previous sections, so only the
modifications relevant to non-Gaussian operations will be
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FIGURE 11. CV teleportation with non-Gaussian operations performed
at the ground station.

described in this section. The modified protocol is shown
in Fig. 11, where the satellite and the ground station are
assumed to already share some TMSV states that have been
distributed over the noisy channel. Before teleportation be-
gins, the ground station will perform non-Gaussian oper-
ations to the local mode stored at the station. The resul-
tant non-Gaussian states shared between the satellite and the
ground station will be used as the entangled resource for
teleportation.

As previously, the fidelity given by (8) will be used as
the metric to evaluate the effectiveness of the modified CV
teleportation protocol. To determine the fidelity the CFs of
the non-Gaussian states need to be derived. The derivation
with the CF of the entangled state = shared between the
ground station and the satellite is shown here. This CF, which
is repeated here for completeness, can be written as

1
X/TMsv(SA, &p) = exp [_5(6 +1-— T)|§B|2:|

X x1msv(Eas VTER) (38)

where again € is the channel excess noise, T is the channel
transmissivity, and xmsv(£a, &) is the CF for the initial
TMSYV state prepared by the satellite—which is given by (4).
On performing PS to mode B of Z, the unnormalized CF of
the resultant state is given by

kes(x. &) = Tr [ Ops 20}sD(END(Es)]

T, —1 |&p
exp| —
T, 2

82
[ex ('gB' )f@A - ﬁw}

X
dEBdEy
(39)

where

dg? ,
fa, &, VTy) = / -7 é_ Tb)XTMSV(éJ_Av &)
1+ 2
XeXp[Z(T (|§| + |€B] )}

VT
X exp
Th — 1

(Ep&™ + &pé )} (40)
and &g and &f are independent variables.
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For PA and PC, the CF of the state after the non-Gaussian
operations can be obtained in a similar fashion. For PA, the
unnormalized CF is given by

|§B|2
kpa(éa. ) = (Tp — 1)exp -

82
[exp( sl )f@A sB,ﬁb)]

X
dEp &g
(41)

For PC, the unnormalized CF is more involved, and is given
by

2 82
kec(En. £8) = ¢” exp (%) e { oxp (—Iésl?)
B

2 2
! *[ex ('SB' )f@A ss,ﬁb)“

X
3§B3§B

2
oo () f ()
*[ex ('5‘3' )f@A ss,\/@“
o0&}
2
—lep<|§z| >8$B{6Xp< |$B|2)

< ai[ ('5‘3' )f@A sB,\/Tw“
&p
+ f(&a, &8, VTh)

X

(42)

where g = =L
Addltlonally, the sequential use of PS and PA is also in-
vestigated. Assume the two non-Gaussian operations adopt
the same beam-splitter transmissivity. For the scenario of PS

followed by PA (PS-PA), the unnormalized CF is given by

kps—pa(éa, &)

&P )
~en (5 )asBasg{exp<_'§B')

X o2 [ex ('éBlz)f(éA EB,Tb):H
08p0Eg 43)

The unnormalized CF for PA followed by PS (PA-PS) is
given by

kpa—ps(éa, &)

2 82
— (T — 1)%exp (—%) TR { exp (|§B|2>
B

L [exp<—@)ﬂa sB,m“
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The normalized CFs after the non-Gaussian operations are
given by

1
XxGa, ) = ———kx(6a, §B)

x kx(0,0) (45)
where x € {PS, PA, PC, PS — PA, PA — PS}. For compact-
ness, the expressions for the CFs abovementioned are not
shown here.

C. RESULTS

The study of teleportation of coherent states presented here
uses non-Gaussian entangled resource states, of which the
CF is chosen from (45) depending on which non-Gaussian
operation is performed to the mode at the ground station. The
mean fidelity F given by (14) is used as the performance
metric. The effective channel loss and the effective excess
noise obtained from the phase-screen simulations (see Fig. 6)
are used in the calculations of the mean fidelity.

