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Abstract

In many traditional quantum—information protocols, quantum entanglement is carried by
either discrete variables (DV) or continuous variables (CV). In DV mode, the quantum in-
formation is usually encoded into the polarization or the number of photons. In CV mode,
the quantum information is encoded into the quadrature of the optical field. Compared to
DV protocols, CV protocols use homodyne (or heterodyne) detectors which are faster and
more efficient. In the context of satellite communication, it is of great interest to inter-
connect terrestrial devices running on mixed technologies by exploring the use of hybrid
teleportation protocols. As a proof of concept, the Micius experiment has demonstrated
an experiment for QKD between a satellite in Low-Earth-Orbit (LEO), which is about
500km above the ground, and a ground station. However, the engineering and deploy-
ment of quantum satellite payloads are very challenging. Once the satellite is deployed, it
is very difficult to modify the payload for different functionalities. Hybrid technologies, in
contrast, can interoperate with both the DV and CV protocols. In this thesis, I investi-
gate hybrid protocols where the teleportation channel is a CV entangled state (which will
henceforth be called the CV channel) and apply them to different quantum communication
protocols over long distances. In these protocols, instead of directly distributing quantum
entanglement from the satellite (direct distribution scheme), where the transmission loss
directly affects the DV modes, the CV channel is pre-distributed from the satellite to tele-
port different quantum states. As a result, the satellite loss enters indirectly through the
teleportation channel. My first contribution shows that using a CV channel to transfer one
mode of a DV entangled state yields higher entanglement quality than directly distribut-
ing the DV entanglement from the satellite. In my second contribution, by using the CV
channel to teleport a Schrodinger’s cat state, I also show that the teleportation protocol
can preserve higher fidelity than a fixed-attenuation channel. In my last contribution, I
investigate the teleportation of a hybrid entangled state over the CV channel. My results
show that for the typical loss of the Satellite-Earth channel, teleportation is always better
than direct distribution.
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1.1 Introduction

Chapter 1

Introduction, thesis outlines and

contributions

1.1 Introduction

In quantum communication, the information can be encoded by either discrete variables
(DVs) or continuous variables (CVs), analogous to discrete and analog signals in traditional
electronics. DVs are comprised of discrete degrees of freedom such as the polarization or
the number of the photons, while CVs refer to continuous degrees of freedom like the

quadratures (position and momentum) of the optical field.

In this thesis, I investigate a CV teleportation channel with hybrid protocols to inter-
face two different technologies - DV and CV. I then apply these protocols to quantum
communication over long distances, taking into account the imperfection in the channels.
Specifically, I study the channel loss in the context of a satellite in Low-Earth Orbit (LEO).
The mathematical models in this thesis remain general enough for other applications with

different types of channel loss.



1.2 Thesis outlines and contributions

1.2 Thesis outlines and contributions

In chapter 2, I review some basic quantum mechanical concepts relevant to my thesis. In
chapter 3, I study the CV teleportation channel created between two ground receivers via
direct lossy-distribution from a LEO satellite. Such a flexible teleportation protocol has
the potential to interconnect a global array of quantum-enabled devices regardless of the
different intrinsic technology upon which the devices are built. However, past studies of
hybrid entanglement swapping have not accounted for channel transmission loss. Here
I derive the general framework for teleporting an arbitrary input mode over a lossy CV
teleportation channel. I investigate the specific case where the input modes are part of
DV states entangled in the photon number basis, then identify the optimal teleportation
strategy. My results show that, relative to DV photon-number entanglement sourced
directly from the satellite, there are circumstances where my teleported DV states retain
higher entanglement quality. I discuss the implications of my new results in the context of
generating a global network of ultra-secure communications between different quantum-
enabled devices which possess line-of-sight connections to LEO satellites. Specifically, 1
illustrate the impact the teleportation process has on the key rates from a Quantum Key
Distribution (QKD) protocol. The main contents of this chapter have resulted in the

following publication:

« H. Do, R. Malaney and J. Green, “Hybrid Entanglement Swapping for Satellite-

based Quantum Communications”, Proceedings of IEEE Globecom, p. 1, 2019.

In chapter 4, I study the CV teleportation of the cat state via a satellite in LEO. Past
studies have shown that the quantum character of the cat state can be preserved after
CV teleportation, even when taking into account the detector efficiency. However, the
channel transmission loss has not been taken into consideration. Traditionally, optical
fibers with fixed attenuation are used as teleportation channels. My results show that in
such a setup, the quantum character of the cat state is lost after 5dB of channel loss. I
then investigate the free-space channel between the Earth and a satellite, where the loss

is caused by atmospheric turbulence. For a down-link channel of less than 500km and



1.2 Thesis outlines and contributions

30dB of loss, I find that the teleported state preserves higher fidelity relative to a fixed
attenuation channel. The results in this work will be important for deployments over
Earth-Satellite channels of protocols dependent on cat-state qubits. The main contents of

this chapter have resulted in the following publication:

e« H. Do, R. Malaney and J. Green, “Teleportation of a Schrodinger’s Cat State via
Satellite-based Quantum Communications”, Proceedings of IEEE Globecom Work-

shop, p. 1, 2019.

In chapter 5, I explore, for the first time, the use of Two-Mode Squeezed Vacuum (TMSV)
states, distributed from satellites, as a teleportation resource for the re-distribution of my
candidate hybrid entanglement pre-stored within terrestrial quantum networks. I deter-
mine the loss conditions under which teleportation via the TMSV resource outperforms
direct-satellite distribution of the hybrid entanglement, in addition to quantifying the ad-
vantage of teleporting the DV mode relative to the CV mode. My detailed calculations
show that under the loss conditions anticipated from LEO, DV teleportation via the TMSV
resource will always provide for significantly improved outcomes, relative to other means
for distributing hybrid entanglement within heterogeneous quantum networks. The main

contents of this chapter have resulted in the following publication:

e« H. Do, R. Malaney and J. Green, “Satellite-based distribution of hybrid entangle-

ment”, Quantum Engineering, p. 776, 2021.

In chapter 6, I will conclude the thesis, identify some general problems, and propose some

potential directions for future work.

For the ease of understanding of the reader, it is important to mention that some variable
names used in each chapter might not correlate to the variables using the same letter or

symbol in other chapters; they are confined to each chapter solely.



2.1 Discrete Variable (DV) and Continuous Variable (CV)

Chapter 2

Background

2.1 Discrete Variable (DV) and Continuous Variable (CV)

In quantum physics, information can be encoded in either DV or CV. DV refers to a degree
of freedom with a finite number of discrete values, such as the polarization or number of
photons. On the other hand, CV refers or a continuous degree of freedom, such as the
position or momentum (quadratures) of the optical field. In this section, I will introduce

both types of encoding and discuss the method to measure the quadratures of the state.

2.1.1 DV in the photon number basis

For an optical field with frequency w, the quantum harmonic oscillator can be expressed
by the Hamiltonian [1}2]

A 1

H_hw(ﬁ+2>, (2.1)

A

where 7 is the Plank constant and 7 is the photon number operator. We have 7 = a'a,
where a' and @ are the creation and annihilation operator, respectively. The solution of

the quantum harmonic oscillator are the Fock states {|n)} with n € N, and

alln) =vn+1ln+1), aln) = nln—1). (2.2)



2.1 Discrete Variable (DV) and Continuous Variable (CV)

The photon number basis is a DV degree of freedom.

2.1.2 CV in the field quadratures

In classical electromagnetism, the CVs are the amplitude and phase of the electric field. In
quantum optics, CVs refer to the quadratures (position and momentum) of the state. The
most basic CV state is the coherent state, which is the eigenstate (|a)) of the annihilator
operator a

ila) = ala), (2.3)

where « is a complex number analogous to the amplitude of a coherent laser field.

Another type of CV state is the Schrodenger’s cat state, which is a superposition of

coherent states with opposite amplitude

) |-

N (2.4)

lcaty) =

with Ny being the normalization factor

Ny =/2 £ 2e2la?, (2.5)

Al

/

Figure 2.1: Diagram of the homodyne measurement to measure the field quadratures. The input signal (A1) and
the local oscillator (B1) interfere through a balanced beam splitter. The intensity difference (Al = I4, —Ip,) is
measured between the two photodetectors, giving information about the quadratures.

Alternatively, we can express the creation and annihilation operators by the position and



2.1 Discrete Variable (DV) and Continuous Variable (CV)

momentum operators [2}3]

(WX +jP), af = (wX — jP), (2.6)

R 1 1

a =

V2hw V2hw
where j is the imaginary unit. By letting A = %, we define the dimensionless position and

momentum operators

a+al a—af
s . = : 2.7
z 5 b= (2.7)
The generalized quadrature operator is given by
Q(0) = 2 cosb + p sinb
_ el rea 2.8)

2

When 6 = 0, the quadrature becomes the position (Q(O) = ), and when 6 = 7, the

quadrature becomes the momentum (Q( 5)=D).

The quadratures of the states can be measured by homodyne measurements as in Fig.
In the homodyne measurement scheme, the state to be measure [¢) is sent through mode
Ay, and a strong coherent state |a) is sent through mode B;. These two modes are

combined at the beam splitter of phase 6, giving

AT i0 A
it = Ay, +¢ agl
Ay — \/5 )
At 0 ~1
At —ay, +e¥ap,

The intensities in modes As and By are given by
L, = al a,
_aly aa, +ak ap, ¢ aaaly +e 9%l ap,
- 2 2 ’

0

(2.10)

where i9 € {Ag, B2}, while the £ sign represents + for mode Ay and — for mode Bs. The

difference in intensity is given by
Al =14, — I, = ¢aq,aly, + e a0, ap,. (2.11)
From the input states, the expectation value of this operator is given by

(¥, a|AIlp, o) = 2a(p|e?aq, + e al [v) = 2a(Q(-0)). (2.12)



2.2  Entanglement

From Eq. (2.8), when 6 = 0, (Q(—6)) becomes the expectation value of the position (2),

and when 6 = 7/2, (Q(—#)) becomes the expectation value of the momentum (p).

2.2 Entanglement

In this section, I introduce different types of bipartite entanglement between two spatial

modes A and B, and then present how they are generated.

2.2.1 DV entanglement

iy h

B A

|,¢> — 10) 4/ |1>B’:/|'§|1>A’ 10) 7

BS ,
B

\_ /

Figure 2.2: A photon-number-based DV entangled state can be produced by letting a single photon through a beam
splitter.

In this thesis, I use DV entanglement that is based on the photon-number basis, so that it
can interface easily with CV entangled states. Photon-number entanglement can be easily
generated by letting a single photon through a beam splitter as illustrated in Fig.
When a single photon in mode B incidents on a beam splitter with transmissivity 7', the

transformation can be written as
)5 = all0)s — (VTal, + VI=Tal,) 0)[0)5- (2.13)

When the beam splitter is balanced, T' = 1/1/2, the resulting entangled state becomes

04 |1) 4 (1) 4]0) B
) = NG : (2.14)

Thus, if there is one photon in the spatial mode A’, there must be no photon in the spatial

mode B’, and vice versa.



2.2  Entanglement

2.2.2 CV entanglement

Theoretically, the CV entangled state can be described by applying a two-mode squeezing

operator on a two-mode vacuum state, thereby obtaining a TMSV state [1,2]
[TMSV) = $(€)[0,0) = exp (¢alyal; — € aaan) |0, 0)a, (2.15)

where ¢ = re'®, with r being the two-mode squeezing parameter (henceforth referred to
as the initial squeezing), and ¢ being the phase. d; and &Zr represent the annihilation and
creation operators of the optical field, respectively, with | € {A, B} denoting the spatial

modes. After expanding the exponential, we have

1.
TMSV) = ¢ (tanh r)™
| ) Coshrn;e (tanh7)"|n) a|n) B

— \/1—q2§:q"]n>Aln>B, (2.16)
n=0

where we have defined ¢ = tanhr and set ¢ = 0. Thus, if there are n photons in mode A,

there must be n photons in mode B, and vice versa.

Experimentally, a TMSV state can be generated by letting two single-mode squeezed
vacuum states (SMSV) through a balanced beam splitter Let ¢ and d be the annihilator

operators of the two SMSV input modes

ISMSV); = exp (—fi” + f*ﬁ) 10);, (2.17)

2 2

where [ € {¢,d}. The modes after the beam splitter are given by

é+d . d-e
f=—— b= . 2.18
i="7 7 (2.18)
We have N
2 -2 .
> < — ab, (2.19)

(WIn this paper, I assume that there is no loss at this beam splitter. When the loss is
taken into account, see [4].



2.2  Entanglement

thus

ISMSV)|SMSV)g

= exp (—géTz + g 62> |0)¢ exp <§JT2 — g Ci2> [OF

= exp (§&T5T — 5*@[3) 10, 0)an

= |TMSV )ab - (2.20)

2.2.3 Hybrid entanglement

Hybrid entanglement is the entanglement between a DV mode and a CV mode. In this

thesis, I focus on the entanglement between cat states and qubit states

_|eat—)c|0)p + |ecaty)c|l)p
) = 7 , (2.21)

where |0) and |1) are the vacuum state and the single photon state in the photon-number

basis, while the Schrodinger cat states are given by Eq. (2.4).

Hybrid entanglement with large cat states can be deterministically generated by a weak
and dispersive light-matter interaction [5], or by a cross-Kerr nonlinear interaction between
a coherent state and a photon-number qubit state [6,[7]. However, due to experimental
challenges in nonlinear optics, hybrid entanglement with small cat states can be more
easily produced by using linear optics and a probabilistic heralded scheme [8-11]. The
latter setup takes a small cat state (|cat,)) as an input, then produces hybrid entanglement
between small cat states and qubit states (see Fig. ) The advantage of the heralded
scheme is that the loss in the heralding channel only affects the success rate but not the
fidelity of the final entanglement. Such a scheme is particularly beneficial for long-distance
communication [10]. In addition, the heralded setup in |9] has the potential to be extended

for cat states with higher amplitudes.

In the following, I present the mathematical details of the heralded generation of hybrid
entanglement [10] as depicted in Fig. A small-amplitude Schrédenger’s cat state is
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v

S5(©I0) a W)

TMSY) |1)(1]

v

@)

Figure 2.3: The heralded scheme to generate hybrid entanglement probabilistically.

approximated by a squeezed vacuum state
|lcat,) ~ S|0), (2.22)

and is injected into mode a. A small fraction of light is reflected from mode a with an
amplitude reflectivity of

7o =sin(f) ~ 0 < 1. (2.23)

Let the beam splitter operator be
B(9) = eflab'=aTd) (2.24)
the states of mode a and b after the beam splitter is
B(0)|cat4)a|0)s ~ (1 + 0ab)|cat+)q|0)s. (2.25)
The input in modes ¢ and d is a TMSV state with a small squeezing factor A < 1
TMSV) e~ [0)0)a + A1)l Tha = (1+ Actd)|0)el0)a. (2.26)
Mode b and c are combined through a beam splitter with the transformations
b — bt +ref, & — rbt —tef, (2.27)
resulting in the four-mode state

1+ 6rac" + tab 1 — \te A-f— rbtd cat;)q]0,0,0)peq - .
Oract + otabt Mtetdt + \rbfd! 0,0,0 2.28

10



2.3 Applications of hybrid entanglement as DV /CV qubit converter

We then place a single-photon detector at mode b, where each detection will herald a
hybrid entangled state on mode a and d. Mathematically, we perform a projection into
the subspace where there is only one photon in mode b, then trace out mode ¢ and keep

only the first-order terms of 6 and X, giving

[t)ap = Ota|caty)a|0)qg + Ar|cats)q|1)g

_ OtaN_|0)g|cat_)q + ArNy[1)4|cat i),
= A

, (2.29)

where we have substituted a|caty) = a%—;\cat_>. By adjusting the transmissivity and

reflectivity of the beam splitter, we achieve a balanced hybrid state

[0)alcat —)a + [1)alcati)a

|¢>ab = \/§

(2.30)

2.3 Applications of hybrid entanglement as DV/CV qubit

converter

Hybrid entanglement can be applied to transfer quantum information from DV encoding
to CV encoding [10] and vice versa [12]. In such protocols, the hybrid entangled state acts
as a bi-directional teleportation channel which can teleport information from a DV qubit

to a CV qubit and vice versa.

2.3.1 Conversion from DV to CV qubit

The protocol for converting DV to CV encoding is outlined in Fig. 2.4h. The hybrid
entangled state is first generated from an even cat state and a TMSV state by a heralded
scheme. The DV mode of the hybrid state (mode A) is then combined with the DV qubit
(mode C') through a beam splitter. The detection of a single photon on one of the output

ports of the beam splitter will herald a CV qubit in mode B.

