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Abstract

A fundamental understanding of the information carrying capacity of optical channels re-
quires the signal and physical channel to be modeled quantum mechanically. This thesis
considers the problems of distributing multi-party quantum entanglement to distant users in
a quantum communication system and determining the ability of quantum optical channels
to reliably transmit information.

A recent proposal for a quantum communication architecture that realizes long-distance,
high-fidelity qubit teleportation is reviewed. Previous work on this communication architec-
ture is extended in two primary ways. First, models are developed for assessing the effects of
amplitude, phase, and frequency errors in the entanglement source of polarization-entangled
photons, as well as fiber loss and imperfect polarization restoration, on the throughput and
fidelity of the system. Second, an error model is derived for an extension of this commu-
nication architecture that allows for the production and storage of three-party entangled
Greenberger-Horne-Zeilinger states. A performance analysis of the quantum communication
architecture in qubit teleportation and quantum secret sharing communication protocols is
presented.

Recent work on determining the channel capacity of optical channels is extended in sev-
eral ways. Classical capacity is derived for a class of Gaussian Bosonic channels representing
the quantum version of classical colored Gaussian-noise channels. The proof is strongly mo-
tivated by the standard technique of whitening Gaussian noise used in classical information
theory. Minimum output entropy problems related to these channel capacity derivations
are also studied. These single-user Bosonic capacity results are extended to a multi-user
scenario by deriving capacity regions for single-mode and wideband coherent-state multiple
access channels. An even larger capacity region is obtained when the transmitters use non-
classical Gaussian states, and an outer bound on the ultimate capacity region is presented
as well. '
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Chapter 1

Introduction

Optical communication systems play a key role in handling today’s increasing demand
for high-capacity networks. It is clear that using light to transmit information presents
important fundamental and practical problems, and it is thus highly desirable to understand
the ability of optical channels to reliably transmit information. At a fundamental level, all
physical communication channels are subject to the laws of quantum mechanics. But while
quantum effects are negligible for radio-frequency systems, quantum noise can be a dominant
factor at optical frequencies. For this reason, an accurate fundamental treatment of optical
communication systems requires the signal and physical channel to be modeled quantum
mechanically.

Researchers have long been interested in quantum limits on the capacity of optical
channels (1],{2],[3]. These capacity results have been made rigorous through the use of the
Holevo-Schumacher-Westmoreland theorem [4],[5], a quantum generalization of Shannon’s
channel capacity theorem [6] that establishes the maximum rates of classical information
that can be transmitted reliably over quantum channels. Recently, the classical capacity
of the Bosonic pure-loss channel was shown to be achievable by coherent-state codes (7]
and that entangling codewords over channel uses is not required for achieving capacity.
Additional study of the pure-loss channel capacity with specific transmitter and receiver
structures as well as applications of these results to the free-space optical channel were
considered in [8].

The laws of quantum mechanics not only place limitations on communication, they also

offer resources for enhancing our ability to communicate. In particular, quantum mechanics



predicts that strong correlations known as entanglement can exist between separate quan-
tum systems. Quantum entanglement is important in the study of local-hidden variable
theories of physics. For purposes of communication, entanglement serves as a basic re-
source for communication protocols such as teleportation [9] and superdense coding [10].
The distribution of entanglement to distant users in a quantum communication system is
difficult to achieve in practice. A feasible method for creating entanglement in a practical
communication system must be able to overcome transmission losses and permit users to
store their entanglement long enocugh to carry out communication protocols. An initial
teleportation experiment using singlet states was reported in [11] and [12]. A theoretical
problem of interest is to quantify the increase in capacity that can be achieved when the
transmitters and receivers of a quantum communication channel possess shared entangle-
ment. For single-user quantum channels, the classical information capacity of superdense
coding was obtained in [13] and [14].

In this thesis, we assume the reader has some background in quantum information
theory and quantum optics. The following two sections offer brief reviews of these topics
and references for those readers who desire a more thorough introduction. We end this

chapter with an outline of the work in this thesis.

1.1 Quantum Information

The basic concepts in quantum information theory that will be required for the remainder
of this thesis will be reviewed in this section. For additional details on quantum information

the reader should consult {15].

1.1.1 Quantum States and Density Operators

The state of a quantum mechanical system is the totality of information that can be known
about that system. It is represented mathematically as a unit-length vector, also known as
a ket, |¢), in a complex Hilbert space H. Associated with each ket |1) is its dual vector,
or bra, denoted by (1|. Given a fixed complete basis {|¢n)} of H, we can think of |¢)
as a column vector of complex numbers and (| as the row vector equal to the Hermitian
conjugate of |¢).

A quantum bit (qubit), viz., the state of any two-level quantum system, is the basic



unit of quantum information. A qubit lives in a two-dimensional Hilbert space Hz and can

be written as

[¥) = |0) + B]1), (1.1)

where {|0),[1)} is an orthonormal basis and a, 3 are complex numbers that satisfy |a|? +
|82 = 1. In contrast to classical bits, which can assume only one of two values, 0 or 1,
qubits can exist in a superposition of the states |0) and |1). More generally, the state of n
qubits is a quantum state in the Hilbert space H$™, which has dimension 2". For example,

the state of three qubits A, B, and C, is the following superposition of eight basis states:

Wasc= Y. owmnlk)a®|m)s®In)c, (1.2)
k,m,n=0,1
where the gy, satisfy the normalization condition Zk,m’n |Qtkmn|? = 1.
Classical uncertainty about the state of a physical system is incorporated into our de-
scription through the use of density operators. If it is known that the state of the system

is |¢m) with probability p,, then the density operator for the system is defined as

p= mel"/)m)W’ml- (1.3)

From this definition, it can be easily verified that j is a positive definite operator with unit
trace. It follows that the eigenvalues {\,} of p form a probability distribution. In the
special case in which the state is known with certainty, the density operator consists of a
single term and is a projection operator g = |¢){1|.

When we deal with composite systems, the density operators of the component systems
are referred to as the reduced density operators. Let pap be the density operator for the
composite system consisting of quantum systems A and B. Then, the reduced density

operator for A is given by

pa =tre(pas), (1.4)

where trp is the partial trace over system B. The partial trace operator is defined on tensor

products by
trp(laa){az| ® [b1)(b2]) = [a1){az|({b2|b1)), (1.5)

for any vectors |a1), |az) of system A and |b1), |b2) of system B. The definition is extended



to general mixed states pap by requiring the partial trace operator to be linear.

1.1.2 Measurements

Quantum measurements are commonly discussed in terms of observables, the dynamical
variables of a quantum system. An observable of a quantum system is represented by
a Hermitian operator A. The outcome of measuring the observable Ais always one of
the eigenvalues a,, of A, and given the state j of the quantum system, the probability of

obtaining measurement outcome a, is
plan) = (an|blas). (1.6)

The state immediately after the measurement is |ay,), the eigenket corresponding to a,. The
system is said to collapse into the post-measurement state |a,).

The measurement of an observable as described above is not the most general measure-
ment procedure one can make on a quantum system. A more general procedure involves
performing a measurement on the system of interest together with an auxiliary system pre-
pared in some initial state. This general measurement can be described by the positive
operator valued measure (POVM) formalism. A POVM measurement is defined by a set of
positive semidefinite operators {Ey,} that satisfy the condition Yom E,, = I. If the system

is in state p, then outcome m of the POVM measurement is obtained with probability

p(m) = tx(pEm). 1.7)

A POVM, without additional information, does not determine a post-measurement state.
However, if the post-measurement state is not needed for a particular problem, then the
POVM formalism provides a convenient way to study general measurement statistics on a

quantum system.

1.1.3 Information Quantities

Von Neumann entropy is a measure of mixedness of a quantum density operator, and is

defined as
S(p) = —tx(plog ) = H({Mu}), (1.8)

10



where {A,} are the eigenvalues of p and H(-) is the Shannon entropy from classical infor-
mation theory. Von Neumann entropy is an important quantity in quantum information
theory, as it appears in fundamental theorems dealing with compression and coding over
noisy quantum channels. One basic property of von Neumann entropy is subadditivity. For

two quantum systems A and B, the entropy of the joint system satisfies

S(paB) < 5(pa) + S(pB), (1.9)

where 54 and pp are the reduced density operators of j4p. Equality holds in this expression
if and only if pap = pa ® pp. This property is analogous to the corresponding property of
Shannon entropy for classical joint random variables.

Suppose that Alice sends classical messages to Bob by encoding her messages on the
states of a quantum mechanical system. To send message m, Alice prepares the signal state
Prm With a priori probability p,,. Bob attempts to obtain information about the message m
by performing a suitable POVM on the signal ensemble {py,, pr, } that gives a low probability
of error. In [16] Holevo derived an upper bound on the amount of information that Bob
can obtain from his received output M about Alice’s input M. Accessible information I,
is the maximum mutual information I(M; M) over all possible decoding POVMs. Holevo

showed that the mutual information between input and output satisfies

I(M; M) < x(Pm, Pm) =S (meﬁm> - mes(ﬁm)- (1.10)

In particular, accessible information is upper bounded by the Holevo information: I, < y.
In general, the Holevo bound cannot be attained for any decoding POVM, and in fact can
be a weak bound [17]. In Section 1.1.5, we discuss a result which says that the Holevo

bound can be approached through the use of block codes and entangled measurements.

1.1.4 Entanglement

Entanglement is a feature of quantum mechanics that has received much attention recently
as a physical resource which can be used to enhance the performance of communication and
computational protocols. Entanglement is a correlation between multiple physical systems

that is stronger than can be predicted by any local theory of physics. It is this “spooky”

11



correlation that led to the Einstein-Podolsky-Rosen (EPR) paradox [18], which argues that
quantum mechanics is incomplete as a description of physical reality.
Quantum systems Ai,..., A, are said to be entangled if their joint density operator

PA;,..,A, CBINOE be written as a convex sum of product states:

Spipfr e @ptn. (1.11)
i
A state that is not entangled is called separable. A pure state is entangled if it cannot be
written as a tensor product of pure states. An example of a maximally entangled pure state
of two qubits, as measured by the von Neumann entropy of the reduced density operator,
is the singlet state

[ )aB = %(‘OI)AB ~ 10} aB)- (1.12)

It can be verified that the singlet state cannot be expressed a product [¥)4 ® |¢)B.

Teleportation and Superdense Coding Here, we consider two basic communication
protocols, teleportation [9] and superdense coding [10], that demonstrate how entanglement
can be used as a resource for communication. In the teleportation protocol, shared entan-
glement acts as a quantum channel for the transmission of quantum information. Suppose
two parties, Alice and Bob, are spatially separated and that each possesses one qubit of a
singlet state (1.12). Alice wishes to send a message qubit @) s = a|0)ar + B|1)m to Bob.
The idea of the teleportation protocol is for Alice to make a measurement on the combined
system of her two qubits, send the two-bit result of the measurement to Bob over a classical
channel, then for Bob to perform a unitary operation on his qubit to recover the message

qubit. A detailed procedure for the teleportation protocol is as follows.

1. The initial state of the three qubits is |¢) ;s ®|¥ ™) ap. Alice performs a measurement in
the Bell basis {|’l/)i)MA = (|01} pra = ]10>MA)/\/§, |¢i)MA = (|00} a4 £ Ill)MA)/\/i}

that yields two bits of classical information which will be needed at the receiver to

reproduce the message qubit.

2. Alice sends the two-bit outcome of her Bell-state measurement over a classical channel

to Bob.
3. Depending on which message Bob receives, he performs one of four unitary transfor-

12



mation, known as the Pauli operators, on his qubit. The Pauli operators are defined

as
R —1 0- N -0 —1.-
I= Y = (1.13)
01 1 0
N -O 1 N -1 0 ]
X = 7= (1.14)
10 0 -1

When Bob receives one of the messages {¢y~, %%, ¢, ¢™}, he applies the corresponding
transformation from the set {f 2. X, Y}. Then, up to some overall phase, Bob will

possess the message qubit.

Alice’s two qubits collapse into one of the four Bell states immediately after performing her
measurement. Thus, at the completion of this procedure, Bob will possess the only copy of
the message qubit in accordance with the no-cloning theorem [19].

The superdense coding protocol is in some sense the dual procedure of teleportation.
Instead of transmitting quantum information, a shared singlet state enables the transmis-
sion of classical information. Suppose Alice and Bob each possess one qubit of a singlet
state. Alice encodes a two-bit classical message by performing one of four unitary operators
{f , X , Y.Z } on her share of the singlet state, and sends this qubit to Bob over a quantum
channel. Depending on which message Alice has encoded, the joint state of qubits A and B
will be one of the four Bell states. Because the Bell states are orthogonal, Bob can perform
a measurement on the combined systems A and B to determine which measurement Alice

performed. In this way, Alice can transmit two classical bits to Bob over a qubit channel.

1.1.5 Quantum Channels

A closed quantum system in initial state |1)(to)) evolves in time according to the Schrodinger

equation

ndUD _ gy, (L.15)

where H is the Hamiltonian of the system. Solving this differential equation shows that the

state of a closed system at time t >ty is given by

[W(t)) = U(t, to)l(to)), (1.16)

13



where U(t,to) = exp(—iH(t — to)/k) is the unitary time-evolution operator. In terms of
density operators, unitary time evolution is expressed as p(t) = U(t,20)p(to)U7 (¢, to). In
practice, the quantum systems we are interested in are not isolated, but rather are coupled to
their environment. The interaction of a system with its environment leads to non-unitary
time evolution. The general formalism described below has been developed for studying
non-unitary system dynamics.

Consider a quantum channel that takes as input a density operator from Hilbert space
Hin and outputs a density operator in Hilbert space Hout, i.€., & quantum channel is a map
€ : B(Hin) — B(Hout), where B(H) denotes the set of bounded operators in H. A quantum

channel satisfies the following axioms:
1. £ is trace preserving: tr(£(p)) = 1, where p is any density operator in H;y.

2. £ is a convex-linear map on the set of density operators: £(3, p;p;) = >, pi€(p;), for
any probability distribution {p;}.

3. £ is a completely positive map. This means that if I is the identity operator on some

auxiliary system @), then
A>0= (EoIg)A) >0, (1.17)

for A an operator on the composite space Hi, ® Q.

These axioms are physically reasonable properties for a quantum channel to satisfy. A
quantum channel is often referred to as a TPCP (trace-preserving, completely-positive)

map. It can be shown that every TPCP map £ has an operator-sum representation
£(p) = Y AwpAl, (1.18)
k

where {Ak}, called the Kraus operators, satisfy the trace-preserving condition ) A};Ak =1.

The classical capacity C is the number of bits that can be reliably transmitted over
a quantum channel £&. The HSW (Holevo-Schumacher-Westmoreland) theorem [20},(4],(5]
says that the capacity of a quantum channel £, normalized to the number of channel uses,
is given by

.. O Cum
C=1 27— SuP (1.19)



where the M-shot capacity is defined in terms of the product channel £2M as

Cu = g}a‘p}ix(pzwg@M(ﬁi)) (1.20)

In classical information theory, Shannon’s coding theorem says that capacity is calculated
by maximizing the mutual information between the input and output of a communication
channel. The HSW theorem extends Shannon’s result and shows that in the quantum case,
classical capacity is obtained by maximizing the Holevo information of a quantum channel.
The normalization in (1.19) is necessary because it is unknown whether Holevo information

is super-additive, i.e., whether entangling over inputs can increase capacity.

1.2 Quantum Optics

Some basic knowledge of quantum optics is assumed in this thesis, and for background
we refer to [21] and [22]. In this section, we provide a brief review of quantum optics,

emphasizing the concepts that will be useful in this thesis.

1.2.1 Field Quantization

A single mode of monochromatic light is expressed classically as
1 ) .
E(t) = E(Ee_’“'t + E*e™') = X; coswt + X sinwt, (1.21)

where the quadrature components X; and X, are the real and imaginary parts of the
complex field amplitude E = X; + iX3. In the quantum theory of radiation, a single-
mode field is described by the annihilation operator é and its Hermitian conjugate creation
operator &', which obey the Boson commutation relation [&,af] = 1. The eigenkets {|n):
n =0,1,2,...} of the number operator # = d'a form a complete orthonormal basis, and
the nth-excited state can be expressed in terms of the vacuum state as [n) = (a1)"|0)/v/nl.

Coherent states of light are those generated by lasers operating well above threshold
and represent the closest equivalent to classical light with a definite complex amplitude.
Mathematically, coherent states {|a) : @ € C} can be defined as the eigenkets of the

annihilation operator @&, or alternatively, as displacements of the vacuum state in phase

15



space: |a) = D()|0), where D(a) = exp(ed! — a*a). From the number-state expansion,

o0

an
o) = ¢TI0 25" —_ny, 1.22
PIRATE (122

we see that coherent states give Poisson statistics in photon counting measurements. In
phase space, a coherent state is circularly symmetric and the fluctuations of the quadrature
operators, 4; = (4+a')/2 and 4y = (4—at)/24, have the minimum product in the uncertainty

relation: (Ad%)(Aa3) = 1/16.

1.2.2 Gaussian States

For any density operator j, define the mean tr(ja) and variance matrix

Vi Vi Aa? AdjAdy + AdaAér)/2
V= 1 12 — < 1) ( 1 2 2 1)/ . (1.23)
Viz Va (Ad1Ady + AdaAdy) /2 (Aa2)

A Gaussian state has a symmetrically-ordered characteristic function of the form x%,(¢) =
tr(pD(¢)) = exp(¢(¢,¢*)), where ¢(¢,¢*) is quadratic in (¢,¢*). Equivalently, Gaussian
states can be defined as those density operators of the form p o« exp(f(d,a')), where
f(a,a") is quadratic in (&,a'). Like classical Gaussian probability distributions, quantum
Gaussian states are characterized by their mean and variance matrix. In what follows,
assume zero-mean Gaussian states.

Squeezed states are an important class of Gaussian states. A zero-mean squeezed state
is obtained by squeezing the vacuum state, |0,z) = S5(2)|0), where the unitary squeeze

operator S(z) is defined as
& ) — T—i0,2 _ ifa12
S(z) = exp {5(3 a“ —eva )}, (1.24)

and z = e, It is convenient to introduce the parametrization y = coshr and v = € sinhr.
The degree of attenuation and amplification is determined by r = |z| and 8 determines the

phase of the squeezing. The squeezed state |0, z) has variance matrix

1 l—v? —2Im(u)
v=1 . (1.25)

—2Im(uv) |p+v|?

16



An important property of squeezed states with phase § = 0 is the fact that they have the

minimum uncertainty product (Aa%)(Aa3) = 1/16, with

(Add) =z (1.26)
(Aa2) = %e%. (1.27)

Fluctuations in one quadrature can be reduced below the standard quantum limit at the
expense of increasing fluctuations in the other quadrature.

Another important example of a Gaussian state is the thermal state

. 1 N a*a
prN) = §71 ('N‘ﬁ) ! (1.28)

with mean photon number N. We can show that every Gaussian state is unitarily equivalent
to a thermal state [23]. Applying the squeeze operator to a Gaussian state p ox exp(f(&,at))

with variance matrix V' gives the state
$(2)pS1(2) o< 8(2) exp(f(a,"))5"(2) = exp(f(ua + val, pat +v*a)). (1.29)

By choosing the squeeze parameters as

Vi+Ve 1\?
v| = (4—|1V—|1,—§ - 5) (1.30)
arg(v) = tan™? (Vf‘iu;/z) (1.31)
p= (v + 1) (1.32)

the quadratic exponent f(ua -+ vat, pat + v*a) is diagonalized to the form (1.28) with mean
photon number fir = 2|V|'/2 — 1/2. Thus, the Gaussian state j is unitarily equivalent to
the thermal state pr(fiz). Since unitary transformations leave eigenvalues invariant, this

result shows that the entropy of a single-mode Gaussian state is given by

() = atar) =5 (V1 - 3. (139

We also note that the variance matrix of 4 can be expressed in terms of the squeeze param-

17



eters as

lu+v|* 2Im(uv)
vV =|V|}/2 : (1.34)

2Im(uv)  |p—vf?
1.3 Thesis Outline

Entanglement is a feature of quantum mechanics that has recently been recognized as
an important resource for quantum communications. In Chapter 2, we study a quantum
communication architecture [24], which is being developed for high-fidelity, long-distance
transmission and storage of polarization-entangled photons by a team of researchers from
the Massachusetts Institute of Technology (MIT) and Northwestern University (NU). An
initial experimental demonstration of teleportation using singlet states was performed by
Bouwmeester et al. [11],[12], but only one of the Bell states was measured, the demonstra-
tion was a table-top experiment, and it did not include a quantum memory. The MIT/NU
proposal for a singlet-based quantum communication system remedies all of these limita-
tions. An initial assessment of the system’s throughput versus fidelity performance was
presented in [24]. We will extend and generalize previous work on this architecture by
considering the effects of system errors that limit its performance in qubit teleportation.
We also study an extension of the MIT/NU architecture that allows for the distribution of
three-party entangled Greenberger-Horne-Zeilinger states and consider its performance in
the quantum secret sharing protocol.

In Chapter 3, we study the problem of superdense coding over quantum multiple access
channels (MACs) in finite-dimensional spaces. Superdense coding is a communication pro-
tocol which uses entanglement to enhance classical information transmission over quantum
channels. We will extend previous analyses of the superdense coding protocol by deriving
the capacity region of the superdense coding MAC. The transmitters in the superdense
coding MAC are restricted to unitary encodings. We also consider the capacity of the
entanglement-assisted MAC in which transmitters encode input messages with general lo-
cal operations.