Fig. 12 shows a comparison between the maximized F
offered by various non-Gaussian operations against the effec-
tive channel loss 7; [dB]. At each effective channel loss level,
the maximization of F is performed on the parameter space
consisting of the transmissivity 7; of the beam-splitter in
the non-Gaussian operations and the gain parameter g of the
teleportation protocol. For comparison, the case without any
non-Gaussian operation is also included. In each subfigure,
r is the squeezing parameter of the TMSV state generated
by the satellite and o is the variance for the distribution
of the displacement of the input coherent state [defined by
(13)]. For r, the conversion from the linear domain to the
dB domain is given by r[dB] & 8.67r. Fig. 12 shows that
among the five non-Gaussian operations considered, only
PA-PS provides an enhancement in F. PA always provides
larger F than PS. When r is 5 dB, PA-PS provides the largest
F over the entire range of effective channel loss considered.

Next, the teleportation scheme with the non-Gaussian op-
eration that provides the most improvement (i.e., PA-PS) is
compared with the direct transmission scheme. The mean
fidelity for the direct transmission scheme is given by (12)
and (14). The results are illustrated in Fig. 13, where the
maximized F against r and o is shown for different satellite
zenith angles ¢. Again the maximization of F is performed
over the parameter space of {73, g}. In comparison to the orig-
inal teleportation scheme (i.e., the TMSV case), the scheme
with PA-PS can achieve the highest F for the entire range
of o considered. PA-PS can also reduce the requirement on
r of the TMSV state prepared by the satellite (to reach a
certain level of fidelity). Also notice that when o is fixed,
F provided by the original teleportation scheme decreases
when r exceeds a certain value. The same trend is observed
for the PA-PS scheme.

In summary, non-Gaussian operations at the ground sta-
tion have been shown to enhance the teleportation fidelity
for coherent states by up to 10%. Using such non-Gaussian
operations, the demand on the squeezing of the TMSV state
prepared by the satellite has been shown to be reduced.
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FIGURE 12. Mean fidelity versus effective channel transmissivity, where
r is the squeezing level (in dB) of the TMSV state prepared by the
satellite, and o is the displacement variance of the input coherent states.
The dotted red line indicates the limit where the teleportation fidelity is
achievable by classical communications only. The effective excess noise
is set according to Fig. 6 for T; > 7 dB and is 1.4 cosh(r) x 102
otherwise. Recall, a higher T; in dB corresponds to higher loss.

V. DISCUSSION

The focus of this article is the use of CV teleportation chan-
nels for the teleportation of coherent states, and the use of
non-Gaussian operations to enhance the communication out-
comes. However, it is worth briefly discussing the flexibility
of this system in regard to the transfer of other quantum states
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FIGURE 13. Mean fidelity as a function of the displacement variance of
the coherent states o and the squeezing parameter r of the TMSV state
generated by the satellite. ¢ is the satellite zenith angle.

in the uplink, and the use of additional quantum operations. It
will also be worth discussing the differences and advantages
of this system relative to DV-only systems—after all, the only
currently deployed quantum satellite system is one solely
based on DV states [3].

A. OTHER QUANTUM STATES AND OPERATIONS

The scheme presented here is actually applicable to any type
of quantum state, even DV-based systems. Some DV sys-
tems, e.g., polarization,” may need to be transformed first
into the number basis. In number-basis qubit-encoding, vac-
uum contributions enter directly, similar to what was dis-
cussed earlier. In such schemes, the use of the TMSV en-
tangled teleportation channel (a CV channel) can be utilized
as the resource to teleport the DV qubit state [95]. Thus, the
scheme operates directly on this and more complex quantum
states such as hybrid DV-CV entangled states—even on both
components of such states [96]. This flexibility of CV entan-
glement channels over DV entanglement channels is another
advantage offered by this scheme.

Note also, the non-Gaussian operations considered in this
work represent a form of CV entanglement distillation [97].
There are, of course, many other forms of CV entanglement
distillation that could have been considered at the ground
receiver (or on-board the satellite); the simplest-to-deploy

"It is straightforward to alter polarization encoding into number-basis
encoding or other forms of qubit encoding, e.g., [93] and [94].
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quantum operations have been investigated here.® As tech-
nology matures (e.g., the advent of quantum memory), more
sophisticated quantum operations (and entangled resources)
will become viable as a means of further enhancing tele-
ported uplink quantum communications; most likely out-
competing any advances in the uplink-tracking technology
that could assist direct communication. In principle, the tele-
portation fidelity could approach unity.