In this setting, the hybrid entangled state is initially in mode A — B, while the single DV

11
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C()’O> + Cl|1> ,
A 1®) — |1)(1]
B W) >
colcaty) + cilcat_)
(a) DV to CV

colcaty) + cq|cat )

A >
c W) —

Photon-number detector
D |@®)

Co|0> —|—'Cl|1>
(b) CV to DV

Figure 2.4: The interconversion between DV and CV encoding is assisted by a hybrid entangled state. (a) Conversion
from DV to CV encoding. (b) Conversion from CV to DV encoding.

qubit is in mode C

[9)c = colO)c +all)e,  pe=Id)c(dl. (2.31)
The combined state is
50 aleat-)s -+ 1 aleat)5) © (@l0)c + ailt)o). (232)
After we combine mode A and C through a beam splitter, we have the transformation
Ha=atlos 220,
e =)+ & e, (23

where af and &' represent the creation operators of modes A and C, respectively. After

projecting onto the subspace where mode C has single photon, the combined state then

12



2.4 Alternative formalisms to describe the quantum states

becomes
1
§(co|cat+>3 + c1lcat_)p) ® |0) 4. (2.34)

Thus, we have a corresponding DV qubit in mode B.

2.3.2 Conversion from CV to DV qubit

The protocol for converting CV to DV encoding is outlined in Fig. [2.4p. After the prepa-
ration of the hybrid entangled state C' — D, the CV mode C' is mixed with the input CV
qubit A by a beam splitter. The detection of a single photon on one of the output ports
of the beam splitter will herald a DV qubit in mode D.

The beam splitter perform the following transformations

) ala)e — [vV2a) 4]0) ¢,
| —a)al — a)e = | = V2a)4|0)c,
a)al — ) — |0)a] — V2a) ¢,
)

| — a)ala)e — [0)a]vV2a)c. (2.35)

We can use a photon-number discriminating detector in channel A to detect the Bell state
la) ala)c—|—a) 4| —a)c. As aresult, the effective transformation of the CV-DV converter

is

00’0> +01’1>

colcaty) + cplecat_) — .
oleat) + arfeat-) > S

(2.36)

2.4 Alternative formalisms to describe the quantum states

A quantum state is usually represented by the density matrix formalism. However, due

to the mathematical complexity of the teleportation and error correction protocols, it is

13
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sometimes helpful to represent the states in other mathematical formalisms instead. In
the following, I will discuss two alternative formalisms - the characteristic function and

the Wigner function.

2.4.1 Characteristic function formalism

For an arbitrary state p, the usual characteristic function is defined as

Xp(B) =Tr[pD(B)], (2.37)

with complex number 5 = = 4 jp and displacement operator D(f) = e~181?/2cBa" o=,

For example, for a vacuum state |0), the characteristic function is given by
Xuac(B) = exp | ~[8]/2]. (2.38)

For a SMSV state, let S(¢) be the single-mode squeezing operator with ¢ = se??, where
s is the single-mode squeezing parameter (which is different from the two-mode squeezing
parameter r in Eq. (2.16)) and € is the phase. The characteristic function of the SMSV

state can be written as [13] [14]

Xsmsv(B) = exp (—;]ﬁ cosh s — 7 3* sinh 3\2) (2.39)
—exp |5 (@t 4P|, (2.40)

where the last equality has assumed 6 = 0. For a TMSV state given by Eq. (2.16]), when

there is no channel loss, the characteristic function is given by [14],

Xrmsv(Ba,BB)

1 . )

= exp [—2 (]BA coshr 4 Bhel? sinhr|? +|Bp coshr + 5%e/? sinh r]z) ] (2.41)
le 9 9 6721" 9 9

=exp§ = |(@a—2p)’ + (pa+p5)°] —= [(@at2p) + (pa-pp)] . (242)

where the last equality has used ¢ = « for optimal teleportation fidelity.

14



2.4 Alternative formalisms to describe the quantum states

For a tensor product of arbitrary density matrices, the characteristic function is a product
of individual characteristic functions. For example, for an arbitrary separable state p =

p1 ® p2, we have [15]

Xp(/Bl) 52) =Tr [pD(/Bl)D(ﬁ2)] = Xm (ﬁl)xpz (BQ) (2‘43)

The characteristic function is also linear with respect to the density operator, as can be

seen from the linearity of the trace function in Eq. (2.37]).

The exact density matrix of the hybrid entangled state is given by Eq. (5.1]), in which the

cat state |caty) has the characteristic function [2]

Xcati (6) =
1 _1812 ¥
~7 2e” 2 cos [2Im (Bag)]
T
Lo 51B+200 e—élﬁ—2a02} : (2.44)

An exact calculation can be found in appendix

2.4.2 Wigner function formalism

The Wigner function represents the probability distribution of a quantum state in the
phase-space (position and momentum). Let o = x + jp, the Wigner function is calculated

from the density operator by the transformation
1 * *
W(a) = — [ @8TripD(@)e 0>, (245)
™

which is clearly a Fourier transform of the characteristic function in Eq. (2.37). We can ver-
ify that W (a) is indeed a probability distribution by checking the condition [ W (a)d?a =
[ W(z,y)dzdy = 1.

For a coherent state |y), the Wigner function is given by the Gaussian distribution anal-

ogous to the classical optical field

W (@) = = exp(~2la — 7[%). (2.46)
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2.4 Alternative formalisms to describe the quantum states

For a SMSV state ST(¢)|0) where ¢ = se/?, we have [2]

Wssv(a) = % / d*B(0]ST(Q)D(B)S()[0)]e~ P77
T ep (e ' s o), .

where we have applied the well-known relation
ST(¢)D(B)S(¢) = D(B') with ' = Bcosh s — 3¢/’ sinh s. (2.48)

Thus, the Wigner function of an SMSV state is a squeezed Gaussian function. For a
single-mode squeezed coherent state (S(¢)|5)), the Wigner function is displaced from the

center by 3
W0 (@) = Wsnrsv (o — B). (2.49)

For a photon-number state, the Wigner function can be decomposed to the Laguerre
polynomials
2
Wa(a) = 2(~1)"e 2P L, (4]af?). (2.50)

T
For the photon-number states, the Wigner function can be negative, which signifies the
quantum nature of number states. For example, when o« = 0, we have W,,(0) = %(—1)" <0

for odd values of n.

For a TMSV state with two spatial modes A and B, let us define «; = x;+jp;, £; = %,
and p; = j#, where ¢ € {A, B} , the Wigner function is given by [2]
4 .
Wrmsv(aa,apg) = - exp(—2|a4 coshr — aj sinh rem\Q
— 2| — oy sinhre?® + apg coshr|?)), (2.51)
which is equivalent to [3]
4

Wrasv(@a:pa, 25,pB) = —5 exp{

e [(UCA +25)” + (pa — pB)Q}

— et [(xA — w3)2 + (pa + pB)ﬂ }. (2.52)
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2.5 Basic teleportation protocols

We can see that when r — oo, this Wigner function approaches Cé(x4 — xp)d(pa + pB),
which represents a maximally entangled EPR state: the positions of the two modes are

always equal, while the momentum is always opposite.

For a Schrédinger’s cat state, we have

peat, = N (Jao) (o] + | = a) (=] + |awo) {~ao| + | = o) (o) (2.53)

The contribution from the terms | £ ag)(£ayp| are identical to the Wigner functions of
coherent states in Eq. (2.46]). For the cross terms | + o) (Faw|, the contribution is [2]
1 _ *_ 3%
= [ 81— aq)D(B) axgle~ o)
1 * * *
= —2/d2ﬁ\ — oz0>eawe_“5 (a0|e_(50‘ —fra)
T
1 [ 25 —118+2a0/2Ba*+6*
— p/d ,86 3 ag « o
2

_ 2 *_ *
Ze 2| e2a0a 2aoo¢’ (2'54)
s

where the last step is integrated by apply the well-shown relation

1 / P8t a—pat g2 g _ L —laP/y. (2.55)
¥

™

As a result, the Wigner function of the cat state is given by
2
Weat, (@) :m{exp (—2\04 - 040’2> + exp (—2\04 + a0\2>

+2¢7 210 cog [¢ +4Im{ajal]}. (2.56)

2.5 Basic teleportation protocols

Quantum teleportation is the technique to transfer an arbitrary unknown quantum state
from one mode to another mode using a shared entanglement channel together with ad-
ditional classical communication. The teleportation channel can be either DV or CV
channel. DV teleportation is known for being probabilistic, however the teleportation
outcome can retain high fidelity with the input state. In contrast, CV teleportation is
deterministic but the outcome has lower quality [16]. In this section, we will introduce the

mathematical basis of both DV and CV teleportation.
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2.5 Basic teleportation protocols

2.5.1 DYV teleportation

In two-mode qubit systems, every state can be decomposed into the Bell states basis:

1
Do) =T ® og|Pg) = — (|11 + 100 ,
@) 0/®o) ﬁ(l )aB +(00)ap)
1
D) =T @ 01|Po) = —= (|10)ap + |01 an),
|®1) 1|®o) \/§(| )aB +(01)ap)
J
Do) = I @ 09|®g) = ~L= (|10)ap — |01} an),
|®2) 2|®o) \/i(‘ )ag — [01)ap)
1
D3) = I @ 03|®0) = — (|00)an — |11) a5), 2.57
|®3) 3/®o) \/§(| )a — [11)aB) (2.57)
where o; indicates the Pauli’s matrices
10 0 1 0 —j 1
og=1= , 01 = , 09 = , 03 = . (2.58)
0 1 1 0 7 0 0 -1

In the DV teleportation protocol, the DV entangled Bell state |®g)ap is used as the
teleportation channel, where mode A is sent to Alice and mode B is sent to Bob. Alice

then would like to teleport mode C from her side to Bob, where
[W)c = c1|l)c + c2|0)c- (2.59)

Next, Alice performs a Bell State Measurement (BSM) on modes A and C. Mathemati-

cally, a BSM is a projection of the two-mode state onto the Bell-state basis

1 1 1
W) apc = =|Po)ac ® |¥)p + §’®1>AC ®o1|¥)p + §|<I>2>AC ® o2|¥) B + §\®3>AC ® o3|¥)p

N

@) ac ® 0i|¥) 5. (2.60)

]«
DO =

Il
=)

7

After Alice performs BSM, she sends the measurement result, the integer i, to Bob. Bob

then applies o; to his state. Since o7 = 1, Bob retrieves the original input state in mode

C.

2.5.2 CV teleportation

The CV teleportation channel is the TMSV state Wrarsv (za,pa, x5, pp) in Eq. (2.52),

where one mode is sent to Alice and the other mode is sent to Bob. The state to be

18



2.5 Basic teleportation protocols

teleported has the Wigner function We(zo, pe). The BSM between mode A and mode
C is realized by a 50:50 beam splitter that output two mode u and v, followed by Alice’s
homodyne measurement on the maximally entangled basis of x,, and p, [3]. The beam

splitter transformation is given by

T :$C—JJA » :pC_pA
u \/é Y u \/é 9
To+TA bc +pa
g, = 2CcTrA o _PCTPA 2.61
v \/§ p’U \/§ ( )
thus
xC:xu+xv pC:pu+pv
V2 V2
Ty — Ty _ Dv— Du (262)

TA = : = :
The three-mode state W (ay,, ay, ap) can be obtained from the original state W (¢, a4, ap)

by a change-of-variable integration

W (o, o, ) = /dﬂfcdchc(xc,pc)

Ty — Ty Pv —

Pu
X W ) 7x 9
TMSv( 7 75 vB PB)

:L‘u + xv pu +p’U :|
0 - ) — .
8 { V2 xc} { V2 =

Then, the homodyne detection of x, and p, is performed mathematically by tracing out

(2.63)

the modes x, and p,
/dxvdqu(au,av,ozB) = 2/dazdeC(m,p)
X Wramsv(z — /Ty, /Do — D, Th, PB)- (2.64)
Finally, Alice sends her results of x,, and p, to Bob, so that Bob can displace his state as
'y =xp — 2y, P =0p5— V20 (2.65)

The final ensemble of states is given by integrating the Wigner function over z, and p,,

giving

e

1 aly —al?
Wp(2s, ) = ——5; /oneWc(w,p) exp (—'i_%’>

= We * G, (2.66)
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2.6 Measures of entanglement

where Gy, , is a Gaussian state with variance oy

_ 1 2% + p?|
Go'tel (ﬂfvp) = % exXp <_O'tel 5 (267)
with
O = € 2. (2.68)

When the squeezing r tends to infinity, the teleported state becomes identical to the input

state.

2.6 Measures of entanglement

In order to assess the teleportation and entanglement swapping protocols, we need a
method to compare the entangled state before and after the protocols. To quantify the
level of entanglement in a bipartite quantum state (pap), different mathematical measures
(E) have been proposed, which must satisfy two important conditions: F should become
zero for separable states and F should not increase under local operations and classical
communication (LOCC) [17-19]. For a pure state, we can simply use the measure of

entanglement entropy as a measure of entanglement
Eg(pag) = —Tr(paplnpap) = Z i ln )\, (2.69)

where {);} are the eigenvalues of pap.

For a mixed state with finite dimension, we can use the measures of distillable entanglement
or the measure of entanglement cost, which quantify operationally how much entanglement
resource is needed to produce pap. However, these measures are very difficult to calculate,
so another measure called the "entanglement of formation" is proposed. Let a pure-state

decomposition of pap be
paB = Y_ pili) (i, (2.70)
i
the entanglement of formation is defined as the minimal averaged entanglement over all

possible pure-state decompositions [17]

Er(paB) mf{zpz (1) (il) = pi = paltha) (il }, (2.71)
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2.6 Measures of entanglement

where the entropy of entanglement E for a pure state [¢) is defined as

E([9) @) = S(Trally) (bill) = S(Trs [|vi) (il]), (2.72)

with S denoting the von-Neumann entropy

S(p) = —Tr[plogy p], (2.73)

and Tri(pap) with i € {A, B} denoting the partial trace over the subspace i.

The regularized (or asymptotic) version of the entanglement of formation was proven to

be equal to the entanglement cost (E¢) [17]

Er(p35)

00 . B AB/ _

Ep(pap) = lim ——- Ec(pag)- (2.74)
For a CV state, where the dimension is infinite, the entanglement of formation becomes not
well-defined, and can only be calculated analytically for certain types of Gaussian states.
For a general two-mode Gaussian state, the lower bound for entanglement of formation
can be calculated numerically. However, for non-Gaussian states, there is currently no

known method to calculate the entanglement of formation [19].

Even though the measures introduced above are considered more comprehensive, they are
all very hard to compute, especially for the non-Gaussian states that I am going to study
in the following chapters. Thus, in this thesis, I will use the measures of logarithmic neg-
ativity and fidelity. The measure of logarithmic negativity is relatively easy to calculate,
even though this measure does not have strong asymptotic continuity and strong super
additivity. The logarithmic negativity is widely used for all types of entangled state, espe-
cially for mixed states with infinite dimensions like the lossy teleported hybrid entangled
state. To relatively compare the teleported state with the original entangled state, I will
also use the measure of fidelity between the two states. The mathematical details of the

logarithmic negativity and the fidelity are given below.

21



2.6 Measures of entanglement

2.6.1 The logarithmic negativity

The negativity of an arbitrary state p is defined by the sum of the negative eigenvalues [20]

1

En(p) = 53 (Il =), (2.75)

(2
where \; are the eigenvalues of the partial transpose of the entangled state p. The loga-

rithmic negativity is related to the negativity by [20]

Epn(p) = loga[1 + 2B ()] (2.76)

The logarithmic negativity Ern of a two-mode state p is a number between 0 and 1 that
measures the level of entanglement in the state. When Epy > 0, p is an entangled state.
When Erny = 1, p should be a pure entangled state [4]. For a two-mode state pap, the

logarithmic negativity can also be calculated by using the relation

Ern(pap) = logy |05, (2.77)

where

lpapll = Tr

(PLBPAB> 1/1 , (2.78)

and T4 denotes the partial transpose on mode A. For a bi-partie state pap, the partial

transpose over the subspace A is defined as T4, such that

P%}B = Z (PAj ® PBj)TA = Z (PA]TA ® ij) . (2.79)

2.6.2 The fidelity

The fidelity is a measure of similarity between two quantum mechanical states. For two

general states p and p/, the fidelity is given by

Fio.i) = [ (Vo7 (2:80)
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2.7 Device-Independent Quantum Key Distribution (DIQKD) protocol for the
photon-number basis

When the states are pure, p = [¢) (| and p’ = [¢) (¢/|, the fidelity can be simplified to

F([9), [0') = [/ [)]*. (2.81)

In the characteristic function formalism, the fidelity can be calculated by

F (X)X (3) = = [dPXEX (-5) (252)

2.7 Device-Independent Quantum Key Distribution (DIQKD)

protocol for the photon-number basis

pan ﬂb D

va) VB)
Alice Bob

Figure 2.5: The device-independent QKD protocol for entanglement in the photon-number basis.