We are interested in understanding the limitations the laws of quantum mechanics place
on our ability to communicate over optical channels. We extend recent work [7],{25] on
the capacity of quantum optical communication channels. In Chapter 4, we derive the

classical capacity C for Gaussian Bosonic channels that represent the quantum version of
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classical colored Gaussian-noise channels. In classical information theory, whitening filters
are used to reduce colored Gaussian-noise channels to standard additive white Gaussian
noise channels. In the quantum problem, non-commuting operators require us to modify
this classical whitening approach. Putting this together with a conjecture for the capacity of
the thermal-noise channel gives us the desired capacity result. We will also solve minimum
output entropy problems that are related to the thermal-noise capacity conjecture.

In Chapter 5, we generalize these capacity results to an optical MAC in which multiple
transmitters send classical information over a quantum optical channel to a common re-
ceiver. The capacity for quantum optical MACs with coherent-state inputs is derived. We
generalize a single-user Gaussian code to achieve higher rates on the optical MAC, and we
derive bounds for the ultimate capacity region.

Summary and directions for future work are discussed in Chapter 6.
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Chapter 2

MIT/NU Communication

Architecture

A team of researchers from the Massachusetts Institute of Technology (MIT) and Northwest-
ern University (NU) has proposed a quantum communication architecture [24] that permits
long-distance high-fidelity teleportation using the Bennett et al. singlet-state protocol [9)
described in Section 1.1.4. This architecture uses a novel ultrabright source of polarization-
entangled photon pairs [26] and trapped-atom quantum memories [27] in which all four Bell
states can be measured. By means of quantum-state frequency conversion and time-division
multiplexed polarization restoration, it is able to employ standard telecommunication fiber
for long-distance transmission of the polarization-entangled photons.

In this chapter we carry out a performance analysis of the MIT/NU communication ar-
chitecture. In previous work 28], a Werner state error model was derived for the joint state
of the quantum memories, and the use of error mitigation techniques was considered for im-
proving the performance of the communication architecture. The present work [29],{30],[31]
extends on this analysis in two primary ways. First, an error model for the long-distance
teleportation system is developed to assess the effects of errors in the entanglement source
as well as fiber loss and imperfect transmission of the entangled photon pairs. This analysis
follows the approach taken in [28] to derive single-photon error models from the joint state
of the loaded memory cavities. We present the throughput and fidelity assessments that
follow from these error models. Second, an error model is derived for an extension of the

MIT/NU architecture that allows for the production and storage of GHZ states. The GHZ-
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Figure 2-1: Schematic of long-distance quantum communication system. P = ultrabright narrow-
band source of polarization-entangled photon pairs; L = L km of standard telecommunications fiber;
M = trapped-atom quantum memory.

state system error model is used to study the performance of the quantum secret sharing
protocol [32] as well as the use of quantum error correction and entanglement purification

protocols to improve the performance of the GHZ system.

2.1 Long-Distance Qubit Teleportation System

A schematic diagram of the MIT/NU communication architecture is shown in Fig. 2-1.
The P block is an ultrabright narrowband source of polarization-entangled photon pairs.
It combines the signal and idler output beams from two type-II phase matched optical
parametric amplifiers. Each M block is a quantum memory consisting of a single ultracold
87Rb atom confined by a COx-laser trap in a single-ended optical cavity. A 795 nm pho-
ton in an arbitrary polarization can be absorbed by the atom, transferring the quantum
information to long-lived storage levels in the atom. Upon successful loading of the singlet
state, |4~ )rr = (|01)7r — |10)7R)/V2, the memories can serve as transmitter and receiver

stations for qubit teleportation.

2.1.1 Ultrabright Source of Polarization-Entangled Photons

Polarization-entangled photons are transmitted from the source over Lkm of standard op-
tical fiber to be loaded into trapped-atom quantum memories. The Fig. 2-1 system requires
a source of entangled photons at the 795 nm line of its rubidium atom quantum memories.
Furthermore, only those pairs within a narrow frequency band (~10MHz) of the 795 nm
line will successfully load the memory, so the Fig. 2-1 system places a premium on source
brightness. Spontaneous parametric downconversion is the standard approach for gener-
ating polarization-entangled photons. It is so broadband (~10'%Hz), however, that its
pair-generation rate in the narrow bandwidth needed for coupling into the rubidium atom
is extremely low: ~15 pairs/sec in a 30 MHz bandwidth. The P block in Fig. 2-1 represents

an ultrabright narrowband source [26], which is capable of producing 1.5 x 10° pairs/sec
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Figure 2-2: Essential components of the singlet-state quantum communication system from Fig,. 1.
(a) Simplified energy-level diagram of the trapped rubidium atom quantum memory. The A-to-
B transition occurs when a photon is absorbed. The B-to-D transition is coherently driven to
enable storage in the long-lived D levels. The A-to-C cycling transition is used for nondestructive
verification of a loading event. (b) Ultrabright narrowband source of polarization-entangled photon
pairs. The polarizations # and ¢ are denoted by arrows and bullets, respectively; PBS=polarizing
beam splitter.
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Figure 2-3: Schematic diagram of quantum-state frequency conversion: a strong pump beam at
1570 nm converts a qubit photon received at 1608 nm (in the low-loss fiber transmission window) to
a qubit photon at the 795 nm wavelength of the 8"Rb quantum memory via a single-pass interaction
in a second-order (x{?) nonlinear crystal.

in a 30 MHz bandwidth by combining the signal and idler output beams from two dou-
bly resonant type-II phase matched optical parametric amplifiers (OPAs), as sketched in
Fig. 2-2(b).

Quasi-phase-matching in periodically-poled nonlinear materials makes it possible to
choose the OPA wavelength, for our polarization-entanglement source, to suit the applica-
tion at hand. In particular, by using periodically-poled potassium titanyl phosphate (PP-
KTP), a quasi-phase-matched type-II nonlinear material, we can produce ~10° pairs/sec
at the 795 nm wavelength of the rubidium memory for direct memory-loading (i.e., local-
storage) applications. For long-distance transmission to remotely located memories, we
can use a different PPKTP crystal and pump wavelength to generate 10° pairs/sec in the
1.55 um wavelength low-loss fiber transmission window. After fiber propagation we shift
the entanglement to the 795 nm wavelength needed for the rubidium-atom memory via
quantum-state frequency conversion [33},[34], shown in Fig. 2-3.

Reference [26] reported a lumped-element analysis for a continuous-wave, doubly-resonant.
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dual-OPA system with amplitude-matched, anti-phased, nondepleting pumps and no excess
losses. That analysis was used in [24] to demonstrate that such an arrangement produces
the high-brightness, narrowband singlet states needed for qubit teleportation. More re-
cently, a broadband traveling-wave treatment of a type-II phase matched, doubly-resonant,
dual OPA system has been shown to reproduce the lumped element results when the former
is limited to a few cavity linewidths about a double resonance [35]. Because the trapped-
atom quantum memory in the MIT/NU architecture will only respond to that portion of
the dual-OPA’s output that lies within a narrow spectral region about the 795nm atomic
line, we shall employ the lumped-element source theory in what follows. Because we are
interested in the effects that pump amplitude, phase, and frequency errors will have on the
throughput and fidelity of the teleportation system, we need to generalize somewhat the
dual-OPA source model from [24],[26].

Following {36], we have that the equations of motion governing the intracavity annihila-
tion operators, { ax,;(t) : k = 8,1, j = 1,2}, of the signal and idler modes for the jth OPA

are,

(§+7) 5,0 = (-1765Tal 0 + VAR + VT DAY 0, @)
(5 +T) a0 = (C17765Tal, 0 + VA O + VET DA 0. @2)

where {A}g(t)e_i“’kt, Azj(t)e"*“kt} are the positive-frequency, photon-units input field and
OPA-cavity loss operators for the signal and idler fields, all of which are taken to be in their
vacuum states. In these equations we have assumed that the two OPAs are phase matched
at a double resonance which occurs for signal frequency wg and idler frequency wy. We
have also assumed that all four OPA modes see identical cavities, with common linewidth
T" and output-coupling rate v+ < I'. To capture the effects of pump amplitude, phase,
and frequency errors, we allow each OPA to have a different, complex-valued normalized
pump strength G, where |G;|2 equals the pump power divided by the threshold power for
oscillation, and we allow the center frequencies wg and w; to be detuned from frequency
degeneracy by Aw and —~Auw, respectively. The (—1)7~! factors in these equations imply
that arg(G;) = arg(G2) corresponds to the anti-phased pumping required for generating
the polarization-entangled singlet state which is needed in the Bennett et al. teleportation

protocol.
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The OPAs’ output fields are given by

AgPAE) = Vs, (1) — AR (@), (23)
QP ) = /avn, () — AR (), (24)

and it is the statistics of these output fields that characterize the quality of the dual-OPA
as an entanglement source for use in teleportation.

Equations (2.1)-(2.4) are easily solved, in the frequency domain, yielding a pair of two-
mode Bogoliubov transformations relating the input and output field operators for each
OPA. These in turn imply that the OPAs produce signal and idler beams in zero-mean,
entangled, Gaussian states which are completely characterized by the following normally-

ordered and phase-sensitive correlation functions,

K8, (7) = (ATM (¢ + ) AQPA (1)

[Gjl’)’ e~ (1=IG;DTIr| o= (1+|G;DT|7] o5
T2 1-1G;] 146Gl |° (2.5)
and
KQ)s (1) = (AQPA(t + ) AQPA (1)
_ Gﬂ e—(1—1G; )T} N e—(1+IG5DTI7 (2.6)
2 1-1Gyl 141Gy

2.1.2 Quantum-State Transmission over Fiber

Successful singlet transmission requires that polarization not be degraded by the propa-
gation process. Yet, propagation through standard telecommunication fiber produces ran-
dom, slowly-varying (~msec time scale) polarization variations, so a means for polarization
restoration is required. The approach taken for polarization restoration in the MIT/NU
architecture, shown schematically in Fig. 2-4, relies on time-division multiplexing (TDM).
Time slices from the signal beams from the two OPAs are sent down one fiber in the same
linear polarization but in nonoverlapping time slots, accompanied by a strong out-of-band
pulse. By tracking and restoring the linear polarization of the strong pulse, we can restore

the linear polarization of the signal-beam time slices at the far end of the fiber. After this
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Figure 2-4: Transmission of time-division multiplexed signal beams from OPAs 1 and 2 through
an optical fiber. A, = pilot pulse, WDM MUX = wavelength-division multiplexer, WDM DEMUX
= wavelength-division demultiplexer, HWP = half-wave plate.

linear-polarization restoration, we then reassemble a time-epoch of the full vector signal
beam by delaying the first time slot and combining it on a polarizing beam splitter with the
second time slot after the latter has had its linear polarization rotated by 90°. A similar
procedure is performed to reassemble idler time-slices after they have propagated down the
other fiber. This approach, which is inspired by the Bergman et al. two-pulse fiber-squeezing
experiment [37], common-modes out the vast majority of the phase fluctuations and the po-
larization birefringence incurred in the fiber, permitting standard telecommunication fiber

to be used in lieu of the lossier and much more expensive polarization-maintaining fiber.

2.1.3 Trapped-Atom Quantum Memory

Each M block in Fig. 2-1 is a quantum memory in which a single ultra-cold 8’Rb atom
(~6 MHz linewidth) is confined by a far-off-resonance laser trap in an ultra-high-vacuum
chamber with cryogenic walls within a high-finesse (~15MHz linewidth) single-ended op-
tical cavity. This memory can absorb a 795 nm photon, in an arbitrary polarization state,
transferring the qubit from the photon to the degenerate B levels of Fig. 2-2(a) and thence
to long-lived storage levels, by coherently driving the B-to-D transitions. (We are using
abstract symbols here for the hyperfine levels of rubidium; see [27] for the actual atomic
levels involved as well as a complete description of the memory and its operation.) With
a liquid helium cryostat, so that the background pressure is less than 10~ Torr, the ex-

pected lifetime of the trapped rubidium atom will be more than an hour. Fluctuations in
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Figure 2-5: Signal and idler beams from the dual-OPA polarization entanglement source are trans-
mitted down optical fibers for loading into remote quantum memories.

the residual magnetic field, however, will probably limit the atom’s decoherence time to a
few minutes.

By using optically off-resonant Raman (OOR) transitions, the Bell states of two atoms in
a single vacuum-chamber trap can be converted to superposition states of one of the atoms.
All four Bell measurements can then be made, sequentially, by detecting the presence (or
absence) of fluorescence as an appropriate sequence of OOR laser pulses is applied to the
latter atom (27]. The Bell-measurement results in one memory can be sent to a distant
memory, where at most two additional OOR pulses are needed to complete the Bennett et
al. state transformation. The qubit stored in a trapped rubidium atom can be converted
back into a photon by reversing the Raman excitation process that occurs during memory

loading.

2.2 Fiber Transmission Error Model

In this section we develop a model for propagation loss and imperfect polarization restora-
tion in TDM transmission of polarization-entangled photons through a pair of optical fibers,

see Fig. 2-5.
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2.2.1 Propagation Loss

As suggested by Fig. 2-1, we will take the dual-OPA source to be equidistant from the two
quantum memories, and thus we may assume that the signal and idler beams encounter the
same transmission factor, n;, < 1, in propagation to their respective quantum memories. It
is then easy to show that the effects of this propagation loss can be lumped into the source
model itself, i.e., we can consider the fibers to be lossless by changing the dual-OPA’s

normally-ordered and phase-sensitive correlation functions to be,

() _ nulGily [e- (16T e~ (1HGs DI

Kopa, (1) = —5 TG el @7)
(p) _ Gy | e 1-IGTITL g~ (+IGs DTl

K&, (1) = =5 [ T Tl k (2.8)

in lieu of the expressions from Egs. (2.5) and (2.6).

2.2.2 Imperfect Polarization Restoration

The narrowband nature of the dual-OPA’s signal and idler beams, which obviates any con-
cern about dispersive pulse spreading, combined with the short duration (~1 usec [24]) of
the TDM sequence compared to the msec time scale over which fiber fluctuations occur,
imply that we need only concern ourselves with simple, time-independent polarization trans-
formations for {\;, S1, S2} on one fiber and {\;, I1, Iz} on the other fiber. In particular,

suppose we use the z polarization as the input to the fibers and
" " if T
Ay, (1) = (APre) AL @) (2.9)

to denote the vector field operators for the signal and idler time slots at the input to the
fiber, where the y-polarized operators are all in vacuum states. The corresponding vector

field operators at the output of the fiber will then be given by

AL (t) = Fi(Ok. 0rs 2 e) A (2), (2.10)
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where we have suppressed the L/c-sec propagation delay and Fy is the unitary polarization-

transformation matrix for fiber k (k = S, 1),

, €% cos(0x/2) ~etV+ek) 5in (6 /2)
FiOe, om0 ¥e) = | ' , , (2.11)
elWEter) sin(0),/2) ed¥rtvetei) cos(8y/2)

for 0x € [0, 7] and @k, @}, Y& € [0, 27).

The pilot pulses in each fiber, which undergo these same polarization transformations,
are sufficiently strong that they behave classically, thus affording high signal-to-noise ratio
measurements of {0k, ¢} : k = S,I} but no information about {vx,pr : k = §,1}. Po-
larization restoration is then performed on {S1, S2} and {Ii, 2} using the putative inverse

transformations,

. cos(fx/2) e ™k sin(;/2)
Fi Ok, &) = ) T (2.12)
—sin(fx/2) e %) cos(fy/2)

where { 0, @) 1 k= 8,1} are estimated values derived from the pilot-pulse measurements.
If these measurements are perfect, then the vector signal and idler fields after polarization

restoration will be

LOUT _ )
Ap () = F MOk, 0k) Fi Ok, 0k, s ¥) Ak, (2)

. ~ . ~ T
— ¢k ( A’?jPA(t) o Aij (t)) , (2.13)

hence accomplishing perfect restoration of the signal and idler time slots, up to an unim-
portant pair of absolute phase factors.

Errors may occur in estimating the parameters of the fiber transformations, in realizing
inverse transformations based on these estimates, in extracting the z-polarized components
from the polarization-restored fiber outputs, and in reassembling the polarization-entangled
signal and idler fields. Collectively, these errors can all be subsumed into the following

input/output transformations for lossless, imperfect polarization-restored fiber propagation:

) AQUT (¢ cos(0s/2) ASUT(t) — €5 sin(fs/2) AL (¢
ATy = [ @) s AN aag
ACS):IT(t) 005(05/2)A82UT(t) — ei“’s sin(65/2)A§2 (t)
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and

ATy _ ARIT() _ [ cos(01/2ARTT() - et sin(61/2) AL (1) . (215)
A%UT(t) cos(8;/ Z)A?lUT(t) — "1 sin(f;/ 2)‘4;1 (®)

where we have omitted some absolute phase factors that do not affect the cavity-loading
analysis, given below, and {6,¢r : & = S,I} are now polarization-restoration error
phases, rather than the fiber propagation phases appearing in Eq. (2.11). Because these
input/output relations are linear and phase insensitive, it follows, by combining the propa-
gation loss and imperfect polarization restoration models, that vector output fields—which
serve as inputs to the quantum memories—are in zero-mean, joint Gaussian states which

are completely characterized by the following correlation functions:

K& ASUTH(t + ) AQUT (1)) K3, (r)
s, (7) _ ( Af:UT t+7) As, (t) ~ cos(0s)2) (OP;Al ’ (2.16)
K{(7) (AgUTI(t + ) AQUT(2) K§p, (1)
K™ (r AOUTH (¢ 4 1) AQUT (¢ ) K™ (1)
ACINNK " (t+7) i N _ osterr2) ?pAz o em
K{(7) (ADUTI(t + ) AQUT (2)) K§s, (1)
and
(p) AOUT AOUT (p)
K¢’ (1 (A t+ )ALV () K (1)
(M) _ = T = cos(B/2) cos(61/2) ‘(";A‘ (2.18)
é‘;’,&m (AQUT (t + 7) AQUT (1)) K&, (7)

As expected, because OPA; produces entangled z-polarized signal and y-polarized idler
fields and OPA; independently produces entangled y-polarized signal and z-polarized idler
fields, these correlation functions show that the joint state (density operator) of the vector

signal and idler fields arriving at the quantum memories factors according to,

ps1 = Ps,1, ® Ps, I, (2.19)
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2.3 Cavity-Loading Analysis

To derive the joint state of the quantum memories, we neglect the atom-field coupling and
treat the simpler cold-cavity system, following the procedure introduced in [24]. Moreover
we will postpone accounting for dual-OPA pump detuning by assuming that wg = wy =
wp/2 = we = w,, where wp is the pump frequency and w, is the memory cavity resonance,
and w, is the 8Rb atomic line.

Let dg(T,) and 4;(T.) be the internal annihilation operators of the quantum mem-
ory cavities after a T.-second long loading interval. Assume the memory cavities have
input-coupling rate ~. and cavity linewidth I'; > 7,. Then the vector (z and y) internal

annihilation operators are related to the input fields by

TC -~ AL
& (T.) = ax(0)e™ % + / eI [ /o AL () + /2T — 1) Ap®)] dt,  (2:20)
0

for k = S, I, where the initial internal annihilation operators and memory-cavity loss oper-
ators {@(0), Ay(t)} are in vacuum states. Once again we have a linear, phase-insensitive
transformation, which implies that {G.s(T.), @;(T.)} are in a zero-mean joint Gaussian state.
The nonzero second moments of these memory-cavity modes can be found from Eqgs. (2.16)-
(2.18) and (2.20) via standard techniques. When I'.T, > 1, as we shall assume, the results

of such moment calculations are:

(@ (T)as,(TL)) = Ris, forl=1z,y (2.21)
(8} (To)an (To)) =7y, forl =,y (2.22)
(s, (Te)ar, (Te)) = fis,1, (2.23)
(as,(Te)ar, (Te)) = —fis,1, (2.24)
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with

fis, = cos’(0s/2)(|11-| — |I14)) (2.25)
fis, = cos*(0s/2)(IIa-| — Ir4]) (2.26)
fir, = c0s®(01/2)(|l-| — |I24]) (2.27)
fiy, = cos*(0;/2)(|1-| — |4 )) (2.28)
fig,r, = cos(fs/2) cos(0r/2) (- + Ny) (2.29)
g, 1, = cos(fs/2) cos(8;/2)(Iz- + I24) (2.30)
(2.31)
and
NLYYe G;
L =T, TEIEANE ﬂ:}aj|+rc/r)’ (2:32)

for j = 1,2. In terms of these moments, we have that the joint anti-normally ordered

characteristic function for the {@s(T;), @r(T:)} modes is the Gaussian form,

xa(€s, s, Crer Cr,) = exp[ — (1 + 7, )[Cs, 2 — (1 + 7, )[Cs, |2 (2.33)
= (L+ap)ICL)? — (1 +ag)[¢ (2.34)
+ 2Re(#%, 1, (5.C1,) — 2Re(RS, 1, s, C)l- (2.35)

2.4 Single-Photon Error Model

The cold-cavity loading analysis includes the possibility that more than one photon may
be loaded into either memory, yet this is clearly not possible for the actual trapped-atom
memory. As a result, the initial assessment of throughput versus fidelity, reported in [24],
treated the loading of a singlet state into the two memories as a success, and any other event
in which one or more photons were loaded into each memory as an error. Load intervals in
which one or both of the memories fail to absorb a photon were considered to be erasures,
because they could be detected, nondestructively, by means of the A-to-C cycling transition
shown in Fig. 2-2(a), see [24] and [27] for details. Erasures reduce teleportation throughput

in the Fig. 2-1 architecture, but not its fidelity. A better approximation to performance
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analysis for the Fig. 2-1 architecture was presented in [30] (see also [28]), where multiple-
atom arrays at each memory location were used to convert multi-photon error events from
[24] into erasures. Both the analysis in [24] and that in [30] assume amplitude matched,
anti-phased pumping in the dual-OPA source, viz., G; = G2 = G, and perfect polarization
restoration, i.e., fg = 6; = 0. Our task, in this section, is to generalize the single-photon
error model of {30] to include amplitude and phase errors in the dual-OPA’s pumps as well
as imperfect polarization restoration. The results we obtain here will then enable us to
evaluate the impact these effects have on the teleportation throughput and fidelity.