B. DV POLARIZATION-MICIUS

The discussion now turns to known results from the LEO
Micius satellite in the context of teleportation of DV-
polarization states from the ground to the satellite [3]. Differ-
ent from the system model presented here, the teleportation
experiment reported in [3] does not use the downlink to cre-
ate the entanglement, but rather utilizes the uplink as a means
of distributing the entanglement. Therefore, the advantage
of using the superior downlink channel is not applicable to
that experiment. From the aperture used in [3] (a 6.5 cm
radius transmitter and a 15 cm radius receiver telescope), a
turbulence induced loss of 30 dB is obtained at a 500 km
altitude, the zenith distance of Micius. This translates into a
beam width of 10 m at the receiver plane (30 m beam width
and 40 dB losses at 1400 km are also reported). Nonetheless,
the experiment still clearly demonstrates a fidelity of 0.8 for
the teleportation of single-qubits encoded in single-polarized
photons (well above the classical fidelity limit of 2/3 for a
qubit), proving the viability of teleportation over the large
distances tested.

In the context of the main idea presented in this article, use
of the downlink channel (to create the entanglement channel)
in an experimental set up similar to [3] would mostly be
beneficial in the context of an increased rate of teleportation,
rather than an increase in fidelity. The earlier phase-screen
simulations (reversing the aperture sizes for a fair compar-
ison, that is, 6.5 cm radius transmitter at the satellite and
15 cm radius on the receiving aperture) would result in a
turbulence induced loss of 25 dB, which would lead to a
factor of ~ 2-4 enhancement in the teleportation rate rela-
tive to direct transmission. Of course, if the ground receiver
aperture is increased, larger enhancements could be found.
The fact that it is much easier to deploy large telescopes on
the ground, compared to in space, is another advantage of the
teleportation scheme presented here.

Let us briefly outline the main differences in DV-
polarization teleportation relative to CV teleportation. In DV-
polarization implementations, the vacuum contribution does
not enter the teleportation channel in the same manner it does
in a CV entangled channel. In the DV-polarization channel
the loss enters the calculations primarily via two avenues.
One avenue is simply through the different raw detection
rates set by the differential evolution of the beam profiles

8Classical preprocessing via preselection based on transmissivity es-
timation using classical beams or postprocessing based on measurement
outcomes may assist these operations [11].
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in the downlink and uplink. As discussed, in the downlink,
the beam width at the receiver will be smaller than in the
uplink. For a given receiver aperture this translates into an
increased detection rate in and of itself. The phase screen
calculations described earlier (e.g., Fig. 4 for equal transmit
and receive apertures of 1 m) can be used to determine this
rate increase. The second avenue is a manifestation of the
vacuum through dark counts in the photodetectors. In real-
world deployments of teleportation through long free-space
channels [3], [98], [99], a coincidence counter is used to pair
up entangled photons, typically with a time-bin width of 3
ns [3]. Due to the presence of a vacuum in almost all time-
bins, only on the order of 1 in a million events are triggered as
a photon-entangled pair. Dark counts in the best photodetec-
tors are currently in the range of 20 Hz. However, in orbit, and
because of stray light, combined background counts are more
likely to be of order 150 Hz [3]. A background count in one
time-bin will lead to a false identification of an entangled pair
generated between the satellite and ground station. This is
different to the CV scenario where each time bin is assumed
to contain a pulse—albeit one contaminated with a vacuum
contribution.

Another major difference in DV versus CV teleportation
systems is contamination caused by higher order terms in
the production of the (single) photons that are to be tele-
ported in the DV systems. The optimal probability of single-
photon emission (set by the user) decreases with increasing
loss [100]. This is due to a lower probability leading to a
reduction in the number of double pair emissions that lead to
flawed Bell measurements. This effect is counteracted by the
strength of the source that emits the two-photon entangled
pairs (set by the user), the optimal value of which increases
with increasing loss. These two parameters can be jointly
optimized for the loss anticipated, leading to asymmetric
parameter settings for the downlink and uplink teleporta-
tion deployment [100]. An additional issue relevant to DV-
polarization teleportation is partial photon distinguishably at
the Bell state measurement, which leads to a drop in interfer-
ence at the beam splitter, and, of course, polarization errors
(in production or measurement) [101].