In this section, we apply a DV entangled state to the DIQKD protocol in Fig. 2.5]

man)a = 1A 2 AR, (2.83)

where A and B denote two spatial modes of the entanglement. The protocol exploits the
CH nonlocality testing for DV entanglement in the photon-number basis. Each spatial
mode of the DV entanglement is mixed with a coherent state |v;), with ¢ € {4, B},
via a beam splitter with transmissivity 7;, then detected by a photon-counter. When
T; — oo and ~; — oo, the effect of the beam-splitter is described by the displacement
operator D(q;), where D is the coherent displacement operator and a; = /1 — Tjy; . We

assume that the detector is threshold-gated and can only distinguish between vacuum and
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photon-number basis

non-vacuum. Mathematically, the measurement is described by a pair of two orthogonal

projection operators

Q(ai) = D()[0): (0| D (ev), (2.84)
P(a;) = D(ay) fj In)s(n|Df (o), (2.85)
n=1
such that
Q(ai) + Pay) = 1. (2.86)

In the QKD protocol, mode A is sent to Alice while mode B is sent to Bob. Alice
and Bob randomly choose between two possible measurement settings a4 € {0, s} and
ap € {0, —s}. The secret keys are generated by assigning the logical value 0 (or 1) to the
event that only Alice’s (or Bob’s) detector clicks. The probability that each detector does

not click is given by

Qalaa) = (Qa(aa) ® 1p),
Qp(ag) = (14 ® Qp(an)). (2.87)

The probability that both detectors do not click is given by

A A

Qalaa,ap) = (Qalaa) ® Qplag)). (2.88)

Given an arbitrary entangled state, the C'H inequality is given by [21]

(CH) =Qag(0,0) + Qap(s,0) + Qap(0,—s)

—Qap(s,—s) —Qa(0) — Qp(0). (2.89)

Let J = |ay]?, we have J € {0,|s|?}. For a general DV entangled state of the form

p = a0]0) 40| ® [0) 50|
+a1[0)a(0] ® [1) (1] + c-1[1) a(1] ® |0) 5{0|

—bo[1) A (0] ® 10) (1] — bo[0) a(1] © [1) 5{0], (2.90)
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we derive the clicking probabilities

Qa5(0,0) = ao,
Qap(s,0) = e (ag +c_1J),
Qap(0,—s) = e 7 (ag + Jar),
Qap(s,—s) = e *(ap + Jai + Je_y + 2Jby),
Qa(0) = ao + ay,
Q5(0) = ag + c_1. (2.91)

For a vacuum state, we have ag = 1 while all other coefficients are 0, the C'H value is
(CH,,.) = —e% +2e77 —1. (2.92)

For the maximally DV-entangled state |¢maz) (Eq. (2.83)), we have ap = 0 while other

coefficients are 1/2, the CH value is given by

(CH,,,.)=—2Je % + Je=7 —1. (2.93)

The security of the DIQKD protocol is analyzed against the individual attack where the
eavesdropper is only constrained by no-signaling theory [21,22]. The bound on the key
rate is calculated by [21]

K >1—2((CH) + 1.5) — h(pe), (2.94)

where p. is the estimated bit error rate.
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3.1 Introduction

Chapter 3

Hybrid Entanglement Swapping
for Satellite-based Quantum

Communications

In this chapter, I study for the first time the effect of attenuation on the CV teleportation
channel created between two ground stations via a LEO satellite. Firstly, I will derive the
general mathematical model for the teleportation of an arbitrary state through a lossy CV
teleportation channel. Next, I will study the special case where the mode to be teleported
is part of a DV entangled state in the photon number basis. I will present conditions
where the teleported DV states can retain a stronger level of entanglement as compared
to the direct distribution from the satellite. As an application, I will present the key rate

obtained when applying the teleported state to a QKD protocol.

3.1 Introduction

Quantum communication via LEO satellites offers the possibility of an information-theoretically

secure global network [23]. The security of this network is provided by QKD, in which
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secret keys are encoded and distributed between two parties using quantum states of light.
Beyond QKD, other quantum-information protocols will be relayed over this new global

network, with teleportation being one of the most important [24].

Terrestrial quantum communication has been limited to a few hundred kilometers because
of the exponential loss in optical fibers. What is more, according to the no-cloning theorem,
the quantum signal cannot be noiselessly amplified [25-27]. A QKD experiment in 2007
achieved the communication range of 200km, which corresponds to 40dB of loss [28], while
a more recent study in 2015 used ultra-low-loss fiber to achieve a range of 300km with
50dB of total loss [29]. In contrast, the satellite-Earth channel is only affected by a thin
layer of atmospheric turbulence in a zone roughly between the ground level and 12 km
high. For a satellite in LEO (400 to 600km from Earth), the average channel attenuation
is only around 5-10dB for a down-link and 20-30dB for an up-link transmission [30]. Thus,
the satellite works as a relay that can potentially extend quantum communication to a

global scale.

In many traditional quantum-information protocols, quantum entanglement is carried by
either DV or CV. In DV the quantum information is usually encoded into the polarization
or the number of photons. In CV the quantum information is encoded in the quadratures of
the optical field. Compared to DV protocols, CV protocols use homodyne (or heterodyne)
detectors which are faster and more efficient. As a result, it is potentially easier to achieve

higher performance levels for certain CV quantum-information protocols.

In this chapter, I will investigate hybrid teleportation (Fig. , where the CV entangle-
ment is used as a teleportation channel (A’ — B’), while the entangled state to be teleported
(C — D) can be encoded in either DV or CV. Such a hybrid teleportation protocol has
the potential to leverage the versatility of the satellite. The design and implementation
of a quantum satellite-payload often involves a great engineering effort. Once a satellite
is deployed, there is little freedom in altering the payload and its functionality. However,
if we place a source of CV entanglement on the satellite and beam the states down to the
ground, we will have a CV teleportation channel that can teleport both DV and CV entan-

gled states. This, in turn, opens up the possibility of inter-connecting quantum-enabled
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3.1 Introduction
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Figure 3.1: In the hybrid scheme, the attenuated CV entanglement A’ — B’ is used as a teleportation channel. The
entangled state to be teleported, C' — D, can be encoded in either DV or CV. (Taken from [31].)

devices that may be processing quantum information internally on quite different hard-
ware architectures - conditioned only on the premise that these devices have external laser
links to satellites. In this chapter, I explore this possibility, focussing on the teleportation
of DV states over a CV teleportation channel (CV teleportation via a CV teleportation
channel has been well studied previously [32,33], however, it usually leads to low-quality
outputs unless the channel is highly squeezed. It will be shown later in chapter [5] that

teleporting the DV mode yields better results for certain input states).

Previous studies of entanglement swapping only focused on the context of local measure-
ments without transmission loss [3},4}|16},32-35]. In this chapter, I extend such previous
studies to the more difficult setting of photonic loss. My main contributions and findings

in this paper are:
e [ derive a mathematical model for hybrid teleportation over a CV teleportation

channel, taking into account transmission losses, and propose a strategy for gain-

tuning in order to optimize the teleportation outcome.
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3.2 Attenuation on a CV teleportation channel

e [ then perform a comparison between teleported and directly distributed DV entan-
glement (in the photon-number basis), showing that such teleported DV entangle-
ment can retain a higher quality, especially for an optical link loss of about 5 to

10dB.

o I calculate the key rates for a robust form of the device-independent QKD protocol,
showing that key rate reduces to zero at around 2dB of loss. As a result, the
teleported entanglement does not show a higher key rate relative to the directly-

distributed entanglement.

The structure of the remainder of this chapter is as follows. Section[3.2]studies how channel
transmissivities affect the quality of the CV teleportation channel. Section studies
hybrid entanglement swapping using an attenuated CV teleportation channel. Section
[B-4] studies the effect of channel attenuation on a directly-distributed DV entangled state.

Section [3.6] shows my simulations, while section summarizes my findings.

3.2 Attenuation on a CV teleportation channel

This section outlines how channel attenuatio affects the quality of the CV teleportation
channel, where the CV channel is given by the TMSV state in Eqgs. and . Let
A and B be the two spatial mode of the TMSV state. For each spatial mode let i € {A, B},
the channel attenuation can be modeled by a beam-splitter with transmissivity 7;. The

beam-splitter transformation can then be written as
CiiT — TidiT +v1-— TZGTZL, (3.1)

where the subscript v denotes the auxiliary vacuum mode. Let G, (z, p) denote a Gaussian

function with variance o as defined in Eq. (2.67). In the Wigner-function formalism, each

(Note, that in the downlink channel from the satellite some fading will exist. How-
ever, this can be mitigated by large receiving telescopes and/or advanced adaptive optical
tracking techniques, and in this exploratory work I will assume the channel loss is fixed
(no fading).
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3.3 Teleportation by an attenuated CV teleportation channel

beam-splitter transformation is equivalent to a convolution between the input and a Gaus-

sian function GUTi with variance o7, = 12_—:%_, followed by a rescaling of 1/4/T; in phase

space [4]. For a TMSV state, when the modes are sent through two channels with different

transmissivities T4 and Tp (see Fig. , we can perform the beam-splitter transforma-

tion sequentially on each mode: Wrarsy(za,pa, x5, pB) — W%:g?k’gl‘)/(a:;‘,ph,xg,pg) —

W}ﬁ?’;ﬁ?)(w%, P4, 'z, plg). Let x denote the convolution operator, the first transformation

(where xp and pp are taken as constants) is given by

(Tad) (1 _ L 2y, o
WTMSV(anpAaxBapB) - TA |:WTMSV * GO’TA:| ( m

1
= TA/ dradyaWrmsy(xa,pa, B, PB) X

X
moT,
exp{—U;A [(%—9@4)2—%(%—%&1)21}, (3.2)

with the second transformation being similar, giving

4

Wikt (@ pla, o, plg) = == exp]

6—27” , , 9 / / )
_ (4T +2pv/Ta) "+ (Wav/To — pipV/Ta)

e+2r , , 9 / / )
_ (xAm_me) +(pA\/T73—|—pB\/QTA)

2
— = [ =1) (o7 + %) + (1 - ) (25 +93) ] 1. (3.3)

where 7 is given by

7 =1+ [cosh(2r) — 1] (Ta + Tp — 2TaTp). (3.4)

3.3 Teleportation by an attenuated CV teleportation chan-

nel

3.3.1 Teleportation of an arbitrary mode with gain tuning

The CV teleportation by a perfect TMSV channel was described in section To
describe an attenuated CV teleportation channel (A’ — B’ in Fig. , we use the CV
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3.3 Teleportation by an attenuated CV teleportation channel

state in Eq. . The channel can teleport any modes, be it DV or CV, from Alice
to Bob. Let a; = z; + jp; where i indicates the mode, the arbitrary input mode to be
teleported (e.g. mode D) can be denoted as Wy, (). The teleportation process starts
with a BSM. [3,132,|33]. Experimentally, this is done by combining the input mode with

mode A through a 50:50 beam splitter, which results in two new modes u and v such that

A

u = u =
V2 V2

xU: \/§ 7p’U— \/E

We have o/y = (ap, — ) /v/2. After the beam splitter, the three-mode Wigner function

(3.5)

is transformed to [3]
W(auy Ay, O/B) = / d$zndpanzn(azn)
Ta,T Qo — Oy,
x WI(“]\?SXE) ( \/§ 7alB>

Loy + Ty Du + Do )
J — Tip | 6 — Din | 3.6
8 ( /2 :C) ( N (36)

and Alice performs homodyne detections for x, and p,. Alice’s measurements of x, and

Py are described by integration over x, and p,, respectively. After a change of variable:

Ty 7 X = (xu + $v)/\/§ and p, = p = (pu +pv)/\/§7 we have

/ dxydp, W (u, au, o) = 2// dxdpWi,(z + jp)

X W}ﬁgj;f) [1: — V2, +j (ﬁpv —p) ,aﬂg} . (3.7)

After the BSM, Alice sends the result of (xy,p,) to Bob who displaces his mode B from
o’y to o} such that 'y = (25— gv/2x,) and ply = (p5 — gv/2p,). The parameter g denotes
the gain during the transformation, which can be experimentally tuned to optimize the
output quality (see section . When Alice teleports an ensemble of input modes, the

output should be averaged over all possible values of x, and p,. The output of the whole
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3.3 Teleportation by an attenuated CV teleportation channel

teleportation process is

Wout () = 2 // dxdpWin(z + jp)
< [[ dwudp WS 0 = Vor, + 5 (Vo - ).

—gV2zy + ] (p% = g\/ipv)]- (3.8)

After performing the integration over x, and p,, we find that the output function is a

Gaussian convolution of the input, followed by a rescaling of o/, — o5 /g in phase space

" %
Wout(ag) = [Wm * Goyy p

—// dxdpWin(a)Go,,, <H a> . (3.9)

Here G, , is the Gaussian function defined in Eq. (2.67)) with variance ot given by
1

ot = 5 | €7 (9vV/Ta — VT5)?

4g
+ 672T(g\/ TA + vV TB)2

+2¢% (1 —Ta)+2(1 —-Tg)]. (3.10)

Eq. (3.10]) agrees with previous findings for simpler scenarios where there is no channel
attenuation [34], or where the gain is set to unity [3]. When there is no channel attenuation,
Ta=Tpg =1, we have ) = [€2"(1 — g)® + e 2" (1 + g)?] /(4¢%). When the gain is set to

unity, g = 1, the variance is further simplified to oy, = ¢~2" as in Eq. (2.68).

3.3.2 Teleportation of a DV entangled state

In the previous subsection, I have discussed how to teleport an arbitrary input mode by an
attenuated CV teleportation channel. In this section, I discuss the special case of hybrid
DV-CV entanglement swapping (see Fig. . In this scenario, the input mode D is part
of the DV entangled pair C'— D. The teleportation is carried out by the CV teleportation
channel A — B, which teleports the mode D to B”. As a result, the teleportation output
pcpr is a DV entangled state. In the Wigner formalism, the transformation of mode D

is described by Egs. (3.9) to (3.10). Since we are dealing here with a DV input, we will
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3.3 Teleportation by an attenuated CV teleportation channel

convert the above equations to the density matrix representation and provide a measure

to qualify its level of entanglement.

In this chapter, I assume that the state C' — D is entangled in the photon-number basis.
Experimentally, pcp is produced by passing a single photon through a balanced beam

splitter, giving
[W)ep = (|01) — [10))/vV2,  pep = [¥)en (¥ - (3.11)

In the Wigner-function representation, the teleportation will transform the subspace of

mode D according to [4]:

m)p{n 1 m)p{n o
IV%>D<RQD)_%Q2Py%>D<QQD)*GQd](£f>, (3.12)

where m,n € {0,1} and Gy,,, is the Gaussian function of Eq. (2.67)), with variance oy
defined in Eq. (3.10). In the density-matrix representation, the output state can be

decomposed to [4]

(o)
pcpr = Y pr, where
k=1
pr = ag|0)c (0] @ |k) g (k|

+ ci|D)e(1| @ |k + 1) gr (k + 1|, where (3.13)
1
ajp = §T11—>kk (k > O),Ol“ 0 (k‘ = —1),
1
b = §T1(Hk+1k (k>0),0r 0 (k= —1),
1
cr = §T0(Hk+1 k+1 (k> —1), and where (3.14)
_ 201"
00—kk = CEDEE
2(y — 1)k-1
Ti1skk = ((7+1))k+2 [(V 29" +1)(y = 1) + 47€92]
4gVE + 1(y — 1)F
Thosk+1k = g (v + 1()Z+2 ) ) (3.15)
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3.4 Directly distributed DV entangled state

with
v =g (200 + 1). (3.16)
In the limit where T4y = Tp = 1, r — oo and g = 1 (which leads to v = 1), we have

a1 = bp = c_1 = 1/2 while all other coefficients tend to 0. The output state pcp» becomes

the same as pcp in Eq. (3.11]), which is a maximally entangled state.