Define the computational basis of the quantum memories to be |0)x = |10) k&, and |1)x =
|01) &, for k = S, I, where [10)s,s, denotes the memory state generated by absorption of
an z-polarized signal photon, etc. To compute the entries of the conditional density matrix
for the memories, given that each has absorbed a single photon, we first write the density
operators pg, s, and pg,1, in terms of their respective anti-normally ordered characteristic

functions via the operator-valued inverse Fourier transform relations,

—¢gal —¢ral  exa Y
ﬁSzIy = //XPASme (CS,CI) e (sbg, CIGJyeCsasx+C1a1y _.C‘;TCI, (2.36)
and
_etoat —érat . a s
ps,I, = //XZSMII(CS,CI) e $sls, CzuzzeCsasﬁC;arz%j;_c{, (2.37)

where, for the sake of brevity, we have suppressed the T, time argument of the cavity-mode
annihilation operators. The characteristic function associated with pg,, can be expressed
as

psaty o ToD5,1,(C)
Xa U(C)= —D, (2-38)

where Dy = (1 +17is,)(1 + ig,) — |fis, 1, |> and pg, 1, (€) is a classical probability density for
the zero-mean, complex-valued Gaussian random vector ¢ = (¢s ¢;)T with second-moment
matrices

1 [1+7g 0

<<;c*>,psz,,,=D—1 o 1ime ]’ (2:39)
ns,

1 0 s,

(CCT>PSIIU = "b_l (2.40)

18, 1, 0
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Similarly, we have
7°ps, 1, (€)

XA Q) = —5 (2.41)

where Do = (1 + fig,)(1 + 7z, ) — |fis, 1, |? and ps,1,(€) is a classical probability density for

the zero-mean, complex-valued Gaussian random vector ¢ = ((s ¢;)T with second-moment

matrices
1 1+7y, 0
(€Mps, 1, = , (2.42)
e Do\ 0 14,
1 0 —fis, 1,
<CCT>psy1, = D_ _ Y . (2'43)
2 \—7ns,I, 0

The conditional single-photon density matrix will be computed in the standard basis,

{|00)s1, |01)s1, |10} 51, |11>51}. Define the quantities

Ng, = g, (1+7r,) — |fis, 1, |2 (2.44)
Ng, =5, (1 + g,) — |fis, 1, > (2.45)
Ny, =g, (14 ng,) - lits, 1, ? (2.46)
Ni, =7z, (1+7is,) — |fs,1, % (2.47)

Then the ten density matrix entries we need to compute are:

51(00ps1[00)s7 = (10|ps,1,10){01|s,1,(01) (2.48)
— (1 N |CSI2>pSII|[ (1 - |CI[2)PSyI:: (2.49)
D1Dy
Ng Np
Ay (2.50)
DD}
51(001As1101) 1 = (10]ds, 1, /11)(01 s, ,00) (251)
— ((1 - |CS|2)C;)PSzIy <_CI>PSylx (252)
D7D,
=0, (2.53)
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51{00|ps1|10)s1 = (10|ps,1,100)(01|ps, £, 111)
_ <_CS)PSme (Cg(l — ICI|2))PSyIz

N DD
=0,

51{00|ps1|11)s1 = (10|ps,1,101)(01|ps,1,|10)

_ ("‘CSG )PS:Iy <_C§CI>PSny
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(2.65)
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s1(10]Ast{11)s1 = (00| s, 1,|01){113s,1,[10) (2.72)
I e

5D, (2.73)
=0, (2.74)
s1(11|ps1|11)s1 = (O1|ps, 1, |01){10|ps, 1|10} (2.75)
_ (1 - |C112)pSzIy<1 - !CS‘2>pSyI::
- s (2.76)
Ns,Ni,
= Do (2.77)

The right-hand side of the first equality in all these density matrix evaluations has broken
the calculational basis into its constituent {S;, I} and {Sy, I} photon-state components.
Equations (2.62) and (2.71) were obtained via the Gaussian moment-factoring theorem
The conditional single-photon density matrix resulting from the Gaussian state (2.33) in
the standard basis, for fixed values of the dual-OPA pump and fiber polarization-restoration

parameters, is the trace-normalized version of the preceding matrix elements:

al 0 0 0
0 by ¢ O
p= ' : (2.78)
0 ¢ by 0
0 0 0 ao
where
a1 = Ng,Ny,D1D,/D’ (2.79)
Qg = NsyNjuDlDz/D' (2.80)
by = (Ng, Ny, + |fis, 1, |*)DZ/D’ (2.81)
by = (Ng, N1, + |fis,1,12)Di/D’ (2.82)
c= —ﬁszr,,ﬁfgyI,DlDz/D', (2.83)
and

D' = (Ns, N1, + Ns,N1,)D1 D3 + (Ns, Ny, + |fis, 1,|°) D3 + (Ns, Nr, + |fis, 1,|1*)D3. (2.84)
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The single-photon density matrix p depends on the normalized pump magnitudes,
{|G1], |G|}, the differential-phase error between the pumps, Ay = arg(Gy) — arg(Ga),
and the polarization-restoration error angles {fg,0;}. Note that, in general,  is not a
Bell-diagonal state. We can apply a change of basis to show that the density matrix in the
Bell basis, {|¥~)s1, ¥ )sr, |67 )s1,[¢%)s1}, is 2 % 2 block diagonal, viz.,

0
p= " 7, (2.85)
0 px
where
1 { b1 +b2—2Re(e) b — bz + 2¢Im(c)
p11 = 3 (2.86)
by — by —2iIm(c) b1 + ba + 2Re(c)
and
1 fair+ay a1 —a
P2 = 5 . (287)
a] —az a1 +ag

It will be useful to know the eigendecomposition of the single-photon density matrix p
for the performance analysis in the next section. The eigenvalues of j are {a;,az,At,A"}

with corresponding unit-length eigenkets {|00)s7, |11)s7, |AT)s1,|1A7)sr}, where

At = b ‘;‘172 n %\/(bl o) + Al (2.88)
[AT)sr = u1]01)s1 + u2|10)s1 (2.89)
[A7)s1 = v1]01)s1 + v2|10)s1- (2.90)

The eigenket coeflicients u;, us, v1, v are found by converting the following unnormalized

eigenkets to unit length:

by—bet \/(b1 - b2)2 + 4[0[2

o
AF)sr = o0

[01)sr + |10)s1- (2.91)

2.5 Performance Analysis

In this section, we will examine the effects of system errors on the average fidelity of the
Fig. 2-1 teleportation architecture. We shall also give some consideration to the achievable

throughput that can be obtained when each quantum memory is capable of loading a
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succession of singlet states by repeated application of the memory-loading protocol, cf.

[24],[30].

2.5.1 Teleportation Fidelity

Suppose the qubit that we wish to teleport is |¢) = a|0) + B|1). If the received state that
results from sending this state via the Fig. 2-1 teleportation system is 5/, then the conditional
fidelity, given that |¢) was teleported, is (¢|5'|¢). The average fidelity is obtained by taking
[¢) to be uniformly distributed over the Bloch sphere and averaging the conditional fidelity
using this input distribution. We will calculate the average fidelity in the single-photon error
model developed in Section 2.4. To do so, we first calculate four pure-state average fidelities:
the average fidelities realized when the quantum memories are in one of the eigenkets of
the single-photon-error density matrix, {|00)ss,|11)sr,|A*)sr, |A")sr}. Multiplying each
eigenket’s fidelity by its associated eigenvalue and summing the results then yields the
average fidelity for the single-photon-error density matrix, p.

Teleportation when the quantum memories are in either the [00)sr or [11)gy states is
equivalent to a channel that sends an input qubit |¢) = a|0) + B|1) into the mixed state
|31210)(0 +]||1)(1], and hence a conditional fidelity of 2|c|2|3|2. Averaging this expression
over the Bloch sphere yields fidelity F = 1/3.

Teleportation when the quantum memories are in the [A*)g; = u1|01) 57 +u2|10) 57 state

takes the input qubit to the mixed state
|e/?10)(0] + 8[[1){1| — 208" Re(uiuz)|0)(1] — 20" BRe(ujuz)|1)(0], (2.92)

and hence a conditional fidelity 1 — 2|a|?|8|?[1 + 2Re(ujup)]. Averaging this expression
over the Bloch sphere yields fidelity F' = 2{1 — Re(uju)]/3. Similarly, teleportation when
the quantum memories are in the |A\~)gr = v1]|01)gs + v2|10) g7 state has average fidelity
F = 2[1 — Re(v{uv2)]/3.

Performing the required eigenvalue weighting and summation on the preceding pure-
state fidelities we obtain the average fidelity for the single-photon-error model’s density
matrix:

_ 2—a1 — a3 — 2[ATRe(uiuz) + A" Re(viva)]

F = 3 . (2.93)

This is the average teleportation fidelity, with the input qubit «|0) + 3|1) uniformly dis-
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tributed over the Bloch sphere, for fixed values of the error parameters.
To develop insight into how teleportation performance is degraded by errors in the
dual-OPA’s pump amplitudes and phases as well as by imperfect polarization restoration,

we shall examine these effects one at a time.

2.5.2 Imperfect Polarization Restoration

Here we assume the dual-OPA’s pumps have equal magnitudes, |G1| = |G2| = |G|, and are
anti-phased, A = 0. In this case, the single-photon-error density matrix is diagonal in the

Bell basis, and given by

p=diag(P, (1-P)/3 (1-P)/3 (1-P)/3), (2.94)
where
NgN; + 272

S = 4NgN; + 212 (2.95)

Ns = fig(l+7y) — A2 (2.96)

Nr =7yl + fg) — @t (2.97)

fg = cos’(fs/2)(I- — I) (2.98)

Ay = cos?(7/2)(I- — 1) (2.99)

i = cos(8s/2) cos(fr/2)(1- + 1) (2.100)

I = LY Ye 1G] (2.101)

~ TITe 1£[G)A£|G]+Te/T)

The density matrix is a Werner state, so teleporting a qubit with this state is equivalent to
transmitting the qubit over a depolarizing channel with fidelity Ps;. The average teleporta-
tion fidelity with this error model is F' = (2P, + 1)/3.

In Fig. 2-6(a), the teleportation fidelity is plotted versus polarization-restoration error
parameters fg, 0 € [0, 7]. The calculations assume a source-to-memory path length L = 25
km and the operating conditions listed in the caption. The fidelity of the teleportation
system is insensitive to 8¢ and ;. The maximum fidelity, F' = 0.978, occurs at 85 =0y =0
and the minimum fidelity, F' = 0.974, occurs at g = 8y = .

Although teleportation fidelity is insensitive to imperfect polarization restoration, these
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Figure 2-6: (a) Teleportation fidelity versus polarization-restoration error parameters fg,0; € [0, 7].
We assume OPAs operate at 1% of oscillation threshold, 0.2dB/km fiber loss, 5dB excess loss in
each source-to-memory link, I';/T" = 0.5 memory-cavity linewidth to source-cavity linewidth ratio,
and source-to-memory path length L = 25 km. (b) Throughput of singlet states versus polarization-
restoration error parameters g, 0y € [0, 7.

errors imply a significant loss of singlet-state throughput. Figure 2-6(b) plots the through-
put of singlet states versus fg,0; € [0, 7], assuming that the teleportation system has an
array of trapped-atom memories at the end of each fiber and that these memories can be
loaded by running the protocol from [24] at a 500 kHz rate. We see from Fig. 2-6(b) that
maximum throughput at L = 25 km is approximately 184 singlets/sec and this occurs when
the polarization restoration is perfect, f5 = #; = 0. The throughput decreases to zero
when fs or 87 approaches wrad. In essence, cos(fs/2) and cos(fr/2) act as asymmetric
loss factors on the signal and idler fiber channels, respectively. For small values of fg and
@y it is possible to obtain a simple analytic expression for the success probability, P, by

Taylor-series expansion:

NZ + 202 3Nofi2(A2 — A2) , 0 | 2
P~ 4Ng + 2'&% - S(QNS + ﬁo)z (95 +07), (2.102)

where Ny = 7io(1 + fig) — ﬁ% with fig = I_ — Iy and 7ig = I + I+. Thus, to lowest order,
the throughput of the Fig. 2-1 teleportation system degrades with the sum of the squares

of the polarization-restoration errors fg and ;.

2.5.3 OPA Pump-Phase Error

Here we assume |G1| = |G2| = |G| and fs = 87 = 0, and consider the impact of a pump-

phase error, i.e., of having Ay = arg(G,) —arg(G2) # 0. In this case the single-photon-error
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density matrix in the Bell basis is

b—Re(c) 4iIm(c) O O
—iIlm(e¢) b+Re(c) 0 O
0

p= , (2.103)
0 0 a
0 0 0 a
where
N2
N?% 472
SO (2.106
T 442 4 272 -106)
A =a(l+7)—n? (2.107)
Aa=I_—1I, (2.108)
a=I1_+1; (2.109)
I, = MY G| (2.110)

~ ITe (1£|GH(A%|G]+T/T)

The density matrix is not Bell-diagonal. Its eigenkets are {|00)sy, |11)sr, [AT)sr, |A 7 )s1},

where

IAF)sr = %(IOI)SI F e Y)10)sy). (2.111)

From Eq. (2.88), the eigenvalues associated with |A)s; are A* = b+ [c|. From the
expressions above, we see that A~ = a. Substituting the values uy = v1 =1 /\/5, —Uup =

vy = e~ //2, and A\t = 1 —3a into the Eq. (2.93) gives the average teleportation fidelity

_2—2a+(1—4a)cos Ay

F 3

(2.112)

We have plotted the fidelity from Eq. (2.112) versus the pump-phase error Ay in Fig. 2-7,
assuming L = 25 km source-to-memory path length and the same operating conditions as in
Fig. 2-6. Figure 2-7 shows that pump-phase errors have serious consequences: at Ay = m,
the dominant eigenket |A*)gr equals the triplet state, making the average fidelity close to

the triplet-state value, F = 1/3. For small values of the pump-phase error we can use a
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Figure 2-7: Teleportation fidelity with dual-OPA pump-phase error At € [0,27). At Ay = =, the
dominant eigenket of p is the triplet state, so the teleportation fidelity is approximately 1/3. We
assume the same operating conditions as in Fig. 2-6.

Taylor-series expansion to show that

(1 — 4a)Agp?

F%Fo— 6 y

(2.113)
where Fj is the average fidelity for anti-phased pumps, i.e., when Ay =0.

2.5.4 OPA Pump-Amplitude Fluctuations

Now we will study the effects of OPA pump-amplitude fluctuations—|G1| and |G2| will be
taken to be statistically independent Gaussian random variables with mean values 0.1 and
variances 04—when the pumps are anti-phased (A = 0) and the polarization restoration
is perfect (fg = 67 = 0). In this case the single-photon-error density matrix, given {G1, G2},
is
sbi+b)—c f(b1-b) 0 0
(b1 —ba) L(bi+b)+c 0 O
0 0 a 0
0 0 0

, (2.114)

S
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in the Bell basis, where, for j = 1, 2,

a = N,NyDyDy/D' (2.115)
by = (N2 +a2)D3/D’ (2.116)
bo = (N3 +73)D?/D’ (2.117)

¢ = —iyfisD1 Dy /D’ (2.118)

Nj =ni(1 + i) — i1 (2.119)
Dj = (1+n;)* - A (2.120)

D' =2N;N,D, Dy + (N? + 72) D2

+ (N2 + #2)D? (2.121)

fij = Lo — Iy (2.122)
fij = L + Ly (2.123)
Iy = 1% Gj (2.124)

IT, 1£G,)(1£G; +T/T)

Figure 2-8 shows simulation results for the average teleportation fidelity in the presence
of these pump-amplitude fluctuations. The calculations assume an L = 25km source-
to-memory path length and same operating conditions as in Fig. 2-6. We see from this
figure that pump-amplitude fluctuations should not be problematic: for 1% pump-power
fluctuations with a mean pump power that is ~1% of oscillation threshold we have that

a% ~ 1074,

2.5.5 Detuning

At this juncture we turn to the effects of pump frequency errors. Suppose that the pumps
have equal amplitudes and are anti-phased with G; = G2 = G > 0, and that the polariza-
tion restoration is perfect. So far we have assumed that the dual-OPA’s signal and idler
frequencies are equal and equal to both the memory cavities’ resonance frequency and the
87Rb atomic line, i.e., wg = Wi = W = wge. In this final assessment of teleportation system
errors we shall consider two possible cases of frequency detuning. In case 1 we shall assume
that the dual-OPA operates somewhat off frequency degeneracy, so that the signal and
idler frequencies are wg = wp/2 + Aw and wy = wp/2 — Aw, with the frequency degeneracy

point satisfying, wp/2 = w = wy, i.e., matched to the memory cavity and the 8’Rb atomic
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Figure 2-8: Teleportation fidelity with OPA gain fluctuations. The gain parameters G and G are
taken to be statistically independent, identically distributed Gaussian random variables with means

0.1 and variances aé. We assume the same operating conditions as in Fig. 2-6.

line. In case 2 the dual-OPA operates at frequency degeneracy, wg = wr = wp/2, but this

frequency degeneracy point is detuned from the memory cavity and the atomic line, viz.,

wp/2 =we — Aw = wq — Aw.

It is not hard to study the effects of these two cavity detuning cases within the construct

of our single-photon error model, because their resulting density matrices are both Werner

states of the form given in Eq. (2.94). In particular, their success probabilities are given by

where

with

I, =

I =

P,

_ @ +7) — A1 + 2|7/

7 Ala(l+A) — |72 + 2072

n= I_ - I+
g =141,
fig = I_ + I,
_LYYe G ,
I'T, Aw?/T?

LY Ye

1£G) [1:tG+Fc/I‘+

G

TEG+T /T

|

ET T +iAw) 1 £ Q)1+ G +T/T +iAw/T)

43

(2.125)

(2.126)
(2.127)

(2.128)

(2.129)

(2.130)



Teleportation Fidelity
e B
g 3

8 = 2
S © o

Thoughput, (singlets/sec)
3 8

[] 1 2 3 4 5
Normalized Detuning, Aw/T

(®

Figure 2-9: (a) Teleportation fidelity versus normalized detuning, Aw/I'. Case 1 assumes the signal
and idler center frequencies are detuned from wp/2. Case 2 assumes the atomic frequency is detuned
from wp/2. (b) Throughput of singlet states assuming cycling rate B = 500 kHZ. We assume the
same operating conditions as in Fig. 2-6.

The average teleportation fidelity, F; = (2P,;+1)/3 for j = 1,2 is plotted versus normalized
detuning in Fig. 2-9(a). We see that fidelity actually improves slightly as the normalized
detuning is increased. However, this modest fidelity improvement is accompanied by a
dramatic loss of singlet-state throughput, as seen in Fig. 2-9(b), when the detuning exceeds

the OPA cavity’s linewidth.
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Figure 2-10: Schematic of long-distance GHZ communication system. GHZ = source of
polarization-entangled photons from either Fig. 2-11(a) or (b); L = Lkm of standard telecom-
munications fiber; M = trapped-atom quantum mermory.

2.6 GHZ-State Communication

There has been much interest in Greenberger-Horne-Zeilinger (GHZ) states [38] because
they can be used in a nonstatistical disproof of local hidden-variable theories of physics
and as resources for multiparty quantum communication protocols [32]. As discussed in
[24], the MIT/NU teleportation architecture has an extension that permits long-distance

transmission and storage of three-party GHZ states,

[¥arz) = (/000) + [111))/V2. (2.131)

In this section, we present single-photon error models for two versions of the proposed GHZ
quantum communication system: one using dual degenerate parametric amplifiers (dual-
DPAs) for its entanglement source, and the other using a DPA plus a heralded source of
single photons. We will use these error models in the next section to develop performance
analyses for the GHZ-state communication system in the quantum secret sharing (QSS)

protocol.

2.6.1 GHZ-State Systems

Figure 2-10 is a schematic diagram for a long-distance quantum communication system
that allows for the transmission and storage of the GHZ states required for multiparty
quanturn communication protocols such as QSS. This system uses an ultrabright source
of polarization-entangled photons produced from optical parametric amplifiers. We employ

quantum-state frequency conversion and time-division multiplexing polarization restoration
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[24] to transmit the entangled photons over standard telecommunications fiber to be loaded
into 8’Rb trapped-atom quantum memories [27] for storage and processing. By using this
protocol to sequentially load an array of atomic memories at each location in Fig. 2-10, we
can build up a reservoir of GHZ states that are shared by these memories.