The relative importance of all the abovementioned terms
for free-space teleportation from ground to satellite are con-
sidered to be background counts (4%), higher order photon
emission (6%), polarization errors (3%), and photon indis-
tinguishability (10%) [3]. In a series of experiments over
100 km [99], 143 km [99], and ground-to-satellite [3], a
fidelity of teleportation in the range 0.8 — 0.9 was obtained
by all.

Another issue in discussing DV relative to CV telepor-
tation is the classical teleportation fidelity of both systems.
That is, the fidelity that can be achieved by purely classical
information being communicated across the channel (e.g.,
the classical information representing the outcome of a par-
ticular quantum measurement). This classical information al-
lows the receiver to partially reconstruct the desired quantum
state. In the coherent state teleportation discussed earlier this
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classical fidelity was 1/2. However, for DV qubits it is 2/3.
This fact translates into a less useful range of teleportation
fidelity for the DV scenario relative to the CV scenario.
Finally, it is worth noting that the Bell state measurements
used currently in DV systems are only 50% efficient. This
is a consequence of the fact that Bell state measurements
based on linear optics can only discriminate between two
of the four Bell states. Although, in principle, full Bell state
measurements in the DV basis are possible (e.g., via ancilla
and two-qubit interactions), no real-world implementation of
the latter exist, all current deployments utilize a linear-optics-
only solution [3], [98], [99].

C. FUTURE WORK

Other input states may lead to an enhanced fidelity in both
the direct uplink transmission channel and via the resource
CV teleportation channel. It is likely that in these circum-
stances, we will again find some channel parameter settings
where teleportation leads to better communication outcomes.
However, coherent states and TMSV states are easy to pro-
duce and are considered the “workhorses” of CV quantum
communications and are, therefore, the focus of this arti-
cle. We also recognize the existence of more sophisticated
set-ups could be considered, such as the use of classical
feedback on channel conditions to optimize the parameters
of the input states (e.g., squeezing levels and amplitudes).
However, such improvements are at the cost of a considerable
increase in implementation complexity. Again, it is likely
that in these circumstances some channel parameter settings
will provide for communication gains via teleportation rel-
ative to direct transfer. Future investigations that properly
identify such channel settings would be useful. Our study
has also been limited in terms of the aperture settings we
have adopted. We have used aperture settings considered the
most likely deployable in next-generation systems, which
take space-based quantum communication to the production
phase. Further study of possible teleportation gains for a
wider range of aperture settings would also be useful. More-
over, we also point out that in scenarios where the states to
be teleported are completely unknown, other metrics of the
teleportation performance (beyond fidelity) may be worthy
of future investigation [102], [103]. That is, we recognize
that there are scenarios and applications for which other
metrics could deliver more informative probes of the ad-
vantage offered by the asymmetric ground-satellite channel.
Nonetheless, we believe any metric used will lead to the same
conclusion; the downlink channel can indeed be exploited for
improved ground-to-satellite quantum communications. Fi-
nally, we have not explored the use of teleportation via down-
link created teleportation channels in the context of more
complex networks (i.e., beyond point-to-point links). This
would lead us into the realm of quantum-repeaters and their
use in setting up global communication via satellites [104]. If
in more complex satellite-based global networks, some satel-
lites are to be used only as quantum repeaters then potential
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gains in the performance via the use of uplink transfer of en-
tanglement via our teleportation scheme should be possible.
Future work along these lines is encouraged.

VI. CONCLUSION

In this article, we have investigated the use of a CV tele-
portation channel, created between a LEO satellite and a
terrestrial ground station, as a means to enhance quantum
communication in uplink satellite communications. Such
communications are expected to be very difficult in prac-
tice due to the severe turbulence-induced losses anticipated
for uplink satellite channels. Our CV teleportation channel
was modeled using the superior (lower loss) downlink chan-
nel from the satellite as a means to distribute one mode of
an in situ satellite TMSV state to the terrestrial station—a
form of long-range entanglement distribution that may be-
come mainstream in the coming years. Our results showed
that use of this teleportation channel for uplink coherent
state transfer is likely to be much superior to coherent state
transfer directly through the uplink channel. The use of
non-Gaussian operations at the ground station was shown
to further enhance this superiority. Given the flexibility of
CV teleportation as a means to invoke all forms of quan-
tum state transfer beyond just coherent state transfer, the
scheme introduced here could well become the de facto
choice for all future uplink quantum communication with
satellites.
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