In order to assess the entanglement in popr, we use the logarithmic negativity described

in section For the teleported state (Eq. , the logarithmic negativity is [4]

Ern(pcpr) = logy

1+ i (\A,;|—)\,;)], (3.17)

k=—1

where )\f are the eigenvalues of pi

1
Ao = 5 [ak +cp \/(ak —cp)? + 4bi] - (3.18)

3.4 Directly distributed DV entangled state

In the last section, I have discussed how to teleport a DV-entangled state by a CV tele-
portation channel. In this section, I study the case when the DV entangled state (A — B)
is directly distributed from the satellite. I also assume that the state is entangled in the
photon-number basi and, for simplicity, that the two down-link channels have equal
transmissivity of T4 = T = T. Let us denote the two modes of the state to be directly
distributed as A and B with corresponding creation operators @’4' and a3'. The state can

be written as

) a5 = ¢1§ (101) 45 — [10)45) [00) 110
- j§< ot — dp1)[00) 45100} 10 (3.19)

(2)Please note, conversion from DV-polarization coding to DV-photon-number encoding
is possible, and it is part of my future work to thoroughly study hybrid entanglement
swapping in the context of attenuated CV teleportation when the states to be teleported
are encoded in polarization.
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3.5 Device-independent QKD protocol

where v4 and vp denotes the auxiliary vacuum modes of mode A and B, respectively. For
each mode of the entanglement, the channel attenuation can be modeled by a beam-splitter
with transmissivity T'. In the Heisenberg picture, the beam-splitter transformation can be

written as in Eq. (3.1)), which transforms the state to

LAY \[(xfcm + V1= Tay

Tap" — V1 =T dg!)[00) 45|00y, 0s

T
=13 (0D ap = [10)45) [00)u 40,
\/ ‘OO AB |01 VAVB |10>'UA'UB) (3-20)

By tracing out the auxiliary vacuum modes, we obtain
pap = Tpap + (1 —T1)[00)45(00], (3.21)

where p4p is the corresponding density matrix for the maximally entangled state defined

in Eq. (3.19). The logarithmic negativity of this state is calculated by Eq. (2.77)).

3.5 Device-independent QKD protocol

To calculate the lower bound of the secure key rates, I use a device-independent QKD
(DI-QKD) protocol which tests for non-locality using the CH inequality. The protocol
is designed for DV entanglement in the photon-number basis. The security is analyzed
against the individual attack assuming that the eavesdropper is only constrained by the
no-signaling theory [21,22]. The mathematical model for a general entangled state was

introduced in section For the state directly distributed from the satellite (p/y5 in

Eq. (3.21))), we have

<CHdirect> = T<0Hdi7"ect> + (1 - T) <CHvac>7 (322)

with (CHgirect) and (C'Hyqe) given in Egs. (2.92)) and (2.93). When the state is teleported
(pepr in Eq. (3.13)) with ag, by and ¢i defined in Eq. (3.14)), we have
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3.6 Simulation results

QaB(0,0) = aop,

Qap(s,0) = e '(ag+c_1J),
Jk’

Qap(0,—s) = e*‘]kz;oak R

o7 a Jep— 2Jb
QAB(Sv_S):e 2J];)‘]k <J+ k 1+ i )7

CRVN =SV
Qa(0) = ag + a1,

Qp(0) =ap + c-1. (3.23)

The corresponding CH value (C'Hy;) can be calculated by substituting the above relations
into Eq. (2.89). The security key rate can be calculated by Eq. (2.94]).

3.6 Simulation results

3.6.1 Logarithmic negativity of teleported DV entanglement

In this subsection, I determine the optimal gain g%% and the corresponding maximal log-
arithmic negativity E7'\" achieved in different conditions. I simulate the teleportation
process with different values of the squeezing parameter r, gain g and the channel trans-
missivities T4, Ts. The logarithmic negativity is calculated based on Egs. , ,
, and . The results are shown in Fig. I first vary the squeezing r
while fixing the channel transmissivities at a few example values (Fig. left column).
Next, I fix the squeezing at r = 2.395 (so that cosh(2r) =~ 60) while varying the chan-
nel transmissivities from 0 to 1 (Fig. right column). It can be seen that when the
squeezing is high, the optimal gain tends to \/% (Fig. (c),(d)). High squeezing also
leads to higher maximum logarithmic negativities. In the case where Ty = T =1, EJ'\*

approaches 1 (Fig. (e), (f)), and the output is a perfect copy of the input, which is a

maximally DV entangled state.
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3.6 Simulation results

3.6.2 Comparison between a teleported and a directly distributed DV

entangled state

In this subsection, I compare a teleported DV entangled state with a DV entangled state

directly distributed from a satellite. I assume that both states are encoded in the photon-

number basis and are given by pcpr (Eq. (3.13) and p/y5 (Eq. (3.21)), respectively. The

channel is assumed to be symmetric, (T4 = Tp = T') so that the optimal gain is unity.

The total optical link loss in dB is defined by —10log;o(T?).

The logarithmic negativity is calculated using Eqgs. (3.17), (3.18), (2.77) and (2.78]). At

first, the squeezing value of the CV teleportation channel is set to a high value of r = 2.395,

so that cosh(2r) = 60. The result is plotted in red in Fig. [3.3] where we can see that the
teleported DV entangled state (solid line) retains higher logarithmic negativity than the
directly-distributed DV entangled state (dashed line). Note that, when the optical link
loss is from 5 to 10dB, the logarithmic negativity of teleported entanglement is more than

double that of directly-distributed entanglement.

Next, I perform a numerical search to find the threshold squeezing ry, where teleported
entanglement starts to surpass directly-distributed entanglement. The average channel
attenuation for the Earth-satellite channel is around 5 to 10dB for a down-link transmission
[30]. At this range of loss, as can be seen from Fig. the logarithmic negativity of
directly-distributed entanglement is from 0.24 to 0.07. From Fig. (e), specifically
from the green dash-dotted line and the red dotted line, we can find that the teleported
entanglement achieves the same level of logarithmic negativity at the threshold squeezing

re, = 0.3 to 0.5, which is achievable experimentally.

To calculate the keyrate, I follow the mathematical model in section [3.5] using the mea-
surement setting of s = 0.5. I assume that the estimated bit error is zero and the squeezing
is =2.395. The result is plotted in black in Fig. [3.3] The solid line represents the key
rate bound from the teleported entanglement, while the dashed line represents the key rate
bound from the directly-distributed entanglement. At zero loss, my simulations show that

when the squeezing is large (r > 5), the key rate bound derived from the teleported state

37



3.7 Conclusion

is approximately that of the key rate bound from the directly-distributed state. When the
loss increases, the key rate bounds become zero because the CH inequality is no longer
violated. For my settings, the key rate bounds are reduced below zero before the optical
link loss reaches 1dB. For this low loss, the teleported entanglement produces a lower key
rate bound than the directly-distributed entanglement. However, I do note that this result
is a consequence of the specific QKD protocol used and the fact that entanglement and
CH inequalities are not always directly related. I anticipate the key rate behavior to be

different for other QKD protocols.

3.7 Conclusion

In this chapter, I have studied the effect of channel transmission loss on the creation of
a CV entanglement channel. I then use the CV teleportation channel to teleport DV
entanglement in the photon number basis. My result shows that the entanglement in the
teleportation output is maximized by increasing the squeezing above 2.3, tuning the gain
to gz% = % and minimizing channel transmission loss. For my experimental settings, I
find that the teleported DV states can retain a significantly higher entanglement relative
to the same states directly distributed from a satellite, especially for an optical link loss
from 5 to 10dB. For a device-independent QKD protocol, the minimum key rate reduces to
zero at around 1dB of loss, before teleported entanglement shows a significant advantage

over directly-distributed entanglement. Note, DI-QKD protocols are the most secure but

are known to produce low key rates.
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Figure 3.2: The logarithmic negativity Ern of the teleportation-output is plotted versus different values of
squeezing r, channel transmissivities 7" and teleportation gain g. In the left column (a,c,e), the squeezing ranges
from 0 to 2.5 while the channel transmissivities are fixed at a few example values. It should be noted that when
T4 =Tp = 0.562 and T4y = T = 0.316, the total channel loss is —10log,y (TaTr) = 5dB and 10dB, respectively,
which is the range of loss for a satellite down-link channel . In the right column (b,d,f), the squeezing is fixed at
r = 2.395 while the transmissivity T ranges from 0 to 1. The first row (a,b) shows the 3D plot of the logarithmic
negativity when the gain g is varied as well. The second row (c,d) shows the optimal gain gZIJ’\t, that maximizes the
logarithmic negativity; while the third row (e,f) shows the corresponding maximal logarithmic negativity Ern. In
general, we can see that Ey, n reaches its maximum value of 1 when the squeezing is high (r > 2.5), when the gain is

tuned to the optimal value ort — T—B, and when there is no channel loss, i.e., T4 = T = 1. (Taken from |31].
9N Ta
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Figure 3.3: A comparison of DV entanglement distributed in two different ways: teleportation by a CV channel
(solid lines) and direct down-link distribution from a satellite (dashed line). Here, the initial CV state (which formed
the teleportation channel) had a squeezing value of r = 2.395. The logarithmic negativity is plotted in red while

the resulting bound on the secure key rate is plotted in black. (Taken from [31].)
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3.7 Conclusion

Chapter 4

Teleportation of a
Schrodinger’s-Cat State via
Satellite-based Quantum

Communications

In the previous chapter, I have presented the general mathematical framework to teleport
an arbitrary state through an attenuated CV teleportation channel, with the specific
example of teleporting one mode of a DV entangled state. In this chapter, I will study the
case where the teleported state is a Schrodinger’s cat state, whose quantum character is
represented by the negativity of the Wigner function. For a lossless channel, past studies
have shown that the negativity of the cat state can be preserved through teleportation.
For a teleportation channel with fixed-attenuation, such as optical fibers, my result shows
that the negativity of the cat state will disappear after 5dB of loss. I then go further
to investigate the free-space channel between Earth and satellite. Due to atmospheric
turbulence, the channel loss fluctuates following a probabilistic distribution. My result

shows that the free-space channels can better preserve the fidelity of the input state as
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4.1 Introduction

compared to the fix-attenuation channel.

4.1 Introduction

The Schrodinger’s-cat state is of fundamental interest because it represents quantum su-
perposition between two macroscopic states. Experimentally, the cat state can be created
from the macroscopic superposition of coherent states. Such a superposition is known
to be useful for universal quantum computing using CV, where the quantum information
is carried by the quadratures of the optical field . CV protocols use homodyne (or
heterodyne) detectors which are faster and more efficient (as compared to DV protocols,
where the quantum information is carried in the polarization or the photon-number of

single photons).

E The CV teleportation ! (
! channel l\ % \Y

jpiptuiuiyipiatptntutuiipipintntninl h Entanglement

| Thestatetobe | TR !
teleported i T 4 T 5
1

Alice Bob

Figure 4.1: In the hybrid scheme, the CV entanglement A — B is used as a teleportation channel. The channels
have transmissivity 74 and Tp. The input state W;,, is teleported from Alice to Bob, resulting in the output Wy

(Taken from 2

Among the different quantum communication protocols, teleportation is one of the most
useful. In many cases, information is transferred through optical fibers, which exhibits

fixed attenuation. Since the loss in optical fiber scales exponentially with distance, ter-
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4.1 Introduction

restrial quantum communication has been limited to a few hundred kilometer. Quantum
signal cannot be further amplified due to the no-cloning theorem [25H27]. In contrast, for
a satellite in low orbit (400 to 600km from Earth), the channel is only affected by atmo-
spheric turbulence. In fact, for a down-link channel of less than 500km above the ground,
the average attenuation was demonstrated to be around 30dB [3§]. In this chapter, I use
CV entanglement distributed from a satellite as a CV teleportation channel. I then use
this channel to distribute a Schrodinger-cat state. Such a protocol has the potential to

extend quantum information protocols over a global scale.

The satellite-Earth channel is a free-space fading channel, where the loss is caused by
diffraction, absorption/scattering, and atmospheric turbulence [39]. The most significant
loss comes from the turbulence, which could be characterized by the Rytov parameter op.
This parameter is a function of the atmospheric refraction index structure constant param-
eter C2, which can be calculated from the wind velocity and the altitude. Large turbulent
eddies can cause beam-wandering, while smaller eddies can induce beam broadening. The
channel attenuation has a probabilistic nature and can be simulated by different mathe-
matical models. In the beam-wandering model, the beam profile is modeled by a circular
Gaussian shape. The turbulence causes the beam center to fluctuate around the center of
the receiver aperture, resulting in a misalignment which reduces the transmissivity of the
beam [40]. Recently, a new fading model was introduced taking into account additional
deformation and broadening effects. In this chapter, I call this model the elliptic model.
In the elliptic model, the beam profile at the receiver aperture is broadened and has an
elliptic shape. There is fluctuations not only in the beam center but also in the widths of

the elliptic profile [41].

Past studies have shown that the quantum character of the cat state can be preserved
after CV teleportation [42], however, the channel transmission loss has not been taken

into consideration. Our main contributions in this chapter are:

e [ derive a mathematical model detailing how channel attenuation affects the quality

of the CV teleportation channel, as well as the quality of the teleportation outcome.
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4.2 Teleportation of a Schrodinger’s cat through an attenuated CV teleportation
channel

e For fixed attenuation I determine the loss conditions under which the cat state can

be preserved.

o [ adopt the free-space fading channel between the Earth and a satellite for a typical
down-link channel and determine whether the teleported cat state retains higher

fidelity in such channels relative to a fixed attenuation channel.

The structure of the remainder of this chapter is as follows. Section [4.2] studies the math-
ematical model for CV teleportation. Section studies different models of atmospheric
turbulence. Section [£.4] shows my simulation, while section [£.5] summarizes my findings

and discusses future work.

4.2 Teleportation of a Schrodinger’s cat through an atten-

uated CV teleportation channel

In this chapter, an attenuated TMSV state is used as the CV teleportation channel (see
Fig. . The teleportation through an attenuated TMSV channel has been discussed
in section Let Wi, () be the input state (Fig. with @ = x + jp. After CV
teleportation with gain g, the output Wigner function becomes a Gaussian convolution of

the input, followed by a rescaling of ayr — @out/g in phase space.
1 Aoyt
Wout(Qout) = ) [Win * Go'tel] (—)
g g
= [ dwdpWin(0)Goy, (S 4.1
-2 zdpWin(a)Go,, g—Cv (4.1)

where the Gaussian function with variance oy is given by Egs. (2.67) and (2.68). When

Ty =Tp =1, we have [34]

17 (4.2)

Otel =

2r

When we further set g = 1, the variance is simplified to o = e, s0 Wour(out) =

Wm * G6—2r (aout) I3, 32, 33]
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4.3 Earth-satellite Channel

In this section, I will study the specific case where the input is the odd Schrodinger’s-cat
state |cat,) with the normalization constant Ny given in Egs. and . The Wigner
function of the cat state (We(«)) is given by Eq. (2.56). When W,(c) is used as the input
state Wi, (), the output of the CV teleportation is calculated by Eq. . When the CV
teleportation channels has transmissivities T4 = T = T and the optimal gain is unity,

the Gaussian variance oy in Eq. (3.10) becomes
Ote1 = Te 2" + (1 -T). (4.3)

When taking into account the detector amplitude-efficiency 7, the Gaussian variance is

2

modified to o’ = 0o + 1_77—277

In order to quantify the quality of the output state as compared to input state, I use the

entanglement fidelity [43]. For the Schrodinger’s-cat state, the fidelity is given in [33]

o 1 14 e lool — exp ~Autlan _ exp lecl; (4.4)
14 o 2(1 + o) (1 + e—2laol® cog ¢)? '

4.3 Earth-satellite Channel

In this chapter, I will discuss the atmospheric turbulence above the Earth surface, and how
it affects the transmissivity of the Earth-satellite channel. The effects of the turbulence can
be described by two mathematical models: the beam-wandering model studies the beam
displacement from the receiver’s aperture, while the elliptic model studies the broadening

and distortion of the beam profile.