We consider two possible source arrangements for the GHZ block in Fig. 2-10. The first
is an ultrabright, narrowband variant of the source used by Bouwmeester et al. in an initial
experimental demonstration of GHZ-state generation [39]. That experiment was an anni-
hilative table-top measurement and had extremely low flux: 1 GHZ state every 150 sec. Our
version of the Bouwmeester et al. source—shown in Fig. 2-11(a)—replaces their parametric
downconverter with a pair of doubly-resonant, type-II phase matched DPAs. With this
source, the Fig. 2-10 arrangement permits a throughput comparable to what Bouwmeester
et al. produced in the laboratory to be realized at a source-to-memory radius of 10km [24].
More important, though, is the fact that the memories in the Fig. 2-10 architecture allow
the GHZ state to be stored for use in applications of three party entanglement.

Recent work has shown that it may be possible to construct heralded single-photon
sources [40]. With such a source, we can design a GHZ system with a substantially higher
throughput than the configuration discussed above. In Fig. 2-11(b), the heralded source
places a single photon in the proper spatio-temporal mode for coupling to the trapped-atom
quantum memory during each loading cycle. With the heralded-plus-DPA GHZ source,
throughput rises by three orders of magnitude over the dual-DPA system, to about 15 GHZ

states/sec at a 10 km source-to-memory radius [24].

2.6.2 Single-Photon Error Models

In this section, we present the single-photon loading event models for the dual-DPA and
heralded-plus-DPA GHZ-state quantum communication systems [31]. In our analysis of the
GHZ systems, we ignore issues of phase and amplitude errors in the entanglement source
that were studied for the qubit teleportation system. Furthermore, except for fiber loss, we
assume perfect transmission of the entangled photon pairs.

Let A, B, and C represent a clockwise labeling of the memories in Fig. 2-10 starting
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(a) (b)

Dual-DPA

Figure 2-11: Source arrangements for the GHZ-state communication architecture in Fig. 2-10. (a)
Dual-DPA GHZ system. The quantum memory in this figure represents a memory internal to the
source block in Fig. 2-10; its loading is used as a trigger signal [24]. (b) Heralded single-photon
source plus DPA system. PBS = polarizing beam splitter, A/2 = half-wave plate.

from the lower left. We define the computational basis for these quantum memories to be,

[0)a = |01) 4,4, and [1)4=[10)4,4,, (2.132)
|0)p = [01)B,B, and |1)p=[10)p,5,, (2.133)
10)c =110)c,c, and [l =[01)c,c,, (2.134)

in terms of the number-ket representations for the z- and y-polarized photons that loaded
these memories. With this computational basis, the GHZ state loaded by the Fig. 2-10
system is [Yanz)apc = (1000)apc + [111)apc)/V2.

It is not hard, using the basis,

000) +1111
{' ’ABC\@I >AB07|001>ABC:|110>ABC,1010>ABC7|101>ABCa|011>ABC’7|100>ABC},

(2.135)

to compute the matrix elements of the joint conditional density operator for memories A,
B, and C, given that an erasure has not occurred. The conditional density matrices for
both the dual-DPA GHZ system and the heralded-plus-DPA GHZ system turn out to be

diagonal in the Eq. (2.135) basis. (See [31] for a derivation of the diagonal elements.) For
the dual-DPA source we find that,

ﬁABC = diag(PGd 0 Peld Peld Peld Peld Pe2d PeZd) ’ (2'136>
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where

Fos = 75 (ivfzj"vzl: 7l (2.137)

Fery = 7NI4IV-2+(11\,221\;;7*2;;-1 ? A (2.138)

Pezy = 7N‘fv :(gjv—:nzz-)}— 4’ (2.139)

with N = a(1 + i) — 72, For the heralded-plus-DPA source we get,
Papc = diag (Pgh 0 Pa, Pa, P, 0 P, o) , (2-140)
- where

Fer = ana ﬁz>Z(1122(+1 Fiz27?N(N2 T or2)’ (2.141)

P = Sane a0 ﬁ\(r:zz NN + 272)° (2.142)

Py = (1 —n)N(N?+ 27?) (2.143)

n(3N? + 2)D + 2(1 — n) N(N? + 232)’

with D = (1 + #)%2 — #2. In calculating these matrix elements we have used the same
transmission loss factor, n = 7z ¥y./T T, for each source-to-memory path in Figs. 2-10 and

2-11.

2.7 Quantum Secret Sharing

Secret sharing refers to cryptographic protocols that allow Alice to share secret information
with Bob and Charlie in such a way that individually they have no means for learning
Alice’s secret, but by working together can they gain access to Alice’s secret information.
One classical implementation of secret sharing requires Alice to send Bob a random bit
string r and to send Charlie the modulo-2 sum, r ® m, of the random bit string » and her
message m. If Bob and Charlie act together, they can recover Alice’s message m simply
by adding their bit strings together. Of course, this protocol presumes that Bob cannot

monitor Alice’s transmission to Charlie and, likewise, that Charlie cannot intercept Alice’s
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Charlie

Bob z— | xz— z+ | y+ y—

Table 2.1: QSS for classical information distribution. Lookup table for determining Alice’s mea-
surement outcome.
transmission to Bob.

Quantum secret sharing (QSS) protocols divide into two types, depending on whether
Alice’s secret information is classical or quantum. We will look at how GHZ states can be
used to share classical and quantum secrets [32] and analyze the performance of our GHZ

systems in the single-photon error model.

2.7.1 QSS for Classical Secrets

Hillery et al. presented a QSS protocol in [32] that allows Alice to send classical secret
messages to Bob and Charlie by using GHZ states. The three parties first share N GHZ
states, i.e., their joint state is leHZ>§gC.1 For each shared GHZ state,
1
[Yeuz) ape = —=(|000) apc + |111) aBc), (2.144)
V2

Alice, Bob, and Charlie measure on their own memories randomly in either the x basis or
the y basis, where

L
V2

1

V2

lrt) = —=(10) £ 1)), |y£) = —=(10) £[1)). (2.145)

After making these measurements, Alice, Bob, and Charlie publicly announce their mea-
surement bases. Bob and Charlie individually have no information about Alice’s measure-
ment outcomes, but in half of the cases—i.e., when Bob and Charlie used the same basis
and Alice used the x basis, or when Bob and Charlie used different bases and Alice used

the y basis—they can work together to determine Alice’s results by using the lookup table

'Reference [32] does not present an architecture for establishing this shared entanglement over a long
distance; we described just such an architecture, however, in Section 2.6.1. See also {24],[31].
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Figure 2-12: QSS bit error probabilities for dual-DPA and heralded-plus-DPA GHZ systems in
the QSS protocol. These plots assume each DPA operates at 1% of its oscillation threshold, 5dB
excess loss in each source-to-memory path, 0.2dB/km loss in each fiber, and T,/T = 0.5 ratio of
memory-cavity linewidth to source-cavity linewidth.

in Table 2.1. For example, if they all measure in the z basis and Bob and Charlie both
obtain the result z—, then they know that Alice has the result z-+.

Alice, Bob, and Charlie keep the measurement results from the cases in which they chose
appropriate bases and discard the others. By associating Alice’s z+, y+ results with bit 0
and Alice’s x—,y— results with bit 1, Alice now shares a joint key with Bob and Charlie
with which she can encode classical messages.

In our error model, Alice, Bob, and Charlie will sometimes carry out the QSS protocol
with an incorrect state from the ensemble of states in the basis (2.135). In an error event,
it is possible for Bob and Charlie to obtain incorrect results from the lookup table. Shared
key bits created with error states have error probability 1/2.

From the density matrices (2.136) and (2.140), we can compute the bit error probability
for the QSS protocol. With the dual-DPA GHZ system a bit error probability of

Pe = 2P, + Pe, (2.146)

is introduced into Alice’s information transmission. With the heralded GHZ system, we

have error probability

Pe = Pe1y, + Pea,- (2.147)

The bit error probabilities (2.146) and (2.147) are plotted in Fig. 2-12. Possible methods for
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improving the performance of our GHZ systems include purifying the three-party entangled
state to reduce the number of error events or using classical error correction to transmit

Alice’s message.

2.7.2 QSS for Quantum Secrets

We now consider the performance of our GHZ systems for transmission of quantum infor-
mation using the QSS protocol proposed in [32]. In this protocol, Alice, Bob, and Charlie
share a GHZ state |¥guz)apc = (|000)apc +|111)apc)/V/2, and Alice’s secret is the qubit
|¥)s = @|0)s + B|1)s, which she wishes to send to Bob and Charlie in such a way that they
must cooperate to obtain this quantum information. The joint state of Alice, Bob, and
Charlie—including Alice’s portion of the GHZ state and her quantum secret—at the start
of the QSS protocol is {¥) g|¥euz) aBC-

Alice initiates the QSS protocol by making the Bell-state measurement, {|¥*)s4, |6%)s4},
on her secret qubit and her portion of the GHZ state. Alice then labels as (m,n) the two
classical bits she derives from these measurements, using the following scheme: ¢+ =
0,1),%~ =(1,1),¢" = (0,0), ¢~ = (1,0). She sends m to Bob and m & n to Charlie, using
secure classical channels so that Bob cannot intercept m & n and Charlie cannot obtain m.
It follows that neither Bob nor Charlie has any information about Alice’s secret—even after
receiving the classical information from Alice—because their marginal density operators at
this point in the protocol can be shown to be g = I B/2 and j¢ = fc /2, respectively, where
I is the identity operator.

For Bob and Charlie to learn Alice’s secret qubit |¢)g, they must cooperate. Because
the no-cloning theorem precludes making two copies of this state, either Bob or Charlie—
but not both of them—will possess a replica of |¢)g at the end of the QSS protocol. Let us
arbitrarily assume that Bob and Charlie have agreed to let Charlie be the recipient of this
replica. Having made that agreement, Bob measures his portion of the GHZ state in the
basis, {] = z)s = (|0)5 £ |1)58)/v/2}, and he sends Charlie the result of this measurement
along with Alice’s m bit. Together with Alice’s m & n—which he received earlier—Charlie
now has all the information he needs to turn his portion of the GHZ state into a replica of

Alice’s secret via a local unitary operation.
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Shared State | QSS Output Fidelity | Dual-DPA | Heralded |

[¥couz) aBC s 1 Pg, Pg,
000 agc | 1BI°10)ss(0] + |of*1)ss(1] | 1/3 Pe, Pey,
110)4pc | IBI°10)ss(0] + |of*|1)ss(1] | 1/3 Pe, Pey,
010)aBc__ | lo®[0)ss(0] + |8F°[1)ss(1] | 2/3 Py, Peay,
10L)apc__| |of*10)ss(0] + 1812 [Dss(l] | 2/3 P, 0
011) sBc B1°|0)ss{0] + [of*[1)ss(1 1/3 Pes, Pea,
100) apc B2|0)55{(0] + |a?|1)ss(1 1/3 P.o, 0

Table 2.2: For each three-party state that might be shared by Alice, Bob, and Charlie, this table
lists the output state that will result from application of the QSS protocol—in which Alice, Bob,
and Charlie assume that they have shared the GHZ state |¢guz)apc—the average fidelity that
is achieved with this output state when the quantum secret |1} ¢ is uniformly distributed over the
Bloch sphere, and the occurrence probabilities [from Eqgs. (2.136) and (2.140), for the dual-DPA and
heralded-plus-DPA sources, respectively] of these output states.

Uncoded Performance

Let F be the average fidelity of the preceding QSS protocol when Alice’s secret, {9)gs, is
selected from a uniform distribution over the Bloch sphere. Using Table 2.2, we compute

the average QSS fidelity for the dual-DPA GHZ system to be,
F = Pg, +2Pe, + 2Pe2,/3, (2.148)
and for the heralded-plus-DPA GHZ system,

F = PG;, +2Pelh/3+Pe2h- (2'149)

Coded Performance

Quantum error correction can be used to improve the performance of the QSS protocol. We

will illustrate this improvement by considering use of the five-qubit error-correcting code:

[41]

0) = |00000) + [00110) + |01001) + [01111) + |10101) — |10011) + |11100) + |11010),
(2.150)

[12) = —[00101) — [00011) + |01100) — [01010) — [10000) + [10110) + [11001) + [11111).
(2.151)
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Table 2.2 lists the output states that result from application of the QSS protocol—in which
Alice, Bob, and Charlie assume that they have shared the GHZ state [¥guz) apc—when in
fact they have shared one of the states from the basis (2.135). From this table, we see that
applying the QSS protocol, when a particular basis state has been shared, is equivalent to

sending a qubit over one of the following three channels:

E1(p) = b, (2.152)
Ea(p) = PopP} + PP, (2.153)
Ep(p) = BopP] + Pl phy, (2.159)

where Py = 0)(0], P, = [1)(1], and P, = |0)(1|. Channel £4 takes an input qubit a|0)-+3|1)
to the mixed state |&|?|0)(0] + |B]?|1)(1], and channel £5 gives the output state |3]%|0){0] +
|a|?|1){1]. Because the density matrix for the {4, B,C} quantum memories is diagonal in

the Eq. (2.135) basis, these three channel possibilities, {E7,£4,Ep}, occur with probabilities

Py = Pg, (2.155)
Py =2P., (2.156)
Pg = 2Peld + 2Pe2d, (2157)
for the dual-DPA system, and
Py = Pg, (2.158)
P4 =Pa, (2.159)
Pg =2F, + Pea,, (2.160)

for the heralded-plus-DPA system.
The five-qubit coded QSS channel has the form

E1®E ®E R Ey ® E5(Penc), (2.161)

where fenc is the encoded qubit state and &; € {€5,€4,Ep}. Numerical evaluation of the

five-qubit error-correcting code was used to obtain the average fidelity for each of the 243
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l Case ] (nr,ma,nB) F; # of channels ]
1 (5,0,0) 1 1
2 (4,1,0) 1 5
3 (4,0,1) 1 5
4 (3,2,0) 5/6 10
5 (3,1,1) 2/3 20
6 (3,0,2) /3 10
7 (2,3,0) | 7/10 10
8 (2,2,1) 47/90 30
9 (2,1,2) | 19/45 30
10 (2,0,3) 7/15 10
11 (1,4,0) 37/60 5
12 | (1,3,1) |29/60 20
13 (1,2,2) | 17/36 30
14 (1,1,3) 31/60 20
15 (1,0,4) 11/20 5
16 0,5,0) | 7/12 1
17 (0,4,1) | 29/60
18 (0,3,2) 29/60 10
19 (0,2,3) | 31/60 10
20 (0,1,4) | 31/60 5
21 (0,0,5) 5/12 1

total 243

Table 2.3: Coded QSS channel results. The 243 coded QSS channels are divided into 21 cases
according to component distribution (n;,n4,np). For each case, we list the average fidelity F; and
the number of coded QSS channels belonging to that case.

possible coded QSS channels. For each coded QSS channel, let ni; be the number of &
components, k = I, A, B. The 243 channels were divided into 21 different cases, according
to the distribution (ny,ma,np). The results of the coded QSS channel simulations are
displayed in Table 2.3. The average fidelity of the coded QSS channel is then calculated,

using the multinomial distribution for (n,n4,np), as follows,

21 21
5
F =) Pr(case j)F; = Pl PLAPRBF;, 2.162
j§—1 (case j)Fj ]§=1: (nz,nA,nB> 1 Py Pg I ( )

where F; is the average fidelity of the five qubit code given that a coded QSS channel in
case j occurs and the j-dependence of (nr,na,np) is as given in Table 2.3.

Figure 2-13 shows the average QSS fidelity for the dual-DPA and heralded-plus-DPA
GHZ systems with and without coding. We see that the heralded-plus-DPA GHZ system
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Figure 2-13: Average fidelity in the QSS protocol. We compare the performance of the dual-DPA
and heralded-plus-DPA GHZ systems with and without coding. We assume the same operating
conditions as in Fig. 2-12.

has significantly better performance than the dual-DPA system in the QSS protocol in both
uncoded and coded operation. Coding improves the performance of the heralded-plus-DPA
system for all path lengths shown in this figure, but beyond about 16 km source-to-memory
path length coding reduces the fidelity of the dual-DPA system. The dual-DPA curves with
and without error correction cross because the five-qubit code degrades performance when
the incidence of multi-qubit errors is too high. Interestingly, the same thing does not occur
for the heralded-plus-DPA system, because the conditional density matrix (2.140) reaches

a limiting value for path length around L = 50 km.

Entanglement Purification

In this section an alternative approach for improving the performance of the GHZ system
is studied: the use of an entanglement purification protocol. Let Alice, Bob, and Charlie
possess a block of n mixed entangled three-party states. Through the use of local operations
and classical communications, they can produce a smaller number m < n of GHZ states with
arbitrarily small probability of error for large n. The yield of an entanglement purification
protocol is defined as Y = m/n in the limit n — oc.

The entanglement purification scheme we shall consider is the multiparty hashing pro-
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tocol [42]. Define the cat basis as the set of orthonormal states

. 3 . p - =
[¥p,iria) ABC = Giriz)anc & 5/51) lhm)ABC, (2.163)

where p, i1,i2 = 0,1. We call p the phase bit and 41,3 the amplitude bits. Given an initial
mixed entangled state papc, let H{p), H{i1), and H(i2) be the entropies of the phase and
amplitude bits with respect to the diagonal cat-basis matrix entries of papc. From Table
2.4, we find that the entropies of the phase and amplitude bits for the dual-DPA GHZ

system are

H(p) = H(PGd + 2Peld + Pe2d) (2.164)
H(iy) = H(Pg, + 2Fe1,) (2.165)
H(iz) = H(Pg, + 2Pey,), (2.166)

and for the heralded-plus-DPA GHZ system,

H(p) = H(Pg, + Pa, + Fe2,) (2.167)
H(i1) = H(Pg, +2P.1,) (2.168)
H(ig) = H(Pg, + Puz,). (2.169)

Maneva and Smolin [42] have shown that the yield of the multiparty hashing protocol is

Y =1— H(p) — max{H (i1), H(i2)}, (2.170)

if the right-hand side is a positive quantity, and it is zero otherwise.

Figure 2-14 compares the performance of the GHZ-state systems with and without
the use of the multiparty hashing protocol. Figure 2-14(a) shows normalized through-
put, Y Nguccess, Versus source-to-memory path length, where Ngyccess = RPr (¥gnz) is the
throughput of successful GHZ memory loadings/sec and yield Y = 1 when no entangle-
ment purification is employed. The throughput lost through the application of the hashing
protocol is modest for the heralded GHZ system and is more substantial for the dual-DPA
system. Assuming perfect measurements at the transmitter and perfect qubit logic at the

receiver in implementing the hashing protocol, the average QSS fidelity is unity in the limit
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| Cat State [ p [ | iz | Dual-DPA [ Heralded |

J000) +[111) [0] O | O P, P,

000y —|111) |1 |0 | O 0 0

00 +[110) 0] 0 | 1| Pu, P,
[001) — |110) | 1] 0 | 1 P, P,
010y +|101) (O 1| O Py, Pey, /2
010y —101) [1[1]0 P.1, Pua, /2
011) +]100) |0 | 1 | 1 P.o, Pe2,. /2
0I1) — 100y | 1| 1| 1 Pe2, Pus, /2

Table 2.4: The distribution for each bit of the unknown cat state is determined by the single-
photon density matrices (2.136) and (2.140). The distributions can be used to compute the entropies

of large block sizes, as shown in Fig. 2-14(b). The major drawback of utilizing entangle-
ment purification, as compared to the much simpler five-qubit error correction code, is the
enormous amounts of quantum memory that are needed at the transmitter and receiver to

realize the large block sizes that validate use of the asymptotic yield expression (2.170).
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Figure 2-14: Performance of dual-DPA and heralded GHZ systems with the multiparty hashing
protocol. (&) Throughput of GHZ states with and without the hashing protocol. (b} Average fidelity
for quantum secret sharing. With the hashing protocol, the fidelity of QSS approaches one as the

block size n — co. We assume the same operating conditions as in Fig. 2-12. EPP = entanglement
purification protocol.
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Chapter 3

Quantum Multiple Access

Channels

In Section 1.1.4, we described the superdense coding communication protocol [10] for en-
hancing the transmission of classical information over a quantum channel through the use
of shared prior entanglement. For channels with a single transmitter and a single receiver,
the classical information capacity of superdense coding was obtained in {13] and {14]. In
Section 3.1, we generalize these results by deriving the capacity region of the superdense
coding multiple access channel (MAC). The MAC problem arises when multiple users wish
to send classical information to a common receiver. The transmissions from any one user
must contend with interference created by transmissions from all the other users, in addi-
tion to the usual sources of noise encountered on a single-user channel. The superdense
coding protocol restricts transmitters to unitary encodings. In Section 3.2, we remove this

restriction to study the capacity of quantum MACs with general encodings.

3.1 Superdense Coding MAC

In this section, we consider a multiple access superdense coding protocol for the transmission
of classical information over a quantum channel that uses shared tripartite entanglement.
To find the capacity region of the superdense coding MAC, we derive upper bounds on the
information transmission rates and present an encoding scheme that achieves these upper
bounds. A special case of this result was proved in [43] for pure bipartite entangled states.

In our derivation, we consider a superdense coding MAC with mixed tripartite states in
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spaces of dimension d4 x dp X dc. We also state the generalization to the case with s > 2

senders.

3.1.1 Quantum MAC

A quantum MAC with two transmitters, Alice and Bob, is modeled by the map: (3,7) — s,
where the output states p;; live in a Hilbert space H. The receiver performs a measurement
on the state p;; to learn the input messages i and j. Let pfpf be a product probability

distribution for the letter states §;;, and denote the average ensemble density matrices by
b= pfpihis B = plhs =Y plpys (3.1)
i g ] i
and the conditional von Neumann entropies by
Ha=) p7S(p7) and Hp=Y pis(pf). (3:2)
i i

In this chapter, we will only consider the one-shot classical capacity, i.e., the M =1 case
described in Section 1.1.5. In this case, an (N;, N2,n)-code for the quantum MAC with
letter states p;; consists of Ny i-sequences and NV j-sequences of length n. The codeword
corresponding to the message sequences (%1,...,%,) and (j1,...,5n) is the product state
Pirir ®+* ® Pinj.- The rate pair (Ry, Rz) is said to be achievable if there exists a sequence
of (2" 2"z n) codes for which the receiver Charlie can decode both Alice’s and Bob’s
messages with probability of error P, — 0 as n — 0o. The capacity region is defined as the
closure of the set of all achievable rate pairs.

The capacity region for the transmission of classical information over a quantum MAC

was derived in [44]. It is given by the closure of the convex hull of all (R;, R;) satisfying

Ry <Ha~Y_> ptpPS(py) (3.3)
i ]
Ry <Hp—-Y > pfoPS(pi;) (3.4)
i J
Ri+Ry < S(p)— ) pip7 8(pis), (3.5)
i J

for some product distribution p{‘pf.
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3.1.2 Superdense Coding

In the superdense coding MAC communication protocol, Alice, Bob, and Charlie share
qudits in the initial state gy that lives in the Hilbert space Hq, ® Ha, @ Hy,.. Alice and Bob
encode independent classical messages by applying local unitary operators to their qudits
and sending their qudits over noiseless quantum channels to Charlie, who then decodes their
messages with a measurement on the combined system of the three qudits. We will find the

information rates that are achievable with this communication protocol.

Theorem 1 The capacity region of the superdense coding MAC is the set of rate pairs
(Ry, Ry) that satisfy

Ry < S(p5c) ~ S(o) + logda (3.6)
Ry < 8(pac) — S(po) +logdp 3.7)
Ry + Ry < S(pc) — S(po) + logda +logds, (3.8)

where ppe = tra(po), Pac = tre(fo), and po = trap(po) are the reduced densities of the

initial state po.

Proof Suppose Alice and Bob utilize local unitary operators {1} and {(7}-3}, respectively,
with product distribution pfpf to encode their messages. Then the ensemble density op-

erators defined in (3.1) are

p=33 "ptpf (UL @UP ® I°)p(0f @ UF ® I°) (3.9)
t g
ot =3 "pP(UA @ UF @ I°) (04 © UP ® I°)f (3.10)
J
PP =>"pM U2 @ UP ® I°p(Uf ® UF ® IC). (3.11)
i

By subadditivity of von Neumann entropy, we obtain the following upper bound on the
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conditional entropy H:

Hy= prS(ﬁ;?) (3.12)
<07 [Strai?)) + Sterse(57)] (3.13)
= 397 [SUOF © 135c(0] © 1)) + S(exnc(47) (3.14)
< pr [S(pBc) +logda (3.15)
;
= S(pc) +logda, (3.16)

Similarly, Hg < S{pac) + logdp. An upper bound for S(p) is derived as

S(p) < S(tras(p)) + S(tre(p)) (3.17)
=S (Z Zp{‘pftrAB(ﬁo)) + S(trc(p)) (3.18)

g
< S(pc) +logda +logdag, (3.19)

Thus, (3.6)-(3.8) are upper bounds on the transmission rates (R, Rz) for the superdense
coding MAC with tripartite entanglement.

To achieve these upper bounds, Alice and Bob encode their messages with equiprobable
ensembles of generalized Pauli operators [9]. In a d-dimensional Hilbert space, the Pauli

operators are defined as

- = 2mikn
Upm = gexp ( 7 )[k)(k +m|, (3.20)

for n,m = 0,1,...,d — 1. Let {0’{“},z =0,1,...,d2 — 1, be the set of generalized Pauli
operators in Hy,, with U¥ = I*, for k = A, B, C.
Expand the initial state in the Pauli operator basis,
d%4—-1d3-1d%-1

o= 3. > AmnUP0UZeUS. (3.21)

=0 m=0 n=0
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Then, the reduced densities can be written as
pec =daY_ Y JlomnUZ U,
m n
pac=dB > Y IonUf @ UF,
! n

and

pc =dadp Y _ ool
n

(3.22)

(3.23)

(3.24)

using the trace of the Pauli operators, tr(Uf) = dgdg;. If Alice and Bob transmit their inputs

with equal probability, i.e., p! = 1/d% and pf-" = 1/d%, then the average ensemble density

operator is

=3 piP(0f 0 UF 0 150U & UF & 1°)
i J

(3.25)

1 - A A A N A X . N
= 22 (U elP %) |33 3 mli 0 UR @ U | (U © UF © I°)f
A"B I m n

e TS e S OATATE) © Y OFOETE @ U
A"B | m =a i

1

- az—ld—%- \; ; ; Aimn(d0011%) ® (3 60m 1) ® UC
= ji@zE@dAdBZt\oo ug

da  dp — non

" B
= :1; ® E ® pc-

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

In line (3.28), we used the sum [13],[45]: Zj(ﬁfﬁfﬁﬁ) = d260:I*, for k = A, B,C. We see

that the average density operator is disentangled and has entropy S(g) = S(p¢c) + logda +
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log dg. The average conditional density operator is
PP =>"pt 00 UF @ I%p(Uf 0 UF ® oyt (3.31)
i

1 3 ] 7 % Yy Eal - -~ A
A I m n

1 A o .
=5 2000 imn D (ORGP © (OPURUT) @ T (3.33)
A | m n i
=55 Xomn4 @ (UPUEU7N) @ OF (3.34)
m n
I 5B o FCVA B o FON
=5 ® (07 ® 1°)p80(0F @ 1°)1]. (3.35)

Thus, S(ﬁf) is independent of j and the conditional entropy is H4 = S(pBc) + logda.
Similarly, Hg = S(pac) + log dp. This encoding scheme achieves upper bounds (3.6)-(3.8),
and therefore establishes the capacity of the superdense coding MAC as the set of all rate
pairs (Rj, Ry) that satisfy these inequalities. [}

The capacity theorem in [44] applies for s > 2 senders, so we can generalize Theorem 1.
The proof is similar to the one given for s = 2 senders, so we just state the result. Let
the initial state gy live in the Hilbert space Ha;, ® --- ® Ha,,,, with dimH4; = d4,, and
define pjc as the reduced density of fp in the space ®i€ JeU{a+1} Ha;. For s > 2 senders,
the capacity of the superdense coding MAC is the set of all rates (R;,... R,) that satisfy,
for all subsets J C {1,...,s}

> Ri < S(pse) — S(po) + D logda,. (3.36)

¥ ieJ
3.1.3 GHZ-State MAC

Superdense coding uses shared entanglement to enhance the transmission of classical infor-
mation over a quantum MAC. With no shared entanglement, the transmission of a single
qubit can convey at most one bit of information, which implies that the optimal capacity
region of the quantum MAC with no shared entanglement is represented by the inner region
in Fig. 3-1. The capacity result stated in Theorem 1 allows us to quantify the improvement
in performance that can be derived from shared entanglement.

We will illustrate this capacity enhancement with the following two three-party qubit
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states: the GHZ state,

lYGuz)aBC = %(!OO(»ABC +|111) aBc), (3.37)
and the W state,
lw) anc = -\}—é.qoomgc +|010) BC + |100) 45c). (3.38)

GHZ states were previously discussed in Section 2.6. The W state is the tripartite entangled
state that is maximally robust against the loss of a qubit [46]. From Theorem 1, the capacity
region for the GHZ-state MAC is the set of rate pairs (Ry, Ry) satisfying

R <2, R;<2, and Ri+ Ry <3, (3.39)
and the capacity region for the W-state MAC is given by
Ry <H(1/3)+1, R, <H(1/3)+1, and R+ Ry < H(1/3)+2, (3.40)

where H(p) = —plogp — (1 — p)log(1 — p) is the binary entropy function. These capacity
regions are shown in Fig. 3-1.

The GHZ-state MAC gives the largest possible capacity region for a qubit quantum
MAC. We can describe an explicit coding scheme [47] for achieving this capacity region.
Let Alice encode two bits on her qubit with the set of Pauli operators {f , X ,Y, VA }, and
let Bob encode one bit with the set {f X }. The eight possible received states from this
encoding are orthogonal, which means that Charlie can perform a measurement that reveals
the messages sent by Alice and Bob. The rate of this code is (R1, R2) = (2,1). By symmetry,
the rate (1,2) is also achievable. Thus, by time sharing between these two codes, the entire

outer region in Fig. 3-1 is achievable.

3.1.4 Alternative Superdense Coding Protocol

The superdense coding protocol is restricted to encodings with local unitary operators. A
step toward removing this restriction can be made by giving the senders, Alice and Bob,

the option of discarding their share of the entangled state gp and simply sending orthogonal
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-— GHZ-State Superdense Coding
-«~ W-State Superdense Coding
« No Entanglement

R, (bits)

Figure 3-1: Capacity region of the superdense coding MAC with W-state and GHZ-state entangle-
ment and the capacity of the quantum MAC with no shared entanglement.

qudits over their noiseless quantum channel. This alternative procedure has been considered
for single-user channels [13],{48]. Suppose Alice is sending classical information to Charlie
over a single-user quantum channel, and they share the entangled state jac. The capacity

of superdense coding {13] is given by
C =logda + S(pc) — S(pac), (3.41)

where po = tra(pac). ¥ S(pc) — S(pac) < 0, then superdense coding with the state pac is
detrimental because Alice is better off sending orthogonal qudits over the quantum channel
to achieve the rate log d4. In particular, it can be shown that any separable state is useless
for superdense coding [13]. The capacity of the single-user channel, allowing this alternative

encoding, can be expressed in terms of coherent information [49] as
C =logda + I¢(pac), (3.42)

where coherent information is defined as I¢(pac) = max{S(pc) — S(pac),0}.

The alternative code can be applied to the quantum MAC. If S(gpc) — S(po) < 0,
then Alice can increase her transmission rate to logd4 by deciding not to encode with her
share of pg. This occurs, for example, when the initial state gy is separable A — BC, i.e.,

po =, pipt ® p2C. When Alice transmits at rate logd4 and Bob uses superdense coding
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with the reduced state fpc, the rate of their joint code is

(Rl,Rz) = (logdA, IogdB + S(ﬁc) - S(ﬁgc)) (343)

Let us give an example in which Alice can increase her capacity with this alternative

code. Let g be the initial state of three qubits,

R 1.
o = 51’4 ® |00) pc (00|, (3.44)
with reduced densities
R 1.
pac = 514 ®[0)c(0l; (3.45)
prc = |00)pc (00}, (3.46)
pc = |0)c(0}. (3.47)

Then, the capacity region of the superdense coding protocol is the set of rate pairs (Ry, Ra)

that satisfy the inequalities (3.6)-(3.8):

R; <0, Ro<1, and Ry + R <1. (3.48)

In other words, the superdense coding capacity region is just the line segment from (0, 0) to
(0,1). If Alice instead sends orthogonal qubits, |0)4 and |1) 4, while Bob uses superdense
coding, then the rate pair (1,1) can be achieved. Figure 3-2 shows the capacity region for
the alternative superdense coding protocol. We see that by allowing an alternative encoding,
the capacity region of the superdense coding MAC can be strictly increased.

The GHZ systems studied in Chapter 2 generate three-party entangled states that can

be used as resources for superdense coding. We compute the quantities:

S(pBc) — S(po), S(pac) —S(po), and S(pas) — S(po), (3.49)

where gg is the joint conditional density operator for either the dual-DPA or heralded-
plus-DPA GHZ system derived in the single-photon error model. If we had, for example,

S(pBc) — S(po) < 0, then from Alice’s point of view, the entangled state jo is useless for
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Figure 3-2: Superdense coding with initial state (3.44). Alice can increase her rate of transmission
because S{pzc) — S(Ps) < 0. In this example, the superdense coding capacity region consists of the
line segment from (0,0) to (0,1). The rate pair (1,1} can be achieved if Alice sends orthogonal qubits
and Bob uses superdense coding.

superdense coding. In Fig. 3-3, the quantities in (3.49), which we can think of as coherent
informations, are computed for both the dual-DPA and heralded-plus-DPA GHZ systems.
The coherent informations reach a positive limiting value at a path length around L = 50
km. This means that the three-party entangled states produced by the MIT/NU commu-
nication architecture are useful at all path lengths, in the sense that they can enhance the
capacity region of noiseless quantum MACs through multiple-access superdense coding,.
Figure 3-4 shows the capacity regions of the superdense coding MAC with the three-
party entangled states produced by the dual-DPA and heralded-plus-DPA GHZ systems.
We assume Alice and Bob are sending classical information to Charlie at a path length
of L = 25 km. We see that the capacity region for the heralded system is larger than
the capacity of the dual-DPA system. Superdense coding with the dual-DPA system can
benefit both Alice’s and Bob’s transmission rates, which was implied by the positive coherent
information computed in Fig. 3-3. However, for the dual-DPA system, there are some rate
pairs that cannot be achieved with superdense coding that could be attained if both Alice
and Bob discarded their share of the entangled state gy and simply transmitted orthogonal
qubits. In general, if the quantity S(pc) — S(po) < 0, then the total transmission rate

R; + R; can be improved if neither Alice nor Bob superdense code.
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Figure 3-3: Coherent information for the dual-DPA and heralded-plus-DPA GHZ systems. For the
dual-DPA system, we plot S(fpc) — S(po) and S(pac) — S(po) = S(pap) — S{po). For the heralded
system, we plot S(pap) — S(po) and S(pac) — S(bo) = S(pnc) — S(Po)-
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Figure 3-4: Capacity regions of superdense coding MAC with three-party entangled states produced
by the dual-DPA and heralded-plus-DPA GHZ systems. For comparison, the capacities that can be
achieved with no entanglement and with GHZ-state superdense coding are also shown.
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3.2 Entanglement-Assisted MAC

The alternative encoding discussed in the previous section is an example of an entanglement-
assisted MAC. For i = 0,1,...,d4 — 1, define the Kraus operators of Alice’s channel £ to
be E; = |i)(k|, so that

da—1
EMP) = Y BunbEL, = 1il. (3.50)
k=0

Thus, the alternative encoding discussed above can be viewed as an example of a gen-
eral encoding with local operations. In this section, we study the capacity region of the

entanglement-assisted MAC with general local encodings.

3.2.1 TUpper Bounds

Suppose Alice, Bob, and Charlie share the entangled state o in the Hilbert space Hy, ®
Hay ® Hy,. Alice and Bob encode independent classical messages by applying general
local operators to their qudits and sending their qudits over noiseless quantum channels to
Charlie, who then decodes the messages with a measurement on the combined system of
the three qudits.

Suppose Alice and Bob utilize the local operators {£/} and {Sf }, respectively, with

product distribution p;f‘pf to encode their messages. Denote the received states as
pis = (£ @ EF @ I°)(po). (3.51)

By subadditivity of von Neumann entropy, we can upper bound the right-hand side of (3.3)
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Ha—Y " pipPS(ps) (3.52)
J

S (trA ZpiAﬁij> + S (tch > p ﬁz‘j)] =Y > p'pPS(hy)  (353)
i i j

2
<P

7 i
<logda+ Y pPS (trA prlﬁij) =3 pi? S () (3-54)

2

=logda + Y _pPS((E7 @ I°)(bac)) — Y > pipPS(py) (3.55)
J L

=logda+Y > pi'p} [S(EF ® I°)(pBC)) - S(hi5)] (3.56)
i ]

<logda+ sup [S(E” ® I%)(Ppc)) — S((E* @ €% ® I7)(0))] - (3.57)

Similarly, the right-hand side of (3.4) can be upper bounded as

Hy ~ 30 Y rlofS(py) < logdn + sup [S((E* @ 1°)(pac)) ~ S((6* @ €% © 19)(40))] -

i
(3.58)
The right-hand side of (3.5) is upper bounded as
S(8) =YY _ptr}S(pis) (3.59)
i j

<SS (trc > prpfﬁij) +8 (tYAB > zpfpfﬁij) =" pf'r?S(pi;)  (3.60)
i g i g LR

<logds +logds + S(pc) — 3 > pipP S(pi;) (3.61)
i g
<logda +logdp + sup. [S(bc) — S((E* @ EB & I€)(po))] - (3.62)
EAE

Summarizing, the rates for the entanglement-assisted quantum MAC are upper bounded as

Ry <logda+ sup [S((E°®I%)(ppc) — S(E* @ E7 QIO A)]  (363)
Ry < logdp + sup. [S(E*® I%)(pBc)) — S(EA @ EP @ IC)(p0))]  (3.64)

Ri+ Ry <logdy +logdp + sup [S(hc) — S((E2 @ EB @ IC)(p0))] - (3.65)
EAL
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3.2.2 Pure-State Entanglement

In this section, we prove the achievability of the rate upper bounds when pg is a pure state.
Let pac, pBc, and pe be the reduced densities of pg = |100){tPo]. We need two facts involving

the relative entropy of entanglement [50}, defined as
Erp(64aB) = min S(Gasll paB), (3.66)

where the minimum is over all separable states p4p5. First, let the state 645 have reduced

densities &4 and 6. Then, the relative entropy of entanglement is lower bounded as
Erg(64B) > max{S(64) — S(6aB), S(6B) — S(G4nB)}- (3.67)

The second fact we need is that the relative entropy of entanglement is equal to the von
Neumann reduced entropy for pure states [51], i.e., Erg(64B) = S(64) = S(6B), if 64B is
pure.

Using these facts, we have

sup [S(E” ® I9)(bnc)) = S((E* @ % @ I°)(fo))] (3.68)
< sup EppPO((£* @ €8 ® I°)(f0)) (3.69)
EAEB
< Bf5"(bo) (3.70)
= S(pBc)- (3.71)

Line (3.70) follows because entanglement measures cannot increase under local operations.

The inequalities (3.63)-(3.65) can now be upper bounded as

Ry < logda + S(psc) (3.72)
Ry <logdp + S(pac) (3.73)
Ry + Ry <logdya +logds + S(pc)- (3.74)

These rates can be achieved with superdense coding. Thus, for a pure-state entanglement-

assisted MAC, superdense coding is optimal.
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3.2.3 Separable-States

Let the shared state initial state have the separable form,
po=Y_pili)alil ® i) (il ® li)c il.
i
We use the relative entropy of entanglement upper bound again.

sup [S(E% @ 1%)(psc)) — S(E* © €7 © I9)(h0))]
< sup EfpPC((E4 ® €8 ® IC)(f0))

gA,gB
< Ef55%(po)

=0,
since the entanglement of a separable state must be zero. Also,

s [S(c) — S(E* @ £” @ I°)(4o))]

< sup Bpp C((E* @ EP ® I9) (b))
EAEB

IA

E£57C(po)

= 0.
Thus, the rate upper bounds are

Ry <logda
Ry <logdp

Ry + Ry <logdy +logdp.

(3.75)

(3.76)
(3.77)

(3.78)
(3.79)

(3.80)
(3.81)

(3.82)
(3.83)

(3.84)
(3.85)
(3.86)

These bounds can be achieved by sending orthogonal qudits over the quantum channel.

Thus, as should be expected, separable states are useless for enhancing the capacity region

of a quantum MAC.
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Chapter 4

Capacity of Gaussian Channels

We derive the classical capacity C for a class of Gaussian Bosonic channels, extending re-
cent work [7],[25] that has yielded the capacity of pure-loss Bosonic channels as well as
mathematical support for the capacity of the thermal-noise channel. After a review of
Bosonic channels and known results, we consider the Gaussian-noise channel in Section 4.2.
The Gaussian-noise channel represents the quantum version of a classical colored Gaussian-
noise channel, so our approach is strongly motivated by the standard technique of whitening
Gaussian noise used in classical information theory. Qur derivations are based on a conjec-
ture for the capacity of the thermal-noise channel [25]. In Section 4.3, we solve minimum

output entropy problems that provide additional mathematical support for this conjecture.

4.1 Background: Bosonic Channels

In this section, we introduce the channel models that are studied in this chapter. We review
known capacity results for the noiseless and pure-loss channels and discuss recent work on

the thermal-noise channel capacity problem.

4.1.1 Channel Models

Consider the Gaussian Bosonic channel described by the Heisenberg evolution equation

&= i+ VT =l +&, (4.)
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where @ and ¢ are the input and output annihilation operators, 7 is the noise operator, £ is
classical Gaussian noise, and 7 is a coupling coefficient. The noise operator is defined as
b forn<1

A=< (4.2)
bt forp>1,

where b is an annihilation operator in a zero-mean Gaussian state. We assume the classical
noise £ has a zero-mean, circularly symmetric Gaussian distribution. This channel model
represents a broad class of channels containing special cases that are important in quan-
tum optics. For example, if we set n < 1 and £ = 0, then (4.1) is a lossy channel with
transmissivity 7. We will refer to the lossy channel with noise operator b in vacuum state
as a pure-loss channel. For n > 1 and £ = 0, we have an amplifying channel with gain 7.
Two closely related Gaussian Bosonic channels that will be particularly important in this
chapter are the thermal-noise channel E,’,V and the classical-noise channel A,.