4.3.1 Atmospheric turbulence

The level of atmospheric turbulence is characterized by the Rytov parameter [41]

0% = 1.23C2kT/61/0, (4.5)
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4.3 Earth-satellite Channel

where k is the wave number of the light mode and L is the altitude of the satellite. The
refraction index structure constant parameter C2 can be calculated from the altitude h

and wind velocity v [44]

C2(h) = 0.00594(v/27)%(h x 107°)10¢—h/1000

2.7 x 107 16=H/1500 4 ge=h/100, (4.6)

where A = C2(h = 0) is the refraction index constant structure parameter at ground level,

in units of m~2/3. The mean value of A according to WRF model is 9.6x10~4m~2/3,

4.3.2 Beam-wandering model

Beam wandering causes the beam center to be displaced from the aperture center. On the
aperture plane, the position of the beam centroid relative to the aperture center can be
modeled by two random variables (x,y) following two independent Gaussian probability

distributions with variance o2

p(z,y) = p(z)p(y) ! Xp (mz i y2> : (4.7)

= e
2702 202

Thus, the displacement d = /(2% + y?) follows the Rice distribution:

p(d) = %exp < & ) . (4.8)

202

The Rytov parameter 0% is related to the beam-wandering variance o2 by [41]

0% = 0.33W2c 307/, (4.9)
where
W2
0=-09 4.1
R (4.10)

and Wy is the beam width at the transmitter plane. Let W be the beam width at the

receiver plane, let a be the aperture radius at the receiver, we define the ratios d, = do/a
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4.3 Earth-satellite Channel
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(b) Teleported cat state, no loss, n? = 1. (c) Teleported cat state, no loss, n? = 0.99.
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S e all
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(d) Teleported cat state, 5dB loss, n° = 1. (e) Teleported cat state, 5dB loss, n? = 0.99.

Figure 4.2: (a) The Wigner function of a Schrodinger cat state, with ag = 1.5 and ¢ = m. (b), (c¢), (d), (e) The
Wigner function of the cat state after CV teleportation (with r=1.15) is plotted for different values of channel loss
and detector amplitude-efficiency (7). (Taken from )

and W, = W/a. The transmittance of the beam is found by integration to find the fraction
of energy passing through the aperture. Let ¢ be the transmission coefficient, the channel

transmissivity 7 = t> can be approximated by

da

T =Tpexp {— (R_a>7:| , (4.11)
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Figure 4.3: For a free-space fading channel, the distribution of channel transmissivity 7" is plotted with different
ratios of the beam-wandering standard deviation (o) to the aperture radius (a). The dashed lines represent the
distributions from the beam-wandering model, while the solid lines represent the distributions from the elliptic

model. (Taken from )

where the parameters are defined as

Ty = 1—exp(—l/;2), (4.12)
v ixexp(‘v@fl(v@%)

T )b )

« ! , (4.13)

n 212

(o))
_1

Re = | 21 X (4.14)

t-exp (=) bo(wz) /)
where Iy(z) and I;(x) are the modified Bessel functions. By plugging the probability

distribution (Eq. (4.8))) into the transmissivity (Eq. [4.11))), we can derive the probability

distribution of the transmission coeflicient ¢

2R? to (%_0 R2 to %
t) = 2 (92]n — ——2 (2ln— 4.15
p(t) ngt( “t) exp 203( nt) , (4.15)

where 0, = o/a. Essentially, the distribution of the transmission coefficient ¢ does not
depend on the absolute value of the aperture radius a, but only depends on the ratios of

W and o to a.
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4.3 Earth-satellite Channel

4.3.3 Elliptic model

The elliptic model takes into account not only the beam-wandering effect, but also beam-
broadening, and the non-circular beam distortions caused by turbulence in the Earth’s
atmosphere [45] [41]. Let « and y be the deviation (on the z- and y-axis, respectively) of
the beam centroid from the aperture center, a be the aperture radius of the detector, and

The effective spot radius of an equivalent

¢ be the beam rotation angle, ¢g = tan™! g,

Gaussian beam is modelled as

a2 2 COS2
WZ(¢9) = 4a? {W (V[f%;@e( JWE)[142cos?(9)] (4.16)
y e(aQ/Wg)[stm?(qﬁ)])}*l '

I

where W(-) is the Lambert W function. The maximal transmissivity at z =y = 0 (i.e. no

deviation) is
—a2 2 2

Te, = 1—1o (a2 [Wilg — WLQQD e~ (1/Wi+1/W3)

2 [1 - eyl

W

(o)) (4.17)

2

where R(W) and A(W) are the scaling and shaping functions

21

ROW) = |In (29— i) (4.18)
1 — exp [—a?W?2] [y(a2W?2) ’ '

exp [—a? W21 (a2W?2
)\(W) = 2a2W2 1_5(1[)[_(12”/]2]1]5)(&2“/)2) 419
% (2 1fexp[7%a2W2] ( . )

1—exp[—a?W?]Ip(a2W?2) |
respectively. Here W; and Wy are the semi-major and semi-minor axis lengths of the
ellipse, respectively, and I;(-) is the modified Bessel function of i-th order. The channel

transmissivity T = t% is given by

Vat+y?/a

M2/ Weys(d—d0))
5 (4.20)
R( Weyss(d—¢o) ) ]

Tk :TEO exXp§ — |:
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4.4 Simulation and results

When considering isotropic turbulence, the rotation angle ¢ is evenly distributed. The
statistical properties of {z,y, 01,62} are determined by Wy, 012%, the wavelength of the
beam, and the propagation distance. For more details, see supplementary materials in

reference [41].

4.4 Simulation and results

4.4.1 Fixed attenuation channel

In this subsection, I perform the teleportation of a Schréodinger’s-cat state following Eqgs.
, and . The channels are assumed to be symmetric with fixed attenuation
Ty = Tp = T. The fixed parameters are the squeezing parameter r = 1.15, ¢ = 7
and ag = 1.5. The detector amplitude-efficiency 1 and the channel transmissivity 1" are
varied. Fig. [1.2] shows the Schrodinger cat state before and after teleportation. The
quantum character of the state is manifested in the negative value at the center of the
Wigner function. My results show that when the detector efficiency is taken into account
(7% = 0.99), the quantum character of the cat state is lost after 5dB of fixed attenuation
(T'ha = Tp = 0.562).

4.4.2 Fading channel

In this subsection, I assume a realistic scenario where the satellite is 500km high, the beam
waist at the transmitter is Wy = 12cm, and the wavelength is 780nm. In this setting, the
beam width at the receiver is around W =1m. The receiver is designed to have an aperture
a =W = 1m. The variance of the beam center (02) is the key parameter that influences

the transmissivity of the channel.

In Fig. the probability density p(T') is plotted against T for different values of o,
where higher o represents stronger atmospheric disturbance. The dashed lines show the

probability densities generated by the beam-wandering model, while the solid lines show
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Figure 4.4: The fidelity (F') of the Schrédinger’s-cat state is plotted for different teleportation channels. The blue
line represents the teleportation fidelity of a fixed attenuation channel (plotted against the fixed channel loss). The
other two lines represent a free-space fading channel with atmospheric turbulence (plotted against the mean channel
loss). The attenuation of the free-space channel is generated by different models: the beam-wandering model (in
orange dashed line) and the elliptic model (in green dot-dashed line). (There is a cut-off loss that results from the

cut-off transmissivity defined in Egs. (4.12) and (4.17)). (Taken from [37].)

the probability densities generated by the elliptic model. In addition, my calculation shows
that, in the beam-wandering model, the mean loss of 50% (3dB) is reached when ¢ = 0.7a,
where a is the aperture radius. On the other hand, for the elliptical model, the mean loss

of 50% (3dB) is reached earlier, when o = 0.4a.

4.4.3 Fidelity

The fidelity of the Schrédinger’s-cat state after teleportation is calculated based on Eq.
(4.4) and is plotted in Fig. The different lines represent different attenuation models
for the CV teleportation channel. The mean loss (in dB) is calculated by —101logq(TaTs)
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4.5 Conclusion

where T4 and Tp are the channel transmissivities. The fixed parameters are r = 1.15,

ag = 1.5, ¢ = 7 and 7% = 0.99.

The solid blue line in Fig. [£.4] represents a fixed attenuation channel. The dashed orange
line and the dash-dotted green line represents free-space channels with atmospheric tur-
bulence described by the beam-wandering and the elliptic model, respectively. Ty and Tp
are generated by the simulation in subsection [£.4.2] while the teleportation gain is set as
g = \/Tp/Ta. The output of the teleportation is calculated and compared to the input
state. Our results show that when the mean loss of the fading channel is less than 30dB,
which is the regime considered applicable for a satellite down-link channel from LEO, the
fidelity of the cat state is higher than that for a cat-state that has passed through fixed

attenuation channel of loss equal to the corresponding mean fading loss.

Furthermore, due to the different distributions of T" for the elliptical model and the beam-
wandering model (see Fig. , these models possess different probability distributions
for the variance oy used in Eq. . This has the consequence that for a given mean loss
the elliptical model leads to higher fidelities. I have also carried out additional simulations
for a wide range of parameter settings (r from 0.5 to 3, |ag|? from 0.1 to 25, and ¢ from

0 to 7) and find the main conclusions drawn here remain intact.

4.5 Conclusion

In this chapter, I studied the effect of channel transmission loss on CV entanglement.
Specifically, I used a lossy CV teleportation channel to teleport a Schréodinger’s-cat state.
My results showed that when the channel has fixed attenuation (such as in an optical fiber),
the quantum character of the cat state is lost after 5dB. I then investigated the scenario
of an Earth-satellite channel with transmission loss induced by atmospheric turbulence.
The attenuation in this realistic channel follows a probabilistic distribution which can be
modeled by either the beam-wandering model or the elliptic model. My results showed

that for a down-link channel of less than 500km of length, i.e, less than 30dB of average
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4.5 Conclusion

loss, the teleported state attains higher fidelity than in a fixed attenuation channel. In
reality, the beam profile after atmospheric turbulence is a hybrid of the beam-wandering
and the elliptic models. While most past studies are based on the beam-wandering model,
experimentalists should beware that the actual fidelity should be higher according to the

elliptical model.
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5.1 Introduction

Chapter 5

Satellite-based Distribution of

Hybrid Entanglement

Previous chapters have studied the attenuated CV teleportation channel where the input
is a DV entangled state or a Schrédinger ’s cat state. In this chapter, I study for the
first time the teleportation of a hybrid entangled state through such a lossy teleportation
channel. Next, I will determine the conditions where teleportation can retain a higher
level of entanglement as compared to direct distribution from the satellite. In particular,
for the typical loss level of the satellite-to-Earth channel, it is always better to teleport
the DV mode of the hybrid entangled state instead of the CV mode.

5.1 Introduction

The Schrédinger-cat state is of fundamental importance because it represents the super-
position of two macroscopic quantum states. In the optical domain, the cat state can take
the form of a superposition of two coherent states of opposite phase [46]. Such a cat state
finds applications in many areas including universal quantum computing via CV, where

the quantum information is encoded in the quadratures of the optical field [36,47-49]. CV
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5.1 Introduction

protocols can in many instances be more efficient relative to DV versions of the same pro-
tocols, where the quantum information is encoded in the DV properties of single photons

such as polarization or photon-number ,,.

/i(Hybrid

Entanglement

Alice
(a) Direct distribution.
' 4-B: The CV i : (
1 teleportation channel 1\ ya (6)%
';::::::::::::::::::::::‘L Entanglement

1 C-D: The entangled
7 1 state to be teleported

\

Hybrid
Entanglement

Alice Bob

(b) Teleportation.
Figure 5.1: (a) The hybrid entangled state A — B is beamed directly from the satellite down to Earth. (b) The
CV entangled state (TMSV state) A — B is generated on board the satellite and get attenuated after traveling
through atmospheric turbulence. The resulting state A’ — B’ is used as a TMSV teleportation channel. The hybrid
entangled state C' — D is comprised of the CV mode C' and the DV mode D. Mode D (or C) is teleported through
the teleportation channel, with teleportation gain g, to create the final mode B’ entangled to C (or D). &, and py

stand for the Bell state measurement outputs. In both plots, €4 and ep represent the vacuum contributions, while
T4 and T represent the channel transmissivities. (Taken from )

Hybrid entanglement between quantum states can be considered as the entanglement
between two physically separated modes, one of which is encoded in DV information while
the other is encoded in CV information. An example of such a hybrid state would be

entanglement between the CV Schrédinger-cat states and the DV photon-number states.
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5.1 Introduction

Such a hybrid entangled state has been demonstrated to have applications in quantum
control, specifically for the remote preparation of a CV qubit using a local DV mode
[849452,53]. In quantum communications, hybrid entangled states can lead to the violation
of the steering inequality [54], thus generating a positive key rate for the one-sided device-
independent QKD protocol [55]. Impressively, the hybrid entangled state can be used to
distribute secret keys over 1000km of optical fibre via the coherent-state-based twin-field
QKD protocol [56-58].

In this chapter, I will take the DV component of the hybrid state to be in the number
basis. However, I briefly mention how a DV component encoded in polarization may also be
considered within my framework. For polarization-based entanglement, the teleportation
through a CV teleportation channel was proposed but not yet realized experimentally
[4,59]. On the other hand, the teleportation of a photon-number state through a CV
teleportation channel can be easier implemented and was already demonstrated in [16,/60].
In addition, for hybrid entangled states where the DV mode is encoded in the polarization
basis, each polarization input state can be broken down to two separate photon-number
states in two polarization modes |H)in = |1)#,in|0)v,in and |V)in = |0) gin|1)v,in, With
H and V denoting the horizontal and vertical polarizations. The two polarization modes
can be consecutively teleported through the same CV teleportation channel. If the two
teleportation operations are carried out within a short time-period, I can assume that the
CV teleportation channel stays the same, and that the two operations are independent

processes. The overall fidelity is thus a product of each operation’s fidelity [61./62].

Hybrid entanglement may become particularly important for long-distance communication
via satellites, especially as a mechanism to interconnect (via teleportation and entangle-
ment swapping) terrestrial devices operating within heterogeneous (mixed DV and CV)
networks. Connecting such mixed-technology devices through traditional fiber links has

its limitations since the loss in optical fiber scales exponentially with distance.

In contrast, for a satellite in LEO, which is about 500km above the ground, the Micius
experiment has shown that the down-link (satellite to ground) channel is largely affected

by atmospheric turbulence and diffraction [38]. In future systems, this level of loss will
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5.1 Introduction

likely be further mitigated by large receiving telescopes and/or adaptive optical tracking
techniques [63}/64]. It is, therefore, of great interest to explore the use of entanglement
distribution via satellites as a means to interconnect terrestrial devices running on mixed

technologies.

Previous work has studied the scenario where both the state to be teleported and the
teleportation channel are hybrid entangled states [9,65H67]. However, the generation of a
hybrid-entangled teleportation resource channel is experimentally challenging - especially
when the source is placed on board a satellite as in Fig. On the other hand, the
generation of CV entanglement in the form of a TMSV state is relatively easy to achieve
and potentially available as a satellite-based technology [38]. In this chapter, I study, for
the first time, the use of a TMSV channel (as shown in Fig. to teleport a hybrid

entangled state.

The use of the attenuated TMSV channel for teleportation (henceforth simply referred to
as the teleportation) was previously studied using the Wigner function formalism [33], the
P-function formalism [68], and the Fock basis formalism [61]. However, such mathematical
models were limited to the teleportation of common single-mode states, such as the vacuum
state, the single-photon state [61], the coherent state [68], or the Schrodinger’s cat state
[33]. The Wigner function formalism was then extended to describe the teleportation
of one mode in a pure DV entangled state, which takes into consideration the cross-
diagonal matrices of zero and single photon numbers, |0)(1] and |1)(0| [4,31]. Different
from [4}31},33,61,68], in this chapter, I describe the teleportation of either the DV or CV
mode of hybrid entanglement. Since the DV mode is only comprised of zero and single
photon numbers, the DV-mode teleportation can be derived by extending the Wigner-
function formalism in [4,31]. The CV mode, however, is comprised of cross-diagonal
matrices of multi-photon numbers, where the teleportation is too complex to be described
by the previous formalisms. As a solution, I use the characteristic function formalism to
model the CV-mode teleportation, identifying a new simplification in this formalism that

allows for analytic determination of the teleportation fidelity of a hybrid state.

Hybrid entanglement distribution will be important for the design of future heterogeneous
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5.2 Hybrid entanglement

quantum networks. My two main novel contributions to this end, relative to the existing

literature, are:

e [ determine the teleportation fidelity of a hybrid state when either the DV or CV

mode is passed through a lossy TMSV channel.

e I calculate the fidelity of a hybrid entangled state following a direct distribution of
each mode through a differential lossy channel; using this calculation to then quantify
the difference in performance between the direct and teleported distribution schemes

as a function of loss in the satellite-to-ground channel.