The thermal-noise channel E,IIV is the TPCP map obtained from tracing away the noise
mode in the evolution given by é = |/fja+ T = b, where the noise mode b is in the thermal

state ith
1 N
pr(N) = —— | —— .
( ) N+1(N+1) (43)

with mean photon number N. The thermal-noise channel describes an input mode coupled
to an environment in thermal equilibrium.
The classical-noise channel A, is defined by the evolution equation é = & + £, which

corresponds to setting 7 = 1 in (4.1). The TPCP map N, is given by
Na(p) = / P.(2)D(2)pD(2)dz, (4.4)

where P,(z) = exp(—|z|?>/n)/(wn) is a circularly symmetric Gaussian distribution and
D(z) = exp(za! — z*) is the displacement operator. The classical-noise channel is a unital
map, i.e., it leaves the identity operator unaffected. It is also straightforward to check that

coherent states are mapped to thermal states shifted in phase space, i.e.,
Na(le)(al) = D(a)pr(n)Di(a), (4.5)
where ppr(n) is a thermal state with mean photon number n.
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Loss Gain

i

Figure 4-1: Representation of classical-noise channel A, as a cascade of pure-loss and amplification
channels. The noise modes are in vacuum state and n = 1/(n + 1).

To help better understand the classical-noise channel, we provide two alternative de-
scriptions. First, N, can be expressed as the limit of a thermal-noise channel. Through
the use of quantum characteristic functions, it is possible to show that the thermal-noise
channel 8:,’ /=) approaches the classical-noise channel A, as n — 1. The second represen-
tation of N, is shown in Fig. 4-1. The noise modes associated with the attenuation and
amplification processes are in vacuum state, and we set 7 = 1/(n 4+ 1). The effects of loss
and amplification cancel out, but the input mode still experiences additive classical noise.

The thermal-noise and classical-noise channels are related through the decomposition
EN = Nam o3, (4.6)

which says that the thermal-noise channel can be expressed as a pure-loss channel followed
by a classical-noise channel. This decomposition allows results derived for the classical-noise
channel to be directly applied to the thermal-noise channel. An extensive analysis of the

relationship between the maps 54" and N, is given in [25].

4.1.2 Noiseless Channel Capacity

States transmitted through a noiseless Bosonic channel are received undisturbed at the
receiver. The classical capacity of the noiseless Bosonic channel was found in 2] and [3],
where it was proved that a single-mode noiseless channel with average photon number

constraint 7 has capacity
C = g(n) = (7 + 1) log(n + 1) — nlog(n), 4.7)

in nats per use. Figure 4-2 shows a comparison of channel capacity with the rates achievable
using input coherent states and conventional homodyne and heterodyne receivers [52]. The

following is a list of encodings that achieve capacity on the single-mode noiseless channel:
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Figure 4-2: Capacity of a single-mode noiseless channel C = g(7i). For comparison, the communica-
tion rates with structured receivers are also plotted. Achievable rates with input coherent states and
homodyne and heterodyne receivers are Chom = (1/2) log(1+47) and Cye, = log(1+n), respectively.

1. Bose-Einstein distributed ensemble of number states with a photon-counting receiver; decoding

errors never occur for distinct codewords,
2. Gaussian-distributed ensemble of coherent states with optimal entangled measurement [7],

3. Gaussian-distributed ensemble of coherent states with heterodyne detection, in the limit of

large #,

4. Gaussian-distributed ensemble of squeezed states with homodyne detection, in the limit of

large #; see Section 5.3 for a derivation.

For a noiseless wideband Bosonic channel with average power constraint P, the classical

capacity is

TP
C= e (4.8)

in nats per second. Random coding with number states and photon counting over inde-
pendent frequency modes is optimal for the wideband channel, and the capacity-achieving

power allocation requires transmitting with average photon number

1

mh) = exp(whf/V6hP)—1

(4.9)

at frequency f.
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4.1.3 Pure-Loss Channel Capacity

The results of the previous section were recently extended to the pure-loss channel 8,? in
[7], where it was shown that the classical capacity of the single-mode pure-loss channel is
given by

C = g(nn), (4.10)

and that capacity can be achieved with a coherent-state encoding. Neither entanglement
over successive channe! uses nor nonclassical states, such as the number states, are required
to achieve capacity for the pure-loss channel. The wideband capacity result (4.8) has a
similar generalization. Although the optimal coherent-state encoding can be generated
by classical sources of light, the proof of (4.10) makes use of a measurement that we do
not know how to physically realize. See [8] for a study of communication rates achievable
over the pure-loss channel using number-state and coherent-state encodings with structured

receivers.

4.1.4 Thermal-Noise Channel Capacity

We review some recent work on the open problem of evaluating the capacity of the thermal-
noise channel 8}7\’ . Although a rigorous proof has yet to be found, we conjecture that the
Holevo information of the thermal-noise channel is additive and that capacity is achievable
with a coherent-state encoding. A lower bound on the capacity of the thermal-noise channel
{53] is given by the single-use Holevo information with a Gaussian-distributed coherent-state

code:

2

c>8 (5};’ ( / e_ij_l/ﬁ |a><a|da)> - / e_rs/ﬁs (EN (la)al)) da (4.11)

=g(mn+ (1 —n)N) — g((1 —n)N). (4.12)

Next, we derive an upper bound for the thermal-noise channel capacity [54]. Let p = >, pips

denote the average state of an input ensemble {p;, 5;} subject to the mean photon number
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Figure 4-3: Gaussian-noise channel £. The input mode and output modes are & and ¢, respectively.
The noise mode b is in a zero-mean Gaussian state g, with variance matrix Vj.

=33

constraint 7. Then, the normalized M-shot capacity is upper bounded as

Y~ max o2 |5 (€)M (9) - 3205 ((€)° 30) (413)
< SED) (&) g
S ((E3)°M(5)

= glni+ (1 = m)N) — min (4.15)

M

In (4.14), we separately maximized and minimized the two terms of the Holevo information.
In (4.15), we used subadditivity of von Neumann entropy and upper bounded the first term
by the capacity of a lossless channel with average input photon number n7n + (1 — )N [55)].
At this point, it is apparent that if the second term of (4.15) equals g{(1 — #)N), then
the upper and lower bounds coincide and thus equal the classical capacity C. This line of
reasoning leads to the following minimum output entropy conjecture [25]:
S {EN*M(p)
min ——(—lﬂ—l——) = o(1 —)N). (4.16)
P
See [25] for numerous partial results obtained in the attempt to prove this conjecture. See

also [8] for work on the strong (majorization) version of the conjecture. In Section 4.3, we

solve related minimum output entropy problems that support conjecture (4.16).

4.2 Gaussian-Noise Channel

In this section, we assume the validity of conjecture (4.16) to derive the capacity of the
Gaussian-noise channel. The Gaussian-noise channel model is shown in Fig. 4-3. Input

mode & undergoes the Heisenberg evolution ¢ = \/ma + /I — nl;, where the noise mode b is
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in the zero-mean Gaussian state gy with variance matrix

v Vb
e (4.17)

=
Il

Vi V2

see Section 1.2.2 for background on Gaussian states, including the definition of a variance
matrix. The Gaussian-noise channel is the TPCP map £ obtained from tracing away the
noise mode in this evolution. Assuming that conjecture (4.16) is true, i.e., the thermal-noise
channel 8,‘;", with V, = (2N + 1)1/4, has capacity C = g(nf + (1 — 7)N) — g((1 — n)N), we

will prove the following capacity result.

Theorem 2 The classical capacity of the Goussian-noise channel £ is given by

0 =g+ 1 =nymw) ~g (@ - (20412~ 1)), (418)

for input mean photon numbers % > Tighresh, where

1 o\ 1/2 1
fighresh = m ((V;{ —V3)?+ 41/122) +WV+ V- 3 (4.19)
Vi Vi,
V' = =nV + Q1 -, (4.20)
Vo V3

Vi Vo 1{ ln+ v|? 2Im(uv)

Viz V. 2Im(uv) |u—vf?

[ )

and the parameters yu and v are chosen such that the squeeze operator $(z) whitens the

Gaussian state p, (see Section 1.2.2).

For sufficiently large input mean photon number 7, (4.18) gives the classical capacity of
the Gaussian-noise channel. In Section 4.2.4, we study the capacity of the Gaussian-noise
channel for 7 less than threshold fitpresh.

To help motivate our proof of this result, we review the standard approach [56] for
computing the capacity of a classical colored Gaussian-noise channel. In Fig. 4-4, the
complex-valued column-vector input = has average power constraint tr{Cy,) < P, where

C:z = (xzx'). The variance matrix of the noise vector is a positive semidefinite, Hermitian
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Figure 4-4: Classical colored Gaussian-noise channel. The complex-valued input vector x has
variance matrix Cp, = (xzx') with average power constraint tr(C,,;) < P. The complex-valued
Gaussian noise vector z has variance matrix C,, = {zz').

matrix, so it can be diagonalized by a unitary matrix U as

C,r = UAUT (4.22)

A=diag()\1 Am)- (4.23)

The receiver whitens the additive Gaussian noise z by passing the received vector ¢ through
the filter UT. The resulting output is then equivalent to a channel consisting of a set of
independent additive white Gaussian-noise channels with variances equal to the eigenvalues
Ak, k=1,...,m. The optimal power allocation to each component of this channel is given
by the water-filling solution.

The classical proof does not directly apply in the quantum case due to non-commuting
operators, so we will present the quantum version of whitening additive colored Gaussian
noise to derive the capacity of the Gaussian-noise channel £. A capacity upper bound is
derived by converting the Gaussian-noise channel to an equivalent thermal-noise channel,
which in the quantum case plays the role of an additive white Gaussian-noise channel. For
input powers above a given threshold, we obtain the capacity of the Gaussian-noise channel

by presenting a code that achieves the capacity upper bound.

4.2.1 Capacity Upper Bound

We begin the derivation of the capacity upper bound by separately maximizing and mini-
mizing the two terms of the Holevo information. Let i, = V + Vi — 1/2 denote the mean
photon number of the Gaussian noise state gp. Then, from the derivation given in lines

(4.13)-(4.15), which is still valid because g, is zero-mean, we have

C
~2 < g(na+ (1 — n)fip) — min
M b

S (£2M(p))

e (4.24)
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Figure 4-5: Equivalent thermal-noise channel £77 from &’ to &. The input mode &’ is in state §',

and the noise operator ¥ is in a thermal state with mean photon number 7 = 2|V3|/2 — 1/2. The
original Gaussian-noise channel takes input a@ to output é.

We compute the minimum output entropy of the Gaussian-noise channel by converting
it into the equivalent thermal-noise channel shown in Fig. 4-5. This process whitens the
variance matrix V; of the Gaussian noise state. Let £(p) be the original Gaussian-noise
channel from input & to output &, and let £}7(4’) be the internal thermal-noise channel
from &' to &. The unitary squeeze operator S(z) is described in Section 1.2.2. Its complex
z-parameter is chosen such that noise operator b is in a thermal state with mean photon
number Ay = 2|V;|/2 —1/2.

The minimum output entropy is achieved over pure input states g = |1)(¢|, so we have

5 S ((81(2))®M (£77)BM (5 SOM
- s(gj;(p)) - (Stnemieg M) (#)8%M(2)) )
= mgn Ml)\—;@ (4.26)
- S((EFT)EM(A)
= min __LZ\T— (4.27)
= g((1 — n)nr) (4.28)

—o(a-n (2w -3)). (429)

Lines (4.26) and (4.27) follow because S(z) is unitary, and the final result assumes the
validity of conjecture (4.16). Thus, putting this together with (4.24), the capacity of the
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Gaussian-noise channel is upper bounded as

¢ <+ 1= -g (@ =) (262 -1)). (4:30)

Under the assumption of conjecture (4.16), the minimum output entropy of the thermal-
noise channel is achieved by the vacuum state; hence, the corresponding state of the input

@ in Fig. 4-5 is the squeezed vacuum state |9b) = $1(2)|0) = |0, —z). The variance matrix

1 { e+ 2Im(uy)
V== (4.31)
2Im(pv) |u-vf?

of this squeezed state is proportional to the noise variance Vj; see Eq. (1.34). In this sense,
the optimal input state is the pure Gaussian state that most closely matches the noise state

~

Pb-

4.2.2 Capacity Lower Bound

We obtain a lower bound for €' from a squeezed-state encoding. To compute the rate of

this squeezed-state code, we apply a capacity result derived in [57].

Holevo-Sohma-Hirota capacity result

In the Holevo-Sohma-Hirota (HSH) channel model [57], complex-valued messages o are
encoded into the quantum states p(a) = D(a)p(0)DT(c), where (0) is zero-mean Gaussian

with variance matrix

i
v=| " ). (4.32)
iz W

The received state p(a) is simply the initial state §(0) shifted in phase space. Let the

variance matrix of the input distribution P(a) be

Ve Vg
Va=| © ). (4.33)
iz VW
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In [57], it was shown that under the input constraint
() = [ Pla)loPda=N, (434

the optimal input distribution P(a) is Gaussian, and the capacity of this channel is given

by one of two different expressions depending on the input constraint N.

o If N > ((Vi — V2)? + 4V3)'/2, then the capacity of the Holevo-Sohma-Hirota channel
is

1 1
Cusn(VN) =g (Vi+ Vet N - 3) - (aV12- 1) @aw)

o If N < ((V; — V2)2 + 4V3)Y/2, then

2
2 — 2
CassV.N) =g 2(<V_+‘_;_+ﬂ) _(\/(vlzvz) Mz_%)) 1

—~g (2|V|1/2 - %) . (4.36)

Our main interest is in the above-threshold result (4.35). For further discussion of the HSH

capacity result, see Section 5.2.1.

Squeezed-state code

Define a Gaussian-distributed squeezed-state code over the Gaussian-noise channel £. Let
pa(0) = |0, —2) 4{0, —z| be the zero-mean squeezed state with variance matrix V given by

(4.31). The transmitted codewords
pa(a) = D(a)pa(0)D¥(a), (4.37)

are shifted versions of the initial state p4(0), and the input distribution P(a) is zero-mean
Gaussian with variance matrix V,. With this encoding, the channel output states can be

written as

E(pale)) = D(yiie)E(pa(0) D (i), (4.38)
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where £(p 4(0)) is a zero-mean Gaussian state with variance nV +(1—n)V;. If the transmitter

is required to satisfy the mean photon number constraint
1
tr (&T&/ P(a)ﬁA(a)da) =W+ +Vi+Vh— 3= i, (4.39)

then we can directly apply the Holevo-Sohma-Hirota capacity result to compute the rate of

this code. Let

Vi=gV+ (1 -nW, (4.40)

1
N’=n(ﬁ——Vl~V2+§>. (4.41)
In the above-threshold regime, 7i > fiyhresn, Where

2\ 1/2 1
(Vi-v+av3) " +vi+va-3, (4.42)

Nthresh = 2

[

the capacity of the squeezed state code is

C = Cusu(V', N') (4.43)
=g (V{ +Vi+N - %) —g <2|V'|1/2 - %) (4.44)
—o(nvi+ v+ Q=m0+ 4 (a-Vi-Vas 3) - 3)

—g (glv’|1/2 _ %) (4.45)
—g(m+a-n(vevi-3))-a(2vre-3) (4.40
= g(na+ (1 —n)w) —g ((1 ~n) (2|Vz>|1/2 - %)) - (4.47)

The last line follows from the fact that the squeezed state |0, —z) achieves the minimum
output entropy (4.29). This code achieves the upper bound (4.30), thus the capacity of the

Gaussian-noise channel is

¢ = gt -+ (1 —ye) —g (=) (202 - 1)), (4.48)

for all 7 > 7ighresh. This concludes the proof of Theorem 2.
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For the thermal-noise channel 8,?’ , we can check that fypresh = 0 and that the capacity-
achieving input distribution P(a) is circularly symmetric Gaussian. Thus, this result is
consistent with our thermal-noise capacity conjecture. Let us now consider the more inter-

esting special case of pure-state Gaussian noise g, = |0, 2)(0, z|. In this case, we have

1 [ l-vP  —2Im(u)
V=V=W==: , (4.49)

~2Im(uv)  |p+vf?

N'=n(f - v]?), (4.50)
and
A = 1 (= V3P 4 03) " 4 Wi+ Va3 (451)
N % ((m —t 7 = V‘z)z + Im(;w)z) : +vf? (4.52)
= |ﬁn"’_' + v]2 (4.53)

Thus, squeezed-noise channels have capacity
C = g(na+ (1 -n)vf?), (4.54)

for & > fithresh = |p¥|/n+ V|2, Note that this capacity is higher than the pure-loss capacity
g(n7) for the same transmissivity. Thus, phase-sensitive pure-state Gaussian noise enhances,
rather than degrades channel capacity. The optimal input distribution P(c) is zero-mean

Gaussian with variance matrix

[7- WP + Res;w) Img;ul/)
=3 mw) . Rew) | (4.55)
— i |v)? - =

When the input photon number constraint is above-threshold, the transmitter has sufficient
energy to use the capacity-achieving squeezed-state code with its corresponding pure-state

output ensemble. See Section 4.2.4 for squeezed-noise capacity in the below-threshold case.
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Figure 4-6: Multimode Gaussian-noise channel A. The noise operator b = (b1, ...,b,)T is in the
zero-mean Gaussian state pp.

4.2.3 Multimode Gaussian-Noise Channel

We take a similar approach to study the capacity of the multimode Gaussian-noise channel,
shown in Fig. 4-6. Denote the signal modes as & = (1, ...,am)7, the noise modes as b =
(b, ...,bm)T, and the output modes as & = (1,...,ém)T. If we assume equal transmission
factors, the multimode channel can be expressed as é = \/7_)&+\/1_—-_1—75. The noise operator
b is in a zero-mean Gaussian state Pp with mean photon number iy = tr(i);fclgkﬁb) in the
kth mode, k=1,...,m.

The capacity of the multimode Gaussian-noise channel A is the maximum Holevo infor-

mation over input ensembles {p;, §;} that satisfy the input energy constraint

m
tr (Z hwk&,t&kﬁ) <E, (4.56)

k=1

where p = 3. p;p; is the average input state. Let {g;, 5;}, with average state & = Y, ¢;5, be

the capacity-achieving ensemble for the product channel A®M, We then have the capacity
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upper bound

CWM _ 514_ S(A®M (5 zq, S(A®M (5 (4.57)
) sm@j&%)) i “‘?2” ») wss)
< % gl\é S(Au(#)) ~ min §%@D (4.59)
<L gégmﬁ;l 1= ) i SO (4.60)
< max ij gk + (1= 1)) - min S—(A%d(—ﬁ))-. (4.61)

In line (4.59), we used subadditivity of entropy to upper bound the first term and wrote
A(5) to denote the reduced output state of the kth mode and lth channel use. In line
(4.60), Ay, is the input mean photon number of the kth mode and lth channel use. The

optimal power allocation in the last line is given by the water-filling solution,

_ 1 (1—nmae\"
= — 2 4.62
= (omnmy ) (46

where (z)* = max(z,0), and the parameter A is chosen to satisfy the energy constraint
Yokeq fwpfiy = E.

The second term in (4.61) is the minimum output entropy of the multimode Gaussian-
noise channel. We compute this term by converting the channel into an equivalent thermal-
noise channel, shown in Fig. 4-7. The unitary transformation U takes the noise state Pp

into a product of thermal states [57]:
UpU' = pr(N1) @ -+ @ pr(Nm)- (4.63)

For any Gaussian state gy, there is a unitary operator U with this property; see Appendix A.
Let A(p) be the multimode Gaussian-noise channel from input @ to output &, and let A'(g')

be the internal thermal-noise channel from @’ to &, as shown in Fig. 4-7. The minimum
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Figure 4-7: Equivalent thermal-noise channel for the multimode Gaussian-noise channel. The noise
1t
operator b is in the product thermal state pr(N1) ® - - ® pr(Np)-

output entropy is achieved over pure input states p = |4) (1|, so we have

S (A®M(ﬁ)) I S ((Ui)@M(AI)@)M(pI)(‘]@M)

m;')n i 4 i (4.64)
= mpjn S_((_A’_)];_(;AE’)_) (4.65)
= mAi,n 5@9%"@ (4.66)
=" a((1 - n)Ni). (4.67)
k=1

In (4.67), we assumed that the minimum output entropy of m independent thermal-noise
channels is achieved with the input vacuum state p = |0){0|.
Putting these results together, we have the following upper bound for the capacity of

the multimode Gaussian-noise channel:
m
C <Y g + (1 = m)Ask) — g((1 —m)Ni)], (4.68)
k=1

where the power allocation {7t} is given by (4.62). We can show that in some cases, we

can find an encoding that achieves the capacity upper bound (4.68).

Parallel thermal-noise channels

Suppose we have a multimode channel consisting of a set of m independent single-mode

thermal-noise channels 8;’,\’*, k=1,...,m. The capacity upper bound (4.68) for this multi-
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mode thermal-noise channel is

C< Zc(ﬁka Nk)s (469)
k=1

where C'(72, N) = g(nf+ (1 —n)N)—g((1 —n)N) is the capacity of the single-mode thermal-
noise channel. By coding independently over each mode with the optimal power allocation,
this upper bound can be achieved . Thus, the right-hand side of (4.69) is the capacity of

the multimode thermal-noise channel under our minimum output entropy conjecture.

Gauge-invariant Gaussian-noise channel

A multimode gauge-invariant Gaussian state [57] is defined to be a state of the form

p= /;Tnll—]—v—}exp(—aTN‘la)la)(M do, (4.70)

where |a) are the coherent states in H®™. For the case m = 1, p is a thermal state. Let the
noise state g, of the muitimode Gaussian-noise channel in Fig. 4-6 be the gauge-invariant

Gaussian state with P-representation

Py(B) = exp(—B'N; ') (471)

1
™ Ny

States that possess a P-representation in the form of a probability distribution are classical
mixtures of coherent states and hence are considered “classical states”. The classical na~
ture of the noise in a gauge-invariant Gaussian-noise channel allows us to use the simpler
whitening procedure from classical information theory.

The variance matrix Nj is a positive semidefinite, Hermitian matrix, so it can be di-
agonalized as N = UAU', where UU' = I and A = diag[\; ... Ap] with A\ > 0,
k=1,...,m. We convert the gauge-invariant Gaussian-noise channel into an equivalent

thermal-noise channel by applying the unitary transformation U to the channel output:

&=Ule (4.72)
= Ut(yma+ /1 - nb) (4.73)
= /[ ++/1~nb. (4.74)

The P-representation of the noise state changes by the same unitary transformation, ' =
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U1, so the transformed noise mode b is in the tensor product of thermal states, pr(A\i) ®
-+-®@p1{Am). Applying the result of the previous section, the capacity of the gauge-invariant

Gaussian-noise channel is

C=> Clfu, M), (4.75)
k=1

where {75} is the optimal power allocation (4.62).

4.2.4 Below-Threshold Capacity

We derived the capacity of the single-mode Gaussian-noise channel £ for mean photon
numbers 7i above a certain threshold 7itpresh- In this section, we consider the problem of
transmitting classical information over the Gaussian-noise channel in the below-threshold
regime.

To study this problem, we will consider the Gaussian-noise channel with its noise op-
erator b in a squeezed vacuum state |0, z). For input mean photon numbers 7 > fighresh =

luv|/n + V|2, the capacity of this channel is

Cupperbd = 9(777_1 + (1 - TI)MZ)- (4'76)

Below threshold, Cypperba is only an upper bound on capacity. Figure 4-8 shows capac-
ity upper bound Cypperba for a squeezed-noise channel with squeeze parameters (u,v) =
(V11, \/E) and the rates of various encodings explained below.

In Fig. 4-8, Cyq is the rate of the squeezed-state code, described on page 84, that achieves
above-threshold capacity for the squeezed-noise channel. The input squeezed states |o, z)
in this encoding have the same squeeze parameter z as the noise state j, thus making the
corresponding channel outputs £(|a, z){a, z|) pure squeezed states. For input mean photon
numbers 7 < 10, the transmitter cannot use this encoding for the simple reason that it
lacks the power to produce these squeezed states. For 10 < #i < fypresh, the transmitter can
squeeze hard enough to generate this encoding, but cannot use it to achieve upper bound
Clpperbd- In this low-power regime, the transmitter makes a rough trade-off, represented by
the two terms of Holevo information, between purifying the channel output and modulating
the input to convey information. For i > figpresh, Where threshold igpresn = 114.88 in our
example, the squeezed-state code achieves capacity.

Intuitively, one might believe that putting the noise operator b in vacuum state would
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Figure 4-8: Squeezed-noise channel. The transmissivity is 57 = 0.1, and the noise operator is in the
pure squeezed state |0, z) with (u,2) = (v/11,v/10) The threshold is fighresh = 114.88. Cypperba =
gl{ni+ (1 —n)v?) is capacity upper bound (4.76) derived in Section 4.2.1. Cg is the capacity achieved
by Gaussian codes. Cs, is squeezed-state code capacity with squeeze parameters (i, v) = (v/11, v10).
Ceon is coherent-state capacity with optimal measurement. Cjygs is coherent-state with homodyne
detection capacity (4.77). Chureloss = 9(1j7i) is the capacity of the pure-loss channel Eg .

result in the highest-capacity channel. As an easy way to demonstrate that this is in fact not
true, one can verify that a squeezed-state code with a homodyne receiver over the squeezed-
noise channel £ achieves a rate higher than the capacity of the pure-loss channel 83 at low
input mean photon numbers. More specifically, if the transmitter encodes information in

the low-noise quadrature using coherent states |a;), oy € R, then the rate

1 47
Cms=zlog|l1+———1]. 4.77
JHS 5 g( 1'*‘1—_,;!1(/1'_”)2) ( )

is achieved by using homodyne detection to measure the first quadrature of the channel
output. In our example, Cyys is greater than the capacity of the pure-loss channel 83 for
fi < 34.49. This effect is similar to the improvement in SNR achieved with squeezed states
in an optical waveguide tap [58]. Optimizing over all codes, Fig. 4-8 shows that the capacity
of the squeezed-noise channel £ is greater than the capacity of the pure-loss channel 81‘7) , for
all 7.

In Fig. 4-8, we also plot the capacity C,,, that is achievable with input coherent states
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optimized over receiver measurements. For & > fihresh,

2
(4.78)

Q®=gmﬁ+ﬂ—nW%—9(%Kn+ﬂ—nXu—W5m+(P4Mu+w5rﬂ—l)7

and a more complicated expression can be given for 0 < & < figpresh- Figure 4-8 shows that
Cyus = Ccon, 80, in our example, homodyne detection provides a near-optimal measurement
when the transmitter sends coherent states.

All of the codes we have considered so far are examples of Gaussian codes based on the
Holevo-Sohma-Hirota model. For each value of #, the optimal Gaussian code is found by
searching over all possible input variances V. For the transmitter to have sufficient power to
transmit a given code, the inequality 72 > V4 + V2 — 1/2 must be satisfied. If this condition

is satisfied, then the capacity of the Gaussian code is

.
g (i + (1 —m) — g 2AV'[V2 - 3),
for i 2 ﬁthresh(v)
o\ 1/2
_ . V/4+V/+N' 2 Vi 2 , ,
C(n,V)—~ﬁ gl2 (_1+_22i_.) _(‘/(_er) +V1§—NT) -1 (4.79)
—g (2lV"1/2 - %) ;
L forn < ﬁthr&h(v);
where
1 19\ 1/2 1
Aucen(V) = (= Vi) +4V3) "+ Va4 Vo~ 5, (4:80)
V=9V + (1 —n)V. (4.81)
‘We numerically computed
Co(i) = max c@H, V), (4.82)
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subject to the constraints

V1+Vz—%5ﬁ (4.83)
Vi,V2 20 (4.84)

1
Viva - Vi > = (4.85)

The capacity Cg achieved using Gaussian codes is shown in Fig. 4-8. This is the best
achievable rate we have for the below-threshold regime, but we have no reason to believe that

it is capacity-achieving or even that below-threshold capacity can be analytically derived.

4.3 Minimum Output Entropy

The results of the previous section were based on the conjectured capacity of the thermal-
noise channel E,iv . 'To prove this conjecture, it is sufficient to show that input coherent
states minimize the output von Neumann entropy of the thermal-noise channel. A main
reason for the difficulty in proving (4.16) is the intractability of the logarithm function in
the definition of von Neumann entropy S(3) = —tr(plog ). In this section, we outline an
approach to solving this problem involving Rényi entropy [59] and discuss its connection
with the replica method. We also show that coherent states minimize an additional entropy
quantity known as Wehrl entropy. Although the results derived in this section do not prove
(4.16), they lend additional mathematical support to our conjecture, demonstrating that
coherent states produce the purest channel output as measured by all integer-order Rényi
entropies (r > 2) as well as the channel output most localized in phase space as measured

by Wehrl entropy.

4.3.1 Rényi Entropy

The Rényi entropies are a family of entropy functions defined as

log tr(p"), (4.86)

N 1
Sr(p) = )

where r > 0 is the order of the Rényi entropy. For fixed g, Rényi entropy is continuous in

r, and L’Hopital’s rule shows that von Neumann entropy is obtained in the limit r — 1.
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The main motivation for considering Rényi entropy is to avoid the logarithm function in the
definition of von Neumann entropy, replacing it with a function that is easier to analyze.
If we could show that output Rényi entropy is minimized by input coherent states for all
r > 1, then our conjecture would follow by continuity. We consider a single use (M = 1) of

the classical-noise channel M, and what we want to show is that

min S, (Na(p)) = 28l V" =]

; —~ (4.87)

holds for real » > 1. We have instead proved the weaker result that (4.87) is true for
integer orders r = 2,3, 4,.... Note that the case r = 2 was solved in [60] in the context of

maximizing the fidelity of continuous-variable teleportation.

Theorem 3 The minimum output Rényi entropy of the classical-noise channel N, is achieved

by input coherent states, i.e.,

log[{(n +1)" — n"]
. (4.88)

mgn Sy (Nu(p)) = 1 )

for integer orders r = 2,3,4,....

Proof Minimizing Rényi entropy S,(N,(p)) is equivalent to maximizing the r-purity
tr((Nn(p))"), and by concavity of Rényi entropy, we know that the minimum (4.88) is

achieved on pure input states p = |1} (1| Thus, we write
(AR =tr [ Pule) D)D) din -+ [ Pu(ar) Dien)pDYar) don (4.89)
- / Pa(z1) -+ Palzs) te(D(20)pD (21) - - D(2)pD () daa - dze (4.90)

= [ Puer) - Pulr) D! ) D(a)l) - WID ar) D)) dav - d:

(4.91)
¥ * " .
= /Pn(zl) -+ Pa(z) exp ( 21222+ %122 Tt z,zlz-}- zrzl)
Xpr(22 — 21) - Xy (21 — z2) d - - . (4.92)

We let xj,(z) = (| D(z)|4) denote the symmetrically-ordered characteristic function of the

input state p. Express each of the characteristic functions in (4.92) in terms of the Wigner
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function W(a) through the Fourier transform relation

Xol(2) = / W(a)e™™ "2, (4.93)
This gives us
() = [ W)+ W(a) g(e) da, (494)
where the inner Gaussian integral is
1 t t i gt
gla) = Gy exp (—z Az + z'Ba—a'B z) dz, (4.95)
and we have defined the vectors z = (z1,...,2.)7, @ = (o, ..., a,)T, and the matrices
I/n —-1/2 0 - 0 1/2
1/2 1i/n -1/2 -.- 0 0
0 /2 1i/n -~ 0 0
A= 2y (4.96)
0 0 0 1/2 1/n -1/2
-1/2 0 0 0 1/2 1/n
1 0 o0 - 0 -1
-1 1 0 - 0 o
0o -1 1 - 0 0
B= (4.97)
0 0 0 -1 1 O
0 0 0 0 -1 1
A and B are both circulant matrices, so they can be diagonalized as
A=FIAsF (4.98)
B =F'AgF (4.99)
Aa=disg(nf ... x4) (4.100)
Ap= diag()\f? ,\5) (4.101)
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by the unitary Fourier matrix

1 1 1 1
1 B 1 1 w"l w“z N w“("'_l)
F=-"lu¥=-—
T |
1 w_(T_l) w_2(r"1) Ve w"(r"l)("'_l)

where w = exp(2mi/r) is an r-th root of unity. The eigenvalues of A and B are

1
A,f:;——ilm(wk_l), fork:l’---7r’

and

M=1-wl fork=1,...,r

Rotating by the Fourier matrix F' with the change of variables

B=F«a

y=Fz,
the Gaussian integral is

g(a) = ——(w;)f /exp (——zTAz +2'Ba - aTBTz) dz
1
- —yt t —agtat
(an) /EXP( y'Aay+y'ApB - ABy) dy

]
II / exp (—MAlel? + yEAB B — BN w) dy

(mn)"
BRI | T (_lelzwknz)
T T A A
no A A

IAB|2|[5' 2
- n’”detA ( Z : )
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Thus, the output r-purity is

H(Nalp)) = [ Wian) -+ W(ar) g(od do w2
I — D218
T onrdetA / Ws(8) exp (“; -"—XE——> s (4.113)
N — [XP1%18x [

As discussed in Appendix B, this means that the output r-purity can be expressed as the
expectation of a thermal operator G acting on an extended Hilbert space H®". On this
extended Hilbert space, the annihilation operators @ = (ay,...,d,)7 are in the product in-
put state p®” with Wigner function W,(a) = W(a1) - -- W(a,). The annihilation operators

b= (51, ceey BT)T, which are related to @ through a rotation by the Fourier matrix
b= Fa, (4.115)

are in the state with Wigner function W;(8) = W,(F183).
We upper bound the output r-purity by the maximum absolute value of the eigenvalues

of G. From (B.18),

tr((Nn(p))") = (G) < , (4.116)

ﬁ 2/n
o 28 + P

which is achieved by the eigenvalue of G associated with the product vacuum state [0)®"
of the annihilation operators bx. But since the sets of annihilation operators @ and b are
related through a unitary transformation, this means that the output r-purity is maximized
by the input vacuum state p = |0)(0]. Thus, we have proved (4.88), which says that output
Rényi entropy of the classical-noise channel A}, is minimized by input coherent states for

integer orders r > 2. |}
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For completeness, we can evaluate the right-hand side of (4.116) to show that it does

give us the right-hand side of (4.87). From (4.103) and (4.104),

ﬁ ()\? + l—/\gﬁ) = ﬁ (1 — i Im(w*) + ‘L—'%:E) (4.117)

k=1
1:[ (— —iIm(w*) + 1~ Re(w )) (4.118)
I:I( : ) (4.119)
(_ ot ) - L (4.120)

Thus, (4.116) reduces to
fI 2R s = : = - : (4.121)

et 26T e, (G + BE) (e

Finally, using decomposition (4.6), the output Rényi entropy of the thermal-noise channel

is lower bounded as

min §,(£3)(5)) = min S, ((Wa—w © £3)(3)) (4.122)
> min 5, (Nt (5) (4123)
_ log[(1=m)N +1) — (1 = m)NY'] (120

r—1

Input coherent states achieve this lower bound, so (4.124) is the minimum output Rényi
entropy of the thermal-noise channel for integer orders r > 2.

Recently, the same approach was used to extend the above proof to multiple channel
uses in [61], where it was shown that the minimum integer-order output Rényi entropy of the
classical-noise channel is additive. In another related result, [62] shows that the minimum
output Rényi entropy of a general class of Gaussian channels, including our classical-noise
channel as a special case, is additive for all r € (1, 00) when the inputs are restricted to be

Gaussian states.
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4.3.2 Replica Method

The replica method was developed in statistical mechanics for evaluating free energy den-
sities in situations for which an explicit calculation is not possible. The major obstacle in
the free energy calculation is the expectation of a logarithm, Eflog Z], where Z is called the
partition function. Recently, replica-method analyses have started to appear in classical-
communication problems, e.g., [63], [64]. The typical such approach proceeds as follows.

1. Use the identity

. dA™

and assume that expectation and limit can be interchanged, so that

m
EllogZ)=FE [lim0 ffiim_] (4.126)
m—
s 1 dE[Z™]
= i 7 dm (4.127)
™m
m—0 dm

2. Assume that free energy is self-averaging. Let K be a size parameter for the given

problem. Then, our assumption is that free energy converges to its expectation for

large K.
F= lim ~E[logZ] 4.129)
m
~ fim lim 28 E1Z" (4.130)
K~—00m—0 dm
= lim % Jim < log E[Z™] (4.131)

m—0 dm K—oo K

3. Evaluate (1/K)log E[Z™] for integer values of m using the saddle-point method or
large deviation theory to asymptotically compute an integral.

4. Assume analytic continuity for the function img_,oo(1/K) log E[Z™)]. Take derivative

and let m — 0.

Although the replica method lacks a rigorous mathematical justification, it is an accepted

procedure in the field of spin glasses, for which the method was originally developed [65].
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Furthermore, the replica method has been successfully applied to problems in communica-
tion and information processing; see references in [63].

In the replica method analysis, identity (4.125) is introduced to avoid taking the ex-
pectation of a logarithm. In our minimum output entropy analysis, we considered the
parameterized family of Rényi entropies for the same reason. If we shift the order param-
eter in the definition of Rényi entropy by setting s = r — 1, then the fact that Shannon
entropy H(X) = —E[log p(X)] reduces to Rényi entropy of order r = 1 can be expressed as

H(X) = — lim B EPX)]

lim —, (4.132)
whereas the replica method approach {4.128) gives us
Ep(X)?
H(X) = — lim 208 EPX)T] (4.133)
s—0 ds

An application of L'Hopital’s rule to (4.132) demonstrates the equivalence of these two
expressions.
One way to get a connection with the replica method is to define the minimum entropy
functions
Sy (Nn(p)) = min Sr(Na(p)) (4.134)
S*(Na(9)) = min S(Na(5)) (4.135)
Then, an application of the replica method to our minimum output entropy problem can

be summarized as follows.

1. Assume it is valid to interchange minimization and limit, so that

S*(Na(p) = min lim Sr(Na()) (4.136)
= lim min Sr(Na(P)) (4.137)
= lim &7 (Na(P) (4.138)

2. Evaluate the function S} (M, (p)) at integer values r = 2,3,4,....

101



3. Assume analytic continuity for the function S}(MN,(p)) and take the limit r — 1.

In the typical replica method analysis, the evaluation of the function at integer values of m
requires a self-averaging assumption and an asymptotic calculation in the size parameter K.
In our analysis, the dimension of the noise Hilbert space serves as an infinite size parameter,
and we have rigorously derived the minimum output Rényi entropies for integer values of
r > 2. This connection with the replica method provides us with additional support for our

minimum entropy conjecture (4.16).

4.3.3 Wehrl Entropy

The Wehrl entropy of a density operator § is the Shannon entropy of its Husimi Q-function,

R n . do

Sw(p) =~ [ (alpla) og(alpla) 2 (4139)

~ - [ Q(a)log(x@(e)) da, (4.140)

where Q(a) = (a)pla)/7 is the @Q-function. This entropy quantity is a measure of the
localization of a state in phase space. The statistics of ideal heterodyne detection, which
provides a physical realization of a two-quadrature field measurement, are characterized
by the probability density Q(a) [66]. The fact that the @-function cannot be precisely
localized in phase space is due to the Heisenberg uncertainty principle, which prevents both

quadratures from simultaneously having zero variance. Wehrl conjectured [67] and Lieb

proved [68] that coherent states minimize Wehrl entropy, i.e.,
min Sw(p) = 1. (4.141)
p

In this section, we prove the following result.

Theorem 4 The minimum output Wehrl entropy of the classical-notse channel N, is achieved

by input coherent states, i.e.,
min Sy (Np(p)) =1+ log(n+1). (4.142)
P

Proof The addition of classical noise to the input mode multiplies the anti-normally ordered

characteristic function by the factor eI, Taking inverse Fourier transforms, the Q-
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function at the output of the classical-noise channel is the convolution

Q@) =@+ P)@) = [ QB)Pa - B)dp. (4.143)
For an input coherent state p = |ag) (o}, the output Q-function is

— 2
e—la—aol?  ~la?/n  exp [—ML]

/ . _ n+l1
Q)= ———*——= T (4.144)
so the output Wehrl entropy corresponding to an input coherent state is given by
Sw (Ma(lao) (o)) = MQ'(a)) —logn (4.145)
= log(we(l +n)) —logw (4.146)
=1+log(1l +n), (4.147)

where h(f) = — [ f(z)log f(z)dz is the differential Shannon entropy. Thus, the output
Wehrl entropy produced by a coherent-state input is independent of the input mean ampli-
tude ap. We claim that this is the minimum output Wehrl entropy.

To lower bound the output Wehrl entropy, we apply the entropy power inequality [68],
[56]. Let f and g be two-dimensional probability distributions. The entropy power inequal-
ity provides a lower bound on the entropy of a convolution, and the form of the inequality

we will use is [68]

R(f * g) = M(f) + (1 — Mh(g) — Alog A — (1 — A log(1 — A), (4.148)

valid for all 0 < A < 1. Applying the entropy power inequality to the classical-noise channel

103



gives us the lower bound

Sw(Na(p)) = M(Q * Pp) —logm (4.149)
> AR(Q) + (1 = Mh(F,) — Alogh — (1 —A)log(1~)) —logm (4.150)
> A1 +log7) + (1 — M) log(men) — Alog A — (1 — A)log(l — X) —log

(4.151)
=14+(1—-XA)logn—Alogh— (1 —2A)log(1—2) (4.152)
>1+log{n+1), (4.153)

where we applied (4.141) in (4.151) and set A = 1/(1 + n) to obtain the final result. Thus,

input coherent states achieve the minimum output Wehrl entropy. [ |

These arguments also apply to the thermal-noise channel S,;v and show that output Wehrl

entropy is minimized by input coherent states:

mgn Sw(é'év([))) =1+log[(1—-n)N +1]. (4.154)
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Chapter 5

Capacity of the Optical MAC

In Chapter 3, we studied the capacity region of the quantumm MAC with prior shared
entanglement. In this chapter, we continue our study of the quantum MAC by generalizing
our classical-capacity analysis for the single-user Bosonic channel to the optical MAC. In
contrast to the channels we studied in Chapter 3, the optical MAC is a continuous-variable,
noisy Bosonic channel without shared entanglement. In Section 5.1, we define our channel
model and derive the maximum rates for reliably transmitting classical information over
the optical MAC when the transmitters are restricted to classical states. In Section 5.2, we
generalize the Gaussian encodings from Chapter 4 to achieve higher rates over the optical
MAC. We derive an outer bound for the ultimate capacity region of the optical MAC in
Section 5.3 and show that the sum-rate upper bound is achievable with a coherent-state
encoding. We also show that the ultimate capacity region can be asymptotically achieved

in the limit of large input mean photon numbers.