The structure of the remainder of this chapter is as follows. Section introduces hybrid
entanglement. Section [5.3| studies the direct distribution of hybrid entanglement, with
transmission loss in both the DV and CV mode. Section [5.4] studies the teleportation of
either mode of the hybrid entanglement via a lossy TMSV channel. Section [5.5| compares
the results between CV/DV-mode teleportation and direct distribution, highlighting the

different advantages of both schemes. Section [5.6] summarizes my findings.

5.2 Hybrid entanglement

Consider the hybrid entanglement between cat states as introduced in Eq. (2.21)

_|eat_)cl0)p + [eaty)c|1)p
) = 7 ; (5.1)

where for clarity, I have specified the spatial modes as C and D following the setup in

Fig. |0) and |1) are the vacuum state and the single photon state in the photon-
number basis, while the Schrédinger cat states are given by Eq. , with Ni being the
normalization constant given by Eq. . The corresponding density operator is given
by
1
pr =35 (lcat-)c{cat-| ®[0)p(0] + |cats)c{ecat+| ® [1)p(1]

+ |cat_)c(caty| @ [0) p(1] + |caty)c(cat—| @ |1)p(0]). (5.2)
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5.2 Hybrid entanglement

Due to the mathematical complexity of the hybrid entangled state in Eq. , especially
when describing the teleportation of the CV mode in section [5.4.2] we will find it useful
to introduce approximations to such a hybrid entangled state in the cases of large and
small cat states. The mathematical approximations we utilize will have high fidelity with
Eq. and will allow for improved analytical insight. Deviation from results produced
using Eq. directly will be inconsequential [10,/69,70]. My main interest will be
large cat states, as they tend to be of wider interest in a range of quantum information
protocols, such as information processing [71]. However, I will still investigate the small
cat-state limit, mainly because the results in this regime provide firm upper bounds on

the teleportation fidelities as the cat states approach the so-called ‘kitten’ states.

Large cat states (|ag| > 1): In order to give an approximation for large cat states, we

first need to rearrange the terms in Eq. (5.1]) by substituting
0) = (1) + =) /2, 1) = (|+) = |-) /V2, (5.3)

giving

1 [leat_)c +|caty)c |cat_)c —|caty)c,
il = 5 (TS, ¢ SHICEIC 1)) (s

When |ap| > 1, the states in mode C' can be approximated by coherent states, and the

hybrid entangled state becomes [10},69]

W}>§le"ge) ~ |Oéo>c|+>D _\/|§_ 040>C|—>D . (5.5)

The corresponding density matrix is

~
~

pi7) = (| ao)e aol @ [+)p(+ + | — ao)e({—aol @ |-)p(-|

N | =

— | ao)c(—aol ® [+)p(~| — | — av)c{ a0l ® | =) p(+]) - (5.6)

Egs. (5.5) and (5.6 will be useful for the calculation of the fidelity of CV-mode telepor-
tation later in section [5.4.2)
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5.2 Hybrid entanglement

Small cat states (Jag| < 0.5): We can approximate small cat states with the SMSV
state and the Single-Photon Subtracted Squeezed Vacuum (1PS) state [10,/70],

lcaty) ~ |SMSV) = S(¢)[0), (5.7)
lcat_) ~ |1PS) m — S(O)h), (5.8)

where S(C) is the single-mode squeezing operator, and ¢ = se/? with s being the single-
mode squeezing parameter. For an arbitrary value of «g in Eq. (2.4]), the fidelity between
|cat_) and |1PS) becomes maximized when «yg is real and [70]

V9 +4ad —3
§= . (5.9)
20
Under these conditions, the fidelity between the SMSV (or 1PS) state and |cat) (or |cat_))
increases as aq decreases, and the fidelity approaches unity as ag approaches 0.5 [70]. For

simplicity, I will henceforth set & = 0 and write the single-mode squeezing operator as

S(s). The original hybrid entangled state in Eq. (5.1) can therefore be approximated

as [10]
(smatt) _ Sc(8)|1)c ®@10)p +Sc(s)|0)c @ |1)p
)y, ~ 7 : (5.10)
The corresponding density matrix is given by
A 5 2 [SEIeAISE) @ 0)p(0] + SEI0)c0IS6) @ 1)p (1]
+ S(5)[1)c(0[S(s)T @ 10) (1] + S(5)0)c(1]S(s)T @ |1>D<0|} : (5.11)

From now on, I will assume that «q is real in all my calculations. For simplicity, I will also
replace the approximation signs following pgarge) and pgfma”) with equalities. Henceforth,
whenever I mention large (small) cat states, or large (small) ag, I am referring to oy > 1

(Ozg < 0.5).

Intermediate cat states (0.5 < ag < 1): In this case, we use the exact form of the
hybrid entangled state in Eq. to carry out my calculations. These lead to relations
that are perhaps less illuminating as the approximate solutions above, and as such relegate
this exposition to appendix We shall see how the results from this exact solution

match the approximate solutions in the relevant range.
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5.3 Direct distribution of a hybrid entangled state through lossy channels

Hybrid entanglement with large cat states can be deterministically generated by a weak
and dispersive light-matter interaction [5], or by a cross-Kerr nonlinear interaction between
a coherent state and a photon-number qubit state [6,7]. However, due to experimental
challenges in nonlinear optics, hybrid entanglement with small cat states can be more
easily produced by using linear optics and a probabilistic heralded scheme [8-11]. The
latter setup takes a small cat state (Jcaty)) as an input, and produces hybrid entanglement
between small cat states and qubit states. The advantage of the heralded scheme is that
the loss in the heralding channel only affects the success rate but not the fidelity of the final
entanglement. Such a scheme is particularly beneficial for long-distance communication
[10]. In addition, the heralded setup in [9] has the potential to be extended for cat states

with higher amplitudes.

5.3 Direct distribution of a hybrid entangled state through

lossy channels

The hybrid entangled state is given in Eq. , where the cat states have amplitude
ag. I refer to the modes as given in Fig. That is, I denote the two modes of the
entanglement as A and B, where A is the CV mode and B is the DV mode. For each
mode, the channel attenuation can be modeled by a beam splitter with corresponding
transmissivities T4 and Tg. The photonic loss in either the DV or CV mode has been
studied in previous papers [56,[58|72,/73]. However, when the loss is present in both
the DV and CV mode, the resulting density matrix becomes complex and has not been
hitherto determined. In this section, I calculate this density matrix and then determine

the resulting fidelity of the hybrid state after direct distribution from the satellite.

At the first beam splitter, the CV mode A is mixed with the auxiliary vacuum mode €4
to give the output modes A" and e4s. For a general bi-coherent input state |a) 4]ae)e, , the

beam splitter transformation gives

|05>A|Oé€>€A — |\/ Tioo — 1 — TAOé€>A/|\/ Troe ++/1— TAOé>eA,. (5.12)
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5.3 Direct distribution of a hybrid entangled state through lossy channels

At the second beam splitter, the DV mode B is mixed with the auxiliary vacuum mode

€B, giving the output modes B’ and eps. Let the creation operators of the four modes be

&TB, &ZB,&%, and dIB,, the beam splitter transformation can then be written as

aly = VTpaly +V1-Tpal (5.13)
al, = VTgal , —V1-Tgal,. (5.14)

After applying the beam splitter transformations, the density matrix of the hybrid entan-
gled state (Eq. || becomes p A Bep The transmitted state can be found by tracing
out the auxiliary output modes € 4 and eg. Mode eps can be easily traced out, since it is
a DV mode. The CV mode €4 can be traced out by applying the integration

d2
[ B0y e (5.15)

™

where [ is a generic complex number. This integration can be calculated by applying the

following well-known identities for a general coherent state |«)

2
[ 215 )y xalphe, =1,
[ 24815 ) ol = exp (~24al?). (5.16)

After tracing out the auxiliary modes (where the details can be found in appendix |A.2]),
we find the directly-distributed state

parp =Tre e (Pue p5e,,) =
% {1V Tro0) alv/Taco| © (a1 +a2)[0) 5(0] + as[1) (1] + asl0)5{1] + as]1) 5 0]
+ | = VTaao) a{—VTaao| @ [(a1 + a2)|0) (0] + as|1) 5 (1] — as|0) (1| — as|1)(0|]
+e7 2071209 |/ Trag) a(—v/Taco| @ [(a1 — a2)[0) 5 (0] + as[1) (1] + a4]0) 5(1| — aa|1)5(0]]

e 20T | — \/Tyag) a(v/Tacol ® [(a1 — 2)[0)5(0] + a3 1) 5(1] = as]0) 5(1] + as] 1) 5(0]] }

(5.17)
where
1-Tg 1 Tg Vg (5.18)
a1 = ———, 09 = —5, A3 = —5, A4 = .
1 N_%_ , U2 NE ; U3 N_%f 4 N+N, )

with Ny defined in Eq. ([2.5)).

62



5.4 Teleportation through a TMSV channel

After calculating the directly-distributed state, I will compare it to the original hybrid
entangled state - using fidelity as the key performance metric. However, since in some
applications the logarithmic negativity of the entangled state is useful, that metric will

also be discussed. The mathematical formulas to calculate the logarithmic negativity and

fidelity were introduced by Egs. (2.77) and ([2.80)), respectively.

5.4 Teleportation through a TMSV channel

The CV teleportation through a noiseless TMSV channel has been introduced in section
[2.5.2] using both the photon-number basis and the Wigner function-formalism. In this
section, I detail the teleportation through an attenuated TMSV teleportation channel
(Fig. , where the input mode is either the DV or the CV mode of the hybrid entangled
state. The CV entangled state A — B is created on the satellite, then transmitted down
to Alice and Bob, with channel transmissivities T4 and T, respectively, resulting in the
attenuated TMSV channel A’ — B’. When the input mode is the DV mode (mode D) of the
hybrid entangled pair C'— D, the CV teleportation channel teleports D to B”, resulting in
the entanglement between C' and B”. Otherwise, when the input mode is the CV mode,

C' is teleported to B”, resulting in the entanglement between D and B”.

When the teleportation involves lossy channels, non-unity teleportation gain, and hybrid
input states, the mathematics become more complex, and I have to use another formalism
such as the Wigner function or the characteristic formalism. In the following two subsec-
tions, I will present the mathematical models that describe the teleportation of either the

DV or CV mode of a hybrid entangled state through an attenuated TMSV channel

(M The models developed in this chapter have been verified by teleporting a simple vac-
uum state through a symmetric channel, which produces the same fidelity as the analytical
results in [68] and [61].
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5.4 Teleportation through a TMSV channel

5.4.1 Teleporting the DV mode of hybrid entanglement

In order to describe the teleportation of the DV mode of the hybrid entanglement through
the CV teleportation channel, I will use the Wigner function representation. I first study
a general input state with the Wigner function Wy, («), where a = = + jp with non-zero
real values = and p. Let Go,,,(a) denote a Gaussian function introduced in Eq. (2.67),
with = and p denoting two uncorrelated random variables with equal variance o;. The
teleported Wigner function after a attenuated TMSV channel is given by Eq. with
the Gaussian variance oy given by Eq. , where g is the teleportation gain. For fixed
values of T4 and Tp, the calculation of the logarithmic negativity has shown that the
optimal gain g increases with r, and reaches its maximal value at r ~ 2.5 [31]. From now
on, for simplicity, whenever I mention the ’optimal gain’, I am referring to the optimal
gain when the initial squeezing satisfies r > 2.5. When T4 = Tp = 1, the optimal
gain is approximately g ~ 1, and I have oy = exp(—2r) [33]. When the channels are
asymmetric, i.e., T4 # Tp, the teleportation (in terms of logarithmic negativity and
fidelity) is optimized when g = \/% [31]. Note that tuning the gain further does not
improve the fidelity much, thus, from now on, I will simply replace the approximation

signs by the equal signs.

When the input mode is the DV mode (D) of a hybrid entangled pair C' — D, the subspace
of C stays the same, while the subspace of D is transformed. Mode D can be decomposed
to different terms |m)p(n| (m,n € {0,1}), with Wigner functions W™ p®l(ap). The
teleportation of each term is described by Egs. , , and . The
teleportation transformation has been previously calculated for the case where mode D is
part of a Bell state [4,31]. When mode D is part of hybrid entanglement, we recognize that
the initial hybrid entanglement (|}, in Eq. (5.2))) has a form that is similar to a Bell state,
where |cat_ )¢ corresponds to |1)¢, and |cat, )¢ corresponds to |[0)¢. By transforming the

subspace of mode D similar to that described in [4,31], and then converting the Wigner
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5.4 Teleportation through a TMSV channel

formalism to the density-matrix formalism, we find the DV-mode teleported state

o0
b= Y pu. where
k=-—1

P = aglcaty)c{caty| @ k) pr (k| + bi|cat_)c(cat+| @ |k)pr (k + 1]

+ bg|caty)o{cat—| @ |k + 1) g (k| + cg|cat_)o{cat—_| @ |k + 1) gn{k + 1|,  (5.19)

where ay, by and ¢ are defined by Eqgs. (3.14), (3.15)) and (3.16)).

In the density matrix representation, the teleported state p;.; can be compared to the per-
fect hybrid entangled state py, by using the measures of fidelity (Eq. (2.80])) and logarithmic
negativity (Eq. (2.76])). The simulation results are shown in section

5.4.2 Teleporting the CV mode of hybrid entanglement

In this section, I will discuss how to teleport the CV mode C' of the hybrid entangled state
D — C through the TMSV channel to obtain the final entangled state D — B”. (Note that,
in this section, I swap the order of modes C and D in Fig. |5.1b|). Due to mathematical
complexity, I will rewrite all required states in the characteristic-function formalism and
approximate the hybrid entangled state (D — C') for the limits of large and small cat states

in section

The characteristic function has been introduced in section In the following, I will
describe the characteristic function of the attenuated TMSV channel and the input hybrid

entangled state.

Characteristic function of an attenuated TMSV state

Let us model the two down-link channels by two beam splitters with transmissivities T4
and T'g, respectively. At the beam splitters, modes A and B are mixed with the auxiliary
vacuum modes €4 and ep, respectively, giving the output modes {A’,e4/}, and {B’,ep'},

respectively. Let t; = /T, = /1 — T} with [ € {A, B}, the beam splitter transformation
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5.4 Teleportation through a TMSV channel

can be given by

Br =tbi—1iBes  Bey = 1B+ tiBe- (5.20)

The four-mode characteristic equation before the beam splitter is given by multiplying the

characteristic functions of the TMSV state with the vacuum states

XTMSV(BA?BB)X’I}&C(/BQq)XUQC(/BEB)- (521)

The beam splitter transformation can be performed by substituting 3; = ;8 + 78, and
Be, = =By + tif, into the above equation. It has been shown that the tracing out of
the vacuum modes is equivalent to setting 3., = 0 [74]. The resulting attenuated TMSV

state is given by

XTI (84, Bp) = Xrarsv (VTaBars VT5B5) Xvae(—v/I — TaBh) Xoac(—v/1 — Tafl).
(5.22)

Characteristic function of a hybrid entangled state

The exact density matrix of the hybrid entangled state is given by Eq. , in which the
cat state |caty) has the characteristic function given by Eq. . Due to the mathe-
matical complexity, especially when calculating the matrix |cat4 ) (cat+| in Eq. , I will
approximate the hybrid entangled state for the cases of large o (Eq. ) and small ag
(Eq. (5.11)). For hybrid states with intermediate sizes, an exact calculation can be found

in appendix

When the cat state is large: The hybrid entangled state can be approximated by
pgwge) in Eq. 1' Given the definition of the characteristic function (Eq. ), and
the form of the density matrix of the approximate hybrid state (in Eq. (5.6))), we will find

it useful to introduce a new function for a general matrix M

Xu(B) =T [MD(B)]. (5.23)
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5.4 Teleportation through a TMSV channel

From the linearity of the trace function, the above function is also linear with respect to

the matrix M [2]. For a tensor product of the form M = M; ® Ms, we have

X (B, B2) = Tr [My @ My D1(61) ® Da(B2)] = Xar, (61) X, (B2), (5.24)

where the last equality makes use of the tensor product property of the trace function.

From the linearity and tensor product property above, the characteristic function of pgarg )

can thus be found by applying Eq. (5.24) to a modified Eq. ((5.6) where the order of modes
C and D is swapped (see discussion start of section |5.4.2)), giving

arge 1
Xa " (B, Be) =5 [ X1 (41 (80) Kiag) ol (B) + X1 (-1 (B0) X -ag) (a0l (Bc)

= Xy (1(8D) Xag) (a0 () = X[y (+1(BD) X —agpaol (B0)| - (5.25)

In the following, we will explicitly calculate the individual terms in the above equation.

From the change of basis in Eq. (5.3)), we can show

Xiyi+(B) = % [X10y0/(8) + Xy 11(B) + Xioy11(8) + Xpny 0/ (8)]
Xj-y-1(8) = % [ X(001(8) + X11y01(8) = Xioy11(8) = Xiy01(8)] -
Xl+y-1(8) = % X001 (8) = X11y01(8) = Xjoy11(8) + Xy 01 (8)] -
X-y+(8) = % [Xi0)0/8) = Xy 01 (8) + Xy (8) = Xy (B)] » (5:26)
where
Xioy(0/(8) = (OID(B)|0) = e '1/2,
Xjy(8) = (UDB)[1) = e /21 — 1),
Xjoya/(8) = (1D(B)]0) = Be 17112,
X1y 0/(8) = (OID(B)|1) = [(0|DF(=B)] [1) = =" 17*/2, (5.27)

In Eq. ((5.27)) we have used the appropriate relation for the displaced number states [75-77].
For the terms | + o) (+a| and | £ o) (Fa| in Eq. (5.6), we have [2]

2 ] *
X|tao) (+ao|(B) = e*%edqzlm[g%]7

_|B£2ag/?
2

X|tao) (a0l (B) = € (5.28)
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5.4 Teleportation through a TMSV channel

By substituting Egs. (5.26)), (5.27) and (5.28)) into Eq. (5.25]), we can find the characteristic

function of the hybrid entangled state with large «y.

When the cat state is small: The hybrid entangled state can be approximated by

pfjma”). By applying Eqgs. 1} and 1D to Eq. 1) the characteristic function of

pgfma”) is given by

X5 (8. 60) = 5 [Xioyo1(80) Xsom st (Be) + Xinyai(B0) Ko sty (Be)

+ X0y (11 (BD) Xs(s)y 015yt (Be) + Xy 01 (Bp) Xs(s)(0y (115 (s) (ﬁc)}
(5.29)
For the matrix S(s)|m)(n|S(s)" with m,n € {0,1} and s defined in Eq. , X(s)m) (n|S(s)t (B)
can be found by applying the relation
ST(s)D(8)S(s) = D(3), with B = Bcoshs— *sinhs. (5.30)
As a result, Xg5)(0y(015(s)1(B) and Xg(g)j1y(115(s)1 () can be found by substituting f for 3
in Eq. (5.27), giving [13][14]
Xs(5)(0) 0155yt (B) = X0y 01 (B); (5.31)
X syt (B) = Xpya (). (5.32)

Our calculation shows that Xg(s)j0)1s(s)t (B) and Xg(s)pyojs(s)t (8) can also be found by

the same substitution
Xs(5)(0) 1155yt (B) = Xjoy ) (B), (5.33)
X056yt (B) = Xy 01 (B)- (5.34)

(Note that, when s = 0, § becomes 3, we have Xs0)m) (ns©)t (8) = Xjmy (n)(B)). We can

now write

sSma. 1 3 j
XS (8, Be) =5 [Xioy01(B0) Xjny 11 Be) + Xy 11(80) Ko o1 (Be)

+ Xy (1| (Bp) X1y 0 (Be) + X|1><0|(5D)X|O><1|(BC)} : (5.35)

By substituting Eq. (5.27)) into the above equation, we can find the characteristic function

of a hybrid entangled state with small .
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5.4 Teleportation through a TMSV channel

5.4.3 Calculate the fidelity

The fidelity between two general states was introduced in section [2.6.2] For two arbitrary
two-mode states, for example, the original hybrid entangled state Xj(8p,Bc) and the
CV-mode teleported state Xy (8p, Bpr), the fidelity is given by

F= // d2ﬁDd263H%Xh(5D,53”)Xtel(_BDa_53”)- (5.36)

In order to verify my calculations, we check that the fidelity of a state with itself is always
unity. For example, in the limit where the TMSV channel has no loss and has infinite
squeezing, Xiei(Bp, Bpr) becomes identical to X,(Bp,Bp~). For the case of large ay,

X\er9€) (8, Bgu) is given by Eq. (5.25). The multiplication
Xo"" (B, B X5, (=B, ~Be) (5:37)

creates a summation of sixteen different terms. The summation can be simplified by

exploiting the symmetry of the DV mode, which gives

1 1

[ 80X 41(80) Xy (41(B) = [ dBp—| Xy (B) = 1,
1

/dQBD;X|+><—|(BD)X|—><+|(—ﬁD) =1,
1 1

[ 80X\ (50) X (=) = [ Ao |Xi 3 (B) = 1,

1
[ 80— (11(B0) X1 (~Bp) = 1. (5.38)

while the other twelve integrations give zero, for example,
9, 1
/d BD;XH—)(—H(BD)X|—>(—|(_/8D) =0,

1
/dQﬁD;X|+><+|(ﬁD)X|+><—|(—ﬁD) =0,

(5.39)
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5.4 Teleportation through a TMSV channel

The fidelity of a large hybrid entangled state with itself is therefore given by the four

non-zero terms

P = 5 | [ 80510 (B0 x [ B X ol (B
+/d25D71T\X|—><—|(5D)! x /d 53"%!X\—a0><—a0|(53~)!2
+ [ B0~ Xj1y(1(8D)Xi- 41 (~Bo)
X/d2ﬁB~1Xa0 (~ao| (BB") X |~ a0) (a0 (—BB")
+/d Bp— X| (+1(Bp) X4y (- (=Bp)

X /d ﬁBN;X\—ao><ao|(53~)X|ao>(—a0|(—ﬁB~) : (5.40)
All the integrals above are equal to unity, giving F s(el;ge) = 1. Similarly, for the case of

small «y, ngmall)(ﬁD,ﬁBu) is given by Eq. 1) The DV mode in the {]0),|1)} basis
also exhibits a symmetry similar to that in Egs. (5.38)) and (5.39)). From such a symmetry,
the fidelity of the state to itself can be simplified from sixteen terms to only four non-zero

terms

F = 3| [ #8010 @80 x [ B0 Xiy (B
+ [ @80 Xy (50)? x [ @0 | Xioy /(B
+/d BD%X\O)(H<5D)X|1)(0\(_5D) x /d BB”;X|1><O|(BB”)X|O><1\(_BB”)
+/d25D71rX1><o|(5D)X|0><1(—BD) X /d2ﬁB”71TX|0><1|(BB”)X|1)(O(_BB”) :
(5.41)

All the integrals above are equal to unity, again giving plemall) _ g

sel f

When the CV mode of the hybrid entangled state is teleported, mode C will be teleported
to mode B”. Assuming a teleportation gain of g = 1 the teleportation output is given
by [13,/15]

Xiet (B, Br) = Xn(Bp, B ) XS5 aE (B, B, (5.42)

g = 1 was found to be the optimal gain for symmetric channels with regard to the
logarithmic negativity [4,31].

70



5.4 Teleportation through a TMSV channel

where the channel is given by the attenuated TMSV stat X(TT](}[?‘?) (Bgu, Bpr) in Eq. 1} .
The fidelity of a hybrid entangled state after teleportation can be calculated by applying

Eq. [13H15]
Fie = // dQﬁDd%B”%Xh(ﬂD,5}3")Xh(—ﬂD,—ﬁB'/)X(TTﬁgg)(—ﬁﬁm—BB“), (5.43)
where, by applying Eqgs. , , and , we have
X042 (=B, —Br) = exp [—oral Bpr ] (5.44)

with o4 defined in Eq. . When there is no loss (T4 = T = 1), we have oy =
e~?", |14] where r is again the initial squeezing. When the two channels are symmetric
(Ta = T = T), we have o4y = Te 2" + (1 — T) as in Eq. . In order to calculate
the fidelity, we perform a summation of integrations similar to that in Eqgs. and
. In the following, I will calculate the fidelity for the cases when «q is large or small,

respectively. For hybrid states with intermediate sizes, the detailed calculations can be

found in appendix

Large cat state: When calculating the fidelity of the large hybrid state after telepor-
tation, similar to Eqgs. (5.38)), (5.39)), and (5.40]), we obtain sixteen terms, which can be

()More generally, see [78] for how teleportation can operate under any types of CV
teleportation channel.
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simplified to four non-zero terms by applying the DV-mode symmetry, giving
large) 1 1 (Ta,T *
Ft(el 79 = {/d ﬁDﬂ_|X\+ ) (+] ﬁD /d ﬁB”ﬂ_‘Xlao ao\(ﬁB”)‘szﬁsg)(_ﬁB”y_,BB”)
1 1 Tu,T, *
+ [ @0 Xy (B0 % [ @B X el B XS (B i)
1
+/dQﬁD;X|+><—|(BD)X|—><+|(—ﬁD>
PBpn X X X\TaTe)_pgx,
ﬁB" lao) (=ao] (BB) X|—ag) (a0 (= BB ) X715y (—Bprn, —Bar)
/d Bp— X| (+/(Bp)X| 1y (| (=Bb)
TA7TB *
x [ 851Xy ta0l B5) Xiaw) -aol(~Br) XTHED (B, =]

(5.45)

The integrations over mode D are still equal to unity. For the integrations over mode
B” | after applying Eq. (5.44)), we define the following four terms and calculate them using

Mathematica

1 - " 2
f:l::l:ao = /dz/BB”;‘XH:OLO)(j:a(ﬂ(BB//>‘2€ Jtel‘ﬁB I
= /d2ﬁB//16_18|2e_Utel|ﬂB//2
7T
1
B 5.46
L+ 0’ (5.46)
’ : _Utelw //‘2
Fao — B~ A |+ag) (Fao| (PB" ) A |Fag) (ao| (=P B
fezao = [ d*Bpr—X (Bpn)X (—Bpn)e -

= /d2/BB// le_‘BB//:EQQO‘?e_O-tEllﬂBN ‘2
s

1 4ag
= exp <_Oé()0tel> . (5.47)

1+ 0te 1+ 0te
4 2
1+ Otel

(5.48)

So the fidelity after teleportation is

(large) _ 1 N :
learge - Z(f-i--i-ao + fmao + fr—ao T f_+ao) B m

Small cat state: When calculating the fidelity of the small hybrid state after CV-mode

teleportation, we arrive at sixteen different terms. Similar to Eq. (5.41)), by applying the
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DV-mode symmetry, twelve of these terms become zero, leaving the following four terms
small) 1 1 (Ta,T «
Ft(el {/d 5DW|X|0 y0/(BD)I? /d BB”;|X|1 a1(Be)| XTﬁsg)(—ﬁBfu—ﬁB”)
1 1 .
+/d 5DW‘X|1 y(11(Bp)|? /d ﬁB";\Xm 0/ (B XTTﬁ’épS)(—ﬁBu,—ﬁBu)
1
+/d25D*X\o><1|(5D)X\1>(0|(—5D)
x [ @0~ X0y 0B Xioy (~ B XS (=B, — )
JF/d25D*X\1><0|(5D)X\0>(I|(*BD)
2 —X X XFaTe) _pgx, 5.49
Ber=Xoy1|(B) X 1y 01 (—BB) Xarst (=B85, —Bpr)| . (5.49)

The integrations over mode D still give unity, for the integrations over mode B”, we apply

Eq. (5.44) and define

1 2 —0 "
foo:/d2ﬁB//;|X|0><OI(5B“)|2€ et B

. 1
— 75
L 3 - 2
fll :/d2/8BN;|X|1><1|(BB”)|2€ Ut€l|53”|
2+ Ol + 200t + Ao (1 + Ute[z) cosh(2s) + 30402 cosh(4s)
2/€725 4 0401 (€25 + 0461)5/2 (€725 + 01)2 ,
: 3 3 -0 Mk
flo:/d253u;X\1>(0|(BB/,)X|0><1|(QB,,)6 ret|Brr|

1 + o4e cosh(2s)
7372 ’

1 3 3 —0, "
o /d2ﬁB”;X\0><1|(/BB")X|1><0|(—6B~)6 el ol

= fio, (5.50)

where 7 = 14 042 + 20101 cosh(2s), with s being the single-mode squeezing parameter in

Eq. (5.9). The final fidelity of hybrid entanglement after teleportation is given by

sma 1
Fim = =7 oo+ fir + fro+ for) (5.51)

which tends to unity as the channel loss approaches zero (T4 = Tp — 1). The detailed

simulation results are presented in the next section.
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5.5 Results

1.0 — Direct Distribution 1.0 9 — Direct Distribution
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Figure 5.2: The fidelity is plotted for direct distribution (black), or teleportation of the the DV/CV mode (red-
orange/blue-navy). The channels are assumed to be symmetric (T4 = Tg), while the initial two-mode squeezing
parameter r is set to either 2.5 or 0.5, and the teleportation gain is set to g = 1. In general, the fidelity of DV-
mode teleportation stays the same regardless of ag. (a,c) For ap = 1 — 2, the fidelities of direct distribution
and CV-mode teleportation vary in the shaded ranges, with the upper bound corresponding to ap = 1, and the
lower bound corresponding to ag = 2. (b,d) For ap < 0.5, the fidelities of the three schemes stay approximately
unchanged, providing an upper bound for the fidelity with respect to ag. Note that in (a,b), the teleportation gain g
is unity, while in (c,d), the gain is optimized. Gain-tuning only improves the fidelity for the case of r = 0.5. (Taken

from 2

In this section, I aim to compare the long-distance distribution of hybrid entanglement
using two different schemes: one scheme (in Fig. uses the direct distribution from
the satellite, with one terrestrial node receiving the DV mode and the other node the
CV mode; and one scheme (in Fig. uses the TMSV channel created by the satellite
to teleport one mode of an initially localised hybrid state from one terrestrial node to

another. I compare the two schemes in terms of the fidelity and logarithmic negativity.
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I simulate the hybrid entangled state in Eq. with different real values of ao es-
pecially in the cases of small cat states (g < 0.5) and large cat states (g > 1).
For DV-mode teleportation, when calculating the summation in Eq. , we stop at a
value of k = kjae. Since the averaged photon number is given by a%, we see that ke
should be at least a3 [79]. Practically, to find kyaz, I start with a high value, then slowly
reduce ky,q, while checking that Tr (Jcaty)(cats|) = 146, where § is the tolerance. In the

following simulations, I use the values of 6 = 10~ and kyez ~ 30.

In my first simulation, I assume that the two down-link channels are symmetric, i.e.,
Ta = Tp = T. The total loss of two channels can be calculated by —101log;(7?) (dB).
The teleportation gain is set to g = 1, which is the optimal gain when T4 = Tp [4}31].
The fidelity is calculated by Egs. (5.17), (2-80), (5.19), (6.48), and (5.51)). Fig.

shows the case of large cat states where I selectively adopted values of ag in the range of
ag = 1 — 2. I first vary the initial squeezing r of the TMSV channel and find that the
fidelity of teleportation increases as r increases, then saturates to its maximum value when
r ~ 2.5, which I will refer to as the optimal squeezing parameter. Thus, in this figure, 1
plot the fidelity for » = 2.5 and a lower value of » = 0.5. I found that, for higher loss,
the effect of the initial squeezing r on teleportation results becomes less significant. This
implies that for long-distance communications, we need not spend too much experimental

resources on enhancing the channel squeezing.

We can also see from Fig. that the fidelity of DV-mode teleportation stays the same
regardless of g, while the fidelities of CV-mode teleportation and direct distribution
decrease when «q increases. In particular, for r = 2.5, my simulation shows that when
ag > 1.2, the fidelity of DV-mode teleportation is always higher than direct distribution,
and the difference further increases with increasing ap and higher channel loss. When
g decreases below 1.2, the fidelity of direct distribution starts to become higher than

DV-mode teleportation at low channel loss. However, as the loss increases, the fidelity of

(U The same simulation was run with complex values of ag as well. However, for both
direct distribution and DV-mode teleportation, I found that the fidelity is the highest
when the initial cat states are small and real.
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direct distribution quickly decreases, while the fidelity of DV-mode teleportation decreases
slower then saturates to a higher value. The loss level where the crossover occurs (which
I will henceforth refer to as the ‘crossover loss’) increases as o decreases, and varies from
0 dB go 5 dB when ag varies from 1.2 to 1. This crossover can be explained by how the
channel loss enters the calculations of the direct distribution scheme (via both DV and CV
loss components) as compared to the teleportation channel (via two CV loss components).

Ultimately, my detailed mathematical models offer the explanation of these findings.

In addition, in Fig. [5.2c, under all loss conditions, teleporting the DV mode of the hybrid
entangled state is always better or equal to teleporting the CV mode. The difference
becomes more significant when «q increases. My results can be explained by the notion
that for a given squeezing level and a given loss level in the CV teleportation channel, the
teleportation of larger Fock states will provide for less fidelity than smaller Fock states.
Only in the limit of zero loss would this not be the case. As such, superpositions of Fock
states weighted to excitations of small photon numbers should be ‘easier’ to teleport. The

DV state can be considered loosely as such a superposition of Fock states.

Fig.[5.2d|shows the case of small cat states where I selectively simulated ag = 0.1 — 0.5. In
this case, we can see that the fidelities of the three schemes all remain almost unchanged,
and the difference cannot be seen from the curves in the plot. For losses below 7dB, we
can also see that direct distribution gives a higher fidelity than teleportation. However,
when the loss increases above 7dB, teleportation is always better. In addition, for all loss
conditions, I find that it does not matter to teleport either the DV or CV mode of hybrid
entanglement, since the output fidelity is the same. This symmetry can be explained by
the fact that when oy < 0.5, Eq. gives s < 0.1, so that the SMSV and 1PS states
in Eq. are very lightly squeezed. Intuitively, we can understand that when the cat
states become small, their average photon numbers approach either 0 or 1. As a result, the
cat states approach |0) and |1), and the approximated hybrid entangled state in Eq.
approaches a DV entangled state, which is spatially symmetric. In general, we can see
that lower photon-number states, especially qubit states, are less sensitive to channel loss.

Thus, the case of small g provides the upper bounds for the fidelities of the three schemes.
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Ayreptdg
Apppid

(a) Direct Distribution (b) DV-mode Teleportation, g = 1
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(c) DV-mode Teleportation, g = 4 / 72

Figure 5.3: The fidelities of direct distribution (a) and DV-mode teleportation (b,c) is plotted where T4 and T
are independently varied. I fixed ag = 1.5, r = 2.5, and g =1 (b) or g = \/TB/Ta (c). (Taken from )

For cat states of intermediate sizes where 0.5 < ap < 1, my simulations show that the
fidelity of DV-mode teleportation still stays unchanged, while the fidelities of direct dis-
tribution and CV-mode teleportation decrease monotonically as «q increases. For this
intermediate range, the fidelities naturally stay in between the bounds set by large and

small ay.

Next, I investigate the effect of teleportation gain-tuning by varying ¢ in order to find the
maximal fidelity. The results are plotted in Fig. 2c and Fig. 2d. As can be seen, when
r = 2.5, for all loss conditions below 15dB, the optimal gain ¢ is approximately 1, and

tuning the gain further does not improve the fidelity. However, when r = 0.5, gain-tuning
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improves the fidelity of both DV and CV teleportation. Please note that for high loss
conditions, the fidelity of DV-mode teleportation (or CV-mode teleportation with small
ap) can be brought above 0.5 by maintaining a low initial squeezing while optimizing the

teleportation gain.

To study asymmetric channels, I next vary Ty and Tp independently, while plotting the
3D map for the fidelity. Since large cat states are more useful for quantum computations,
in this simulation, I fix ag = 1.5 and r = 2.5, respectively. Since my simulations have
shown that DV-mode is always preferable over CV-mode teleportation, especially for large
g, 1 will only plot the fidelity for direct distribution and DV-mode teleportation. From
the plot of direct distribution (Fig. , we see that the fidelity decreases monotonically
with T4 and Tp. Especially, the fidelity decreases faster with the loss in the CV mode
(mode B). For DV-mode teleportation, in order to study the effect of gain-tuning, I set
the gain to either g = 1 or g = \/ﬂm As can be seen in Fig. when g = 1,
the output attains the highest level of entanglement when the channels are symmetric
T4 = Tpg, but quickly drops to near zero when T4 # Tp. In Fig. we can see
that tuning the teleportation gain to g = \/T/Ta significantly improves the fidelity for
asymmetric channels [31]. During gain tuning, it is especially important to maintain a
high transmissivity in Bob’s down-link channel, since when Ty is high, the fidelity remains

reasonably high for all different values of T'4.

In the next simulation, I use the same parameters as the previous one, but I plot the
logarithmic negativity using Eq. . From the results in Fig. [5.4] we see that the
logarithmic negativity follows the same trend as the fidelity, however, the former decreases
more sharply with low transmissivities and channel asymmetry as compared to the latter.
We also see that tuning the gain to the optimal value of g = /T /T4 significantly improves

the quality of the teleportation outcomes.

I also perform a series of similar simulations where the initial hybrid entangled cat state

() This g value was previously found to be optimal with regard to logarithmic negativity

(see section and [31]).
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Figure 5.4: The logarithmic negativity of direct distribution (a) and DV-mode teleportation (b,c) with ag = 1.5,
T
r=2.5,and g =1 (b) or % (c). (Taken from )

in Eq. (5.1)) is replaced by a hybrid coherent state of the form

(lao)el0)p + | — ao)el1)p)/ V2. (5.52)

I find that for large ay, all my conclusions found for the cat hybrid state remain intact.
Indeed, the detailed results show trends for both direct and teleported states very similar
to those shown in Fig. For small oy, clear differences in both the direct and teleported
states can be identified relative to Fig. However, again I emphasize that the large ag
states are the states of interest for almost all hybrid DV-CV quantum protocols. States

beyond large cat states remain worthy of study, particularly in regard to upper bounds on

the teleported fidelities.

79



5.6 Conclusion

5.6 Conclusion

Hybrid technologies play an important role in interfacing mixed quantum protocols, which
will in turn help accelerate the global development of quantum networks. In this chapter,
I studied, for the first time, the teleportation of either mode of a hybrid entangled state
via a lossy TMSV channel, and compared such teleportation to the case where the hybrid
entanglement is generated on board a satellite and directly distributed to Earth. Due to
the complexity of the hybrid entangled state, especially in the cross-diagonal matrices with
multi-photon numbers, I resorted to the characteristic function formalism. By identifying
symmetries within this formalism, I then developed a novel mathematical framework to
calculate the fidelity of the teleported hybrid state. Our results showed that when the
initial cat states have o > 1.2, it was always preferable to teleport the DV mode of the
hybrid entangled state. For cat states with ag < 1.2, direct distribution gave a higher
fidelity than teleportation at low channel loss. However, for losses higher than 7dB, the
teleportation of the DV mode was always better, regardless of aig. Please note, losses above
7dB are expected for satellite-to-Earth channels for transceiver apertures of reasonable
sizes. For all loss conditions, I found CV-mode teleportation always gave a fidelity that
is less than or equal to DV-mode teleportation, where the equality happens when the cat
states become small (ap < 0.5). Similar results to the above were found for a hybrid state in
which the cat states were replaced by large coherent states of opposite phases. Our results
will be important for next-generation heterogeneous quantum communication networks,
whose teleportation resource is sustained by standard TMSV entanglement distribution

from LEO satellites.
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Chapter 6

Conclusion

Hybrid teleportation protocols provide the interface between DV and CV technologies,
helping to interconnect different elements of the future quantum network. Such a hybrid
protocol has the combined benefits of pure DV and CV teleportation: it yields an en-
hanced success rate while, at the same time, preserving the fidelity of the teleported state.
For long-distance communication, the teleportation channel can be pre-distributed by a
satellite from LEO to two far-apart ground stations, thus expanding the quantum network
to the global scale. In this thesis, I study in detail the CV teleportation channel based on
the TMSV state, taking into account, for the first time, the transmission loss typical for

long-distance communication.

In past studies, the CV teleportation channel has previously been studied in conditions
where there is no transmission loss. In Chapter 2, I studied the effect of channel loss on
such a protocol. I derived for the first time the mathematical model for the attenuated
CV teleportation channel and calculated the output after teleporting an arbitrary input
mode. Specifically, I studied the case where the input mode is part of a DV entangled
state in the photon-number basis. By simulating a wide range of different teleportation
parameters, I showed the conditions where the teleported DV entangled state can achieve
higher entanglement quality as compared to direct distribution from the satellite. To

further compare the teleported and directly-distributed DV entangled state, I applied
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them to a QKD protocol and compare the resulting key rates.

In Chapter 3, I applied the mathematical model from the previous chapter to teleport
a Schrodinger’s cat state. Past studies have shown that CV teleportation can preserve
the quantum character of the cat state. In this chapter, I take into consideration the
effect of channel transmission loss and found that the quantum character is lost after 5dB
of fix-attenuation. In addition, I investigate the free-space channel from a satellite in
LEO down to Earth, with about 500km in height and 30dB of loss. In such a channel,
the transmissivity varies probabilistically following the atmospheric turbulence at around
100km above the Earth’s surface. By using two different mathematical models for the
probability distribution - the beam-wandering model and the elliptic model, I find that
the free-space channel can preserve a higher level of fidelity than the fixed-attenuation

channel of the same averaged loss.

In chapter 4, I studied for the first time the teleportation of a hybrid entangled state
over a lossy CV teleportation channel. For the typical average loss of the satellite-to-
Earth channel, my detailed calculations show that teleporting the DV mode of the hybrid
entanglement is always better than teleporting the CV mode or directly distributing both

modes from the satellite.
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Appendix A

Supplementary Materials for
Satellite-based Distribution of

Hybrid Entanglement

A.1 CV-mode teleportation of an exact hybrid entangled

state

This appendix uses the exact mathematical form of the hybrid entangled state (Eq. (5.2]))
to calculate the characteristic function and fidelity after CV-mode teleportation. The
mathematical model below is especially useful for hybrid states with intermediate sizes

(0.5 < ag < 1), where a simple approximation does not exist.

The characteristic function of the exact hybrid entangled state is found by substituting
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Eq. (5.2) into Egs. (2.37) and (5.23)), giving

Eexac 1
X (Bp, Be) = 3 [X|o><o|(5D)X|cat_><cat_|(ﬁo) + X1y (11(BD) Xcat ) (cat | (Bc)
+ X0y (1/(BD) X|cat ) (cat, | (Bc) + X|1><0|(5D)X\cat+><cat,|(ﬁc)} -
(A1)
To find the fidelity after teleporting the CV mode, we follow the calculations in sec-
tion [5.4.3] giving
exact) 1 1 , %
Fig = 3 | [ 03 X0 B0) ¢ [ @850~ Xiewr ar_ (850 XS (=G, )
1 1 X
+ [ 80~ X001 (80)F % [ B Xty (B XSG (~ B, ~B5)
1
+/dQﬁD;Xu)<0|(BD)X|O><1|(_5D)
TAvTB) *
/d ﬂB"*)qcatJr cat_ \(BB”)X\cat )cat+|( IBBH)XTMSV ( BB’M*BB”)
+/d25D*X|o><1|(5D)X|1><0|(—5D)

(Ta,T *
/d Bpr— X|cat cat.,_\(/BB”)X\cat_,_) cat |( /BB”) Tﬁsg)(_ﬁB//a_/BB”)} .

(A.2)

The integrations over mode D are still giving unity, for the integrations in mode B”, after

applying Eq. (5.44), the exact fidelity can be given by

Ft(eelxaCt) (f-l——i—cat + f——cat + f+ cat f—+cat) (A3)

where

f cat / B TrX‘cat+) (cat.- |(BB”) |cat4){cat+| (_BB”)G 85| )

;—— —_— a 1} —_— % —0 /? "
cat / B WX‘C“t7> {cat_| (/BB”) |cat ) {cat | (_ﬁB”)e 185 )

}—f—— - O 13 - X o B 1"
cat / B TrX‘cat+) (cat_ |(ﬂB”) |cat_) (cat4| (_ﬁBu)e Byl )

1 —0 "
fetcat = /dQﬁB”;X\cam(cat+|(53“)X|mt+><cat_|(—53/')6 Porl, (A.4)
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In order to calculate the above integrations, we first apply Eq. (2.4) to find

Xleat ) (eats|(B) = Nl_%(xao)w + X|—a0) (—aol T Xlao) (—aol + X|-a0)(aol)»
Xieat_) (cat—| (B) = ]\}2(X|040><040| + X|—a0) (~aol = Xjao)(—aol ~ X|-ao0)(aol)»
Xleat ) (eat_|(B) = ]\:M(Xmoxao — X|—ao)(=aol = Xjao)(~aol T X|-a0)(aol);
Xlcat_)cat|(B) = MrlN(XlaoMao — X|—a0)(—aol T Xjao)(—aol = X|-ao)(aol)-

We then define the following integrations

1 —0 " 2
mmsz@quwwwmmemmﬁwn‘%h

Mathematica to calculate, we find

1
fo= frtes = T
fi = Fepre = § —1ka exp (-%{fg) ;
fo= frtss = 1_11_06XP (aolia>’
f3= f:l::F:i::F = 1 —11—0 €xp (—4@0) )
Jo= Foaar = fegag = fogaa = faggr = meXp(—an).

We can then find that

Frsear = 2oz o+ fit ot o+ 4f),
Jr

Fomeat = 3ot ik Fot f5 = 4f2),

ﬁﬂmzﬁﬂmzNgﬂm+ﬁ—h—ﬁ»

as o increases.
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(A.6)

where j,l,m,n € {+,—}. By substituting Eq. (5.28]) into the above equation and using

(A7)

(A.8)

From Egs. (A.3)), (A.7), and (A.8]), we can find the exact fidelity of CV-mode teleportation.
From my simulation, I can find that for cat states with intermediate sizes (0.5 < ap < 1),

the fidelity stays between that of large and small cat states, and decreases monotonically
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A.2 Direct distribution over a lossy channel

This section derives the attenuated hybrid entangled state after the direct distribution in
Fig. and section The original hybrid entangled state in Eq. (5.1f), together with

two auxiliary vacuum modes, can be written together as the four-mode state

1 [|ag)a—|—ao)a
[Bacasen) = = { AT

lao)a + | — o) a
Ny

0)e, ® 0510} + 0), ® ag|o>3|o>eB} ,
(A.9)

where Ny is given in Eq. (2.5). The two lossy down-link channels are modeled by two
beam splitters. Let t; = /T; and r; = /1 — T} with | € {A, B}, after the two beam splitter

transformations in Eqgs. (5.12) and (5.13)), the state becomes

1 [ |taco)arlraco)e,, — | —taco)ar| — raco)e,,
|wA/€A/B/€B/> = ﬁ { 4 N_ 4 @ ’0>BI|O>EB/
N [taco) ar|raco)e,, + | —taco) arl — raco)e,
Ny
®(tB|1>B/|O>€B/+TB|O>B/’1>EB/> } (Al())

The corresponding density matrix can be written as

1 r2
PA‘eyBleg = 5 { [Lep (1] © N%!0>B/<0! & (p4+ +p—+p—+ + P+—)]

2

H0)ep, (01 @ | 3511 B (1 ® (Pt + p t pot + p1-)
+

1
+ 3z 105 {01& (P4t + pm = pos = ps)

tp
+ NN 10)p (1] @ (pyq —p—— +p—y —py—)
tp
NN 1) 5 (0] ® (P14 = p—— = p—t + p1—)
+\0>eB,<1!®(~--)+\1>EB,<0!®(---)}, (A.11)

where

pi+ = | Etacg) ar(Ftaao| ® | £ ra00)e,, (Frac0l,

prr = | £tacp)a (Ftaag| @ |+ rAa0>eA,<$rAag|. (A.12)
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The states indicated by the triple dots are not important, because when tracing out the
auxiliary mode eps from the state parc,,pre,,, the terms with |0),, (1] and |1).,, (0] are

(1] and |0)

€pro

removed. The tracing of eps also equates |1) (0] to unity. The tracing of

€p’ €p/

€4 can be done by applying the integrations in Eq. ([5.16)), which transforms p++ and pi+

to

Pl = | £ taco)ar(Etaal,

9.2 .2
Pz = | £ taco)a (Ftaagle > 4%, (A.13)

respectively. After tracing out €4 and ep/, we can find the two-mode directly distributed

state
=T 1 % Y 10 (0 , . / /
parp = Tre e [pA/eA/B/eB/} =3 W’ VB (0] @ (s + 0+ 0+ )
+
+tQB’1> A ® Py +0 404 +0,)
Ni_%_ B Pyy TP__ T P_L TPy
1
+ N2 |0>B/<O|®(p/+++p/___p/_+_p/+_)
+ B0 (1@ (g — P A0 — )
N+N, ++ J— —+ e
o)

(A.14)

By rearranging the terms, we come to the directly-distributed state given by Eq. (5.17]).
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