5.1 Coherent-State MAC

We consider the optical MAC, shown in Fig. 5-1, in which two senders, Alice and Bob,
transmit classical information to a common receiver Charlie, and each sender has access to
one input port of a beam splitter with transmissivity 0 < n < 1. For a single mode of the
optical MAC, the output is given by é = \/a+vT—7 b, where @ and b are the annihilation
operators of Alice’s and Bob’s input modes, and é is the annihilation operator of the mode
that Charlie measures. In this section, we derive the capacity of the optical MAC when

Alice and Bob encode complex-valued input messages a and 3 as coherent states [a) 4®|3) 5
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Figure 5-1: Optical multiple access channel. Transmitters Alice and Bob have access to input
modes & and b, respectively. Charlie receives the output mode ¢ = \/na + /1 — nb.

with independent input distributions p4(a) and pg(8). The corresponding received output
state is the coherent state |,/fiae + /1 —9B)c, so we will refer to this system as the (single-
mode) coherent-state MAC. As in Chapter 3, we will only consider the one-shot (M=1)
classical capacity of the optical MAC.

5.1.1 Coherent-State MAC Capacity

We first consider the capacity region of the coherent-state MAC when Charlie uses homo-
dyne or heterodyne detection. With these receiver measurements, the coherent-state MAC
is equivalent to a corresponding classical additive Gaussian noise MAC. The capacity region
of the scalar Gaussian channel corresponding to homodyne reception is the set of rate pairs

(R1, Rp) that satisfy [56]

1
R < 2 log(1 + 4nfia) (5.1)
1
Ry < 3 log(1 + 4(1 — n)@iB) (5.2)
1
R+ Ry < 3 log(1 + 4nfia + 4(1 — n)fg), (53)

and the capacity region of the vector Gaussian channel corresponding to heterodyne recep-

tion is given by

Ry < log(1 +nia) (5.4)
R < log(1+ (1 — n)Ag) (5.5)
Ri + Ry <log(1 +n7ia + (1 - n)7im). (5.6)

It is possible to generalize these results to the m-user optical MAC. If the ith transmitter

sends coherent state |a;), for i = 1,...,m, then the output of the m-user optical MAC is the
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coherent state | ;" /7)), where the transmissivity factors 7; sum to one. The capacity

region with homodyne detection is the set of rates (Ry, ..., R,;) that satisfy the inequalities

Y R < %1og (1 +4> nﬁ) , (5.7)

€S €S

for all subsets S C {1,...,m}, where 7i; is the input constraint for the ith user. The capacity

region with heterodyne detection is given by the inequalities

> R;<log (1 + Zmﬁi) , (5.8)

ieS €S

for all subsets S C {1,...,m}.

We now derive the capacity of the coherent-state MAC with optimal receiver measure-
ments. If we assume that quantum MAC capacity result (3.3)-(3.5) is valid for continuous-
variable quantum systems, then the capacity region of the coherent-state MAC is the convex

closure of all rate pairs (Ry, R2) that satisfy

mg/wwﬂﬁwﬂ (5.9)
ms/mwﬂxwa (5.10)
Ri+ R < S(ﬁ), (5.11)

for some product distribution p4(a)pp(8), where the conditional and average density op-

erators are defined as

9 = [ pa@lal + ) + B da (512)
5= [a@lel + ) + 18 (5.13)
p= / / pa(e@)ps(B)le’ + ')’ + B'| dedB (5.14)
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Figure 5-2: Coherent-state capacity of the optical MAC. The capacity region is given by inequalities
(5.17). The capacity regions with homodyne and heterodyne measurements are also shown. The
transmissivity is 7 = 1/2, and the average input photon numbers are fi4 = 10 and 7ig = 8.

with o/ = /o and ' = /T —75B. Then, circularly symmetric Gaussian distributions

a 2

pa(a) = W—;;;exp (—%) ; (5.15)
2

pe(B) = W—;;exp (—%) . (5.16)

are the optimal input distributions, and evaluating the rate upper bounds gives the coherent-

state MAC capacity region:
Ry < g(nha), Rz <g((1-n)np), and Ri+ Rz <g(nia+(1-mn)np). (5.17)

Figure 5-2 shows the capacity region of the coherent-state MAC optimized over receiver

measurements and with suboptimal homodyne and heterodyne receivers.

5.1.2 Wideband Capacity

The preceding single-mode results for the coherent-state MAC can be extended to the case of
wideband operation, in which Alice and Bob may employ photons of any frequency, subject
to constraints, P4 and Pg, on the average transmitted powers. For a frequency-multiplexed
scheme, in which the frequency domain is divided into bins of width b = 1/T', the channel

output for the ith mode is

G=yMa++/1-nb, (5.18)
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where &; and b; are the input modes at frequency f; = /T, ¢ = 1,2,3,..., and 7 is
the frequency-independent transmissivity. We derive the capacity region for the wideband

coherent-state MAC, subject to power constraints

zbhfiE[lailz] < Py (5.19)
> bhfiE[|B:f%] < P, (5.20)
i

where Alice and Bob allocate mean photon numbers 7 4(f;) = E[|;|?] and #ip(f;) = E|[|3:|?]

at frequency f;, respectively.
We first derive the capacity region of the wideband coherent-state MAC with homodyne
detection. With homodyne receiver measurements, the wideband coherent-state MAC is
equivalent to a set of parallel classical MACs with independent zero-mean Gaussian noise.

We derive upper bounds on the individual rates R;, Ry and the sum rate R; + Ry from

separate Lagrange multiplier calculations. For Alice’s rate, we maximize
1
R, = b; 5 log(1 + 4nEfafy), (5.21)

such that (5.19) is satisfied. In the limit b — 0, we obtain the wideband solution

[Pa
Ry =12 (5.22)

_ 1 [P, 1 2P,
= — _—— < .

where we let #4(f) = nia(f) and Py = nPs. We see from (5.23), that Alice’s optimal

mean photon number allocation, #i4(f), is given by water-filling, as is found in classical

information theory. Similarly, maximum wideband rates for Ry and R; + Ry are given by

Pp
Ry =\ —% (5.24)
1 [Py 1 2P!
ip(f) = 7V o rfs/5E, (5.25)
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and

[P, + P!
Ri+Rp=y/AT"B (5.26)

7h
_ 1 [PL+Py 1 2(P), + Pj)
=/ AL = <A B .
fiap(f) 7 o p  frfs2 PR (5.27)

where #5(f) = (1 — n)7is(f), Wsg(f) = W4(f) + Ap(f), and Py = (1 — n)Pp. The rates
(5.22),(5.24), and (5.26) describe a pentagon region which serves as an outer bound for the
capacity of the wideband coherent-state MAC. Here, ig(f) is Bob’s optimal average photon
number allocation, and the role of 'y 5(f) will be elaborated below.

With average photon number allocations (7i4(f), (7'4g(f) — #4(f))/(1 — 7)) for Alice

and Bob, the lower-right corner point

P P, +Pg | Pl
(\/W—, = "\ (5.28)

of the outer bound can be achieved. Similarly, ((7/y5(f) — #5(f))/n, nB(f)) achieves the
upper-left corner. Thus, the entire region is achievable and hence is equal to the capacity
region. A similar derivation shows that the wideband coherent-state MAC with heterodyne
detection has the same capacity region.

We can generalize the result to the m-user wideband coherent-state MAC. Suppose the
kth user sends coherent states |a;). The channel output of the ith mode is the coher-
ent state | >y, \/MkQk,i), where the transmissivities 7 sum to one, and the input power

constraint for the kth user is

th fiEllax % < Py, (5.29)

for k =1,...,m. If the receiver uses homodyne or heterodyne detection, then the wideband

capacity region is defined by the inequalities

Y Ri<C (Z nkpk) , (5.30)

keS keS

where C(z) = \/z/xh, for all § C {1,...,m}.
In the derivations above, we assumed that structured receivers are used to perform mea-

surements at the channel output. We can follow the same approach to optimize the receiver

110



measurement over the wideband coherent-state MAC. Single-user wideband solutions are
applied to derive upper bounds on the individual rates Ry, Ry, and the sum rate R; + Rs.

Then, we check that the resulting outer bound is achievable. This gives us the capacity

region
w P
<4/ =4 i
R; < 3 (5.31)
w Pl
< B .
Ry <= (5.32)
P, + P;
Ri+ Ry <y "FatPa) (5.33)
3h
with the optimal power allocations
~ 1
i (f) = N , (5.34)
T !
exp ( 6hP;,> -1
1
np(f) = : (5.35)
exp (-—’i’if—) -1
6h Py
_ 1
fap(f) = (5.36)

h )
o (Zattlems) !

The optimal receiver gives a factor 7/ v/3 improvement over the conventional receivers.

5.2 Gaussian MAC

Now let us return to the single-mode case and relax our assumption that the transmitters use
coherent-state encodings, i.e., we will allow them to use non-classical states in their quest
for the largest possible capacity region. As a step toward finding the ultimate capacity
region of the optical MAC, let us allow Alice and Bob to employ arbitrary Gaussian states,

instead of just coherent states.

5.2.1 Holevo-Sohma-Hirota MAC

We first derive the capacity region for a multiple access version of the Holevo-Sohma-Hirota

channel model described in Section 4.2.2. Let p(0) be a zero-mean, Gaussian state with



variance matrix
i Vi
V= ; (5.37)
Vi V2

We define a multiple access channel model in which Alice and Bob send classical messages

«a and B, subject to input constraints

(o) = [ laf*pa(a)da=Na, (5.3)
167 = [ 18Ppa()d8 = N, (5.39)
and Charlie receives the state p(a, 8) = D(a+ 8)5(0)D'(a+ ), which is a shifted version of

the initial state 5(0). From the quantum MAC result (3.3)-(3.5), the capacity region of the
Holevo-Sohma-Hirota MAC is given by the convex hull of all rate pairs (R;, Ry) satisfying

Ri < S(pa) — S(p(0)) (5.40)
Ry < S(pB) — S(5(0)) (5.41)
Ri + R < S(pas) — S(p(0)), (5.42)

for some product distribution ps(a)pp(B3), where we defined the ensemble averages

e / pa(e)D(a)p(0)Dt(0r) dov (5.43)
P = / pe(8)D(8)5(0)D' (8) dB (5.44)
Pas = / pa(c)pB(B)i(c, B) dodp. (5.45)

To evaluate this capacity region, we first maximize each of the rate upper bounds for Ry,
Rz, and Ry + Ry separately. We then show that the region described by these maximum
rates is achievable.

To maximize the right-hand side of (5.40), we follow the proof of the Holevo-Sohma-
Hirota result in [57]. A similar result holds for maximizing the right-hand side of (5.41).
For any input distribution p4(a) that satisfies constraint (5.38), let §4(a) be the zero-

mean Gaussian distribution with the same second moments as p4(a). Then, ps(a) satisfies
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constraint (5.38) and

pa= / 54(@)D(2)p(0) D' () do

is a Gaussian state. If F(4,a') is any second-order polynomial in (&, at), then

trpaF(a,at) = /pA(a)tr

=/pA(a)tr
=/13A(a)tr

= trpsF(a,a!

D(a)p(0)D () F(a, )da
PO)F(@ + a,d' +a*) )d

PpO)F(a+ a,a’ + a* )

v/\/\/\

(5.46)

(5.47)
(5.48)
(5.49)

(5.50)

where we used the fact that tr (ﬁ(O)F (& +a,af + o )) is a second-order polynomial in

(o, @*). Thus, pa and p4 have the same second moments, and it follows that S(g4) > S(pa),

i.e., we can restrict to Gaussian input distributions.

When the input distribution ps(a) is Gaussian, the rate upper bound for R; can be

expressed as
. 1 1
(o)~ SG(O) = g (AV +Val = 1) =g (212 - 1),
where the variance matrix of pa(a) is
o (v e

Ve Ve

Thus, the optimization problem we need to solve is
n‘llaxf(Va) = |V + W,

subject to the positive semidefinite and input power constraints

Va 20,
tr(Va) = V& + V& = N

(5.51)

(5.52)

(5.53)

(5.54)
(5.55)

This constraint region is the interior of a circle in the Vi* — V{3 plane, which has the
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parameterization

V& =rcosf + % (5.56)
Vi3 =rsinf (5.57)
V¥ = —rcosf + —]!2‘-4-, (5.58)

as T and @ take values 0 < r < N4/2 and 0 < 6 < 2, respectively. Now, write

f(Va) =V + Vo (5.59)
= (Vi + VP)(Va + V§) — (Va2 + V3)? (5.60)
= (V1 +rcosB+-1zzé) (Vz—-rcost9+—]\—;ﬁ) — (Vi + rsin6)? (5.61)
2 2
_ (VI+V22+NA> _(Vl 2Vz+rcosl9> — (Viz + rsinf)>. (5.62)

In terms of the parameters r and 6, our maximization problem is

Vit Vet Na\*_ . |(Va—W
r,8 2

2
n‘l,aﬂ,xf(Va) = ( 2 —'rcos@) + (=Viz —rsin 0)2} . (5.63)

This maximization has two different solutions, depending on whether the point ((Vo—V1)/2,
—~V12) lies in the circle centered at the origin with radius Na/2. If ((V2a—V1)/2, ~Vi2) lies in
the circle, then the minimum on the right-hand side of (5.63) is zero. If ((Va — V1)/2, —V12)
lies outside the circle, then a simple geometric calculation gives the minimum on the right-

hand side of (5.63). We thus obtain the maximum individual rates

Rpax1 = l’I‘l;:ixX S(pa) — S(p(0)) (5.64)

[ g(i+Va+Na—1)—g(@Vi2-1),
for Ng > (Vi — Vo)? + 4V )12

1/2
2 — 2 2
9(2 [(M—%ﬂ“) - (V) +V32—%A)] —-;—) ~9 2V~ 3),

{ for Na < (Vi — V)% + 4V3)1/2

(5.65)
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and

Rz = max S(p5) = S(5(0))

)
g(Vi+Va+Np—3)—g(2V|*2-1),
for Ng > (Vi — Va)? + 4V3)/?

for Np < (Vi — Va)? + 4V2)1/2.

(5.66)

9 (2 [(—2—1”&) - (Ve v va - ”ﬂ)] " ) ~o (VI -4),

(5.67)

To maximize the rate sum upper bound, we follow the same approach. It is again

sufficient to consider Gaussian input distributions pa(ca) and pg(3), so our maximization

problem is

max h(Va, Vg) = |V + Va + V3l
Va, Vs

subject to the positive semidefinite and input power constraints

Vo >0

V20
tr(Va) = Vi 4+ V&* = Na
tr(Vg) = VP + V£ = Np.

This constraint region is the interior of two circles with the parameterizations

Vla =racosf4+ -1%4-

V5 =rasinfy

Na

V' = —racosba+ —,
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(5.69)
(5.70)
(5.71)
(5.72)

(5.73)
(5.74)

(5.75)



where 0 <74 < N4/2 and 0 < 64 < 27, and

N
VIB =rpcosfp + —22 (5.76)
Vf =rpsinép (5.77)
N
Vgﬂ = —rgcosfp + —2157-, (5.78)

where 0 < rp < Np/2 and 0 < 6 < 2n. This parameterization allows us to write i(Vq, Vp)

as
hVa, V)
=V + Vy+ V3] (5.79)
=M+ VE+ V)V + Ve + V) — (Via + Vg + V)2 (5.80)
N, N,
= (Vl +r4qcosfs +rpeosfp + -L—;—-—B) (V2 —racosfs —rgcosfp + NL;-EBL)
— (Vig +rasinfy +rpsinfp)? (5.81)
Na+Ng\? [(Vi—-Vi 2
= (VI + Vs +2 at B) - (—ITE +racosfy +1‘Bc0593)
— (Vig+rasinfa +rpsinfp)? (5.82)
Thus,

fmax ~(Va, V)

_ (V1+V2+NA+NB)2
- 2

. V-V 2 . .
—  min ———— —racosfy —rpcosbp | +(~Vig—rasinfs —rp sm03)2 .
r4,78,94,98 2

(5.83)

The second term on the right in (5.83) is the minimum squared distance between the points
((Va —V1)/2,—Vi2) and (racosfs +rpcosfp, Tasinfy +rpsinfp). If (Vo —V3)/2, —V12)
lies in the circle centered at the origin with radius (N4 + Np)/2, then the second term

vanishes. Otherwise, a simple calculation gives this minimum distance. We obtain the
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maximum sum rate

Rmaxiz = fax S(pas) — 5(p(0)) (5.84)

[ g(i+Va+Na+Ng—1)—g (V|2 - 1),
for Ny + Np > (Vi — V2)2 + 4V2)1/2

1/2
= 2 2
)92 {(4——A—EV+V2+2” iz )" (\/(4—2";")2“«%——4—“ £ ) } —%)
—g (2IV|1/2 - %) ’
\ for Ng + Np < (V; — V)2 + 4VE)V/2.

(5.85)

We claim that the capacity region Cysu(V, Na, Np), with initial variance matrix V and

input constraints Ny and Np, is the region defined by the inequalities

Ry < Rimax1 (5.86)
RZ S Rmax2 (587)
R12 £ Rmax12- (5.88)

To verify this claim, we show that the corners of this region are achievable. The result
then follows by timesharing. Let the point ((Vo — V4)/2,—Vi2) have coordinates (ry,8y)
and suppose that Ng > N4. To show that the lower corner (Rmax1, Rmaxi2 — Bmax2) is
achievable, we need to find points (r4,64) and (rg,8p) that simultaneously minimize the
distance between (ry,8v) and (ra,64) and the distance between (ry,f0y) and (r4,04) +
(rB,0p). Similarly, to show that the upper corner (Rmax12 — Rmax1, Rmax2) is achievable,
we need to minimize the distance between (ry, 8v) and (rp,0p) and the distance between
(rv,6yv) and (ra,604) + (rB,08). There are four cases to consider: see Fig. 5-3. For each
case, we list the coordinates (r4,64) and (rp,8p) corresponding to the capacity-achieving

input distributions.

e Case l.

— lower corner: (ra4,84) = (rv,60y) and (rg,08) = (0,0)

— upper corner: (r4,84) = (0,0) and (rB,08) = (rv,byv)
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Figure 5-3: Regions. Case I: Ty < N4/2. Case II: N4y/2 < ry < Np/2. Case IIl: Ng/2 < ry £
(Na+ Ng)/2. Case IV: ry > (N4 + Np)/2.

e Case II.

~ lower corner: (r4,84) = (Na/2,0y) and (rp,08) = (rv — Na/2,0v)

— upper corner: (r4,84) = (0,0) and (rg,05) = (rv,8v)
o Case III.
— lower corner: (r4,04) = (Na/2,0v) and (rp,0p) = (rv — N4/2,6v)
— upper corner: (r4,04) = (rv — Ng/2,0y) and (rg,88) = (Np/2,0v)
e CaseIV.

—~ lower corner: (ra4,04) = (Na/2,60v) and (rg,08) = (Np/2,0y)

— upper corner: (r4,04) = (Na/2,0v) and (r,8B) = (Np/2,8y).

5.2.2 Gaussian MAC Capacity

We now apply the capacity result derived in the previous section to the optical MAC in
Fig. 5-1. Alice and Bob encode their classical messages o and 8 using input states of the

form

pal@) = D(a)pa(0)DY (a) (5.89)
pe(8) = D(B)pe(0)DI(B), (5.90)
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where p4(0) and pp(0) are zero-mean Gaussian states with variance matrices V4 and Vg,
respectively. This is a modulation code for which the coherent-state encoding is the special

case in which p4(0) and pp(0) are vacuum states. Charlie receives the output ensemble

{pala)pB(B), E(pala) ® pB(B))}, (5.91)

where the channel output £(pa(a) ® pp(8)) is the Gaussian state with mean ,/fja++/1—ng
and variance §V4 + (1 — 17)Vp. Define

Vi=qngVa+(1-n)Vs (5.92)

Ny=n (ﬁA -Vt -Vt + %) (5.93)
1

Njp=(1—n) (nB V-V +3). (5.99)

where 7i4 and 7fig are the input mean photon number constraints. The capacity of the

Gaussian MAC is the region Cusu(V’, N, Ng):

R; £ Rpax1 (595)
R12 < Rmax12, (5.97)

where the rate upper bounds are given by

,
g(mia+ (1 -n)(VE+VE - 1) —g @V -1,
for Ny > (Vi — V) + 4V4§)'/?

1/2

2
— ‘ ’ 1\ 2 _vr\2 + 5.98
Rowa ={ 2[(@) _( (454) +V{§—%A>] _ (598)

[l

) (2|V,|1/2 - %) )
for Ny < (V) — Vi) +4Vi3)1 1,
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g(nVA+VA -+ -nas) —g(2V'IV2-1),
for N > (V{ — V4)? + 4V, 2)1/2
1/2

2
= FIvIANT. \ 2 1_yi\2 Y .
Rppaxo = < g2 l:(v1 +V22+NE) ( (v,zvz) V2 1‘93) } % (5.99)

-g(2V)"2-1),
for N < ((V§ — V3)? + 4V,3)/2,

and

4
g(nia+ (1 —n)ag) — g 2[V'|/2 - 1),
for Nj + Np > (V] - 3)2 +4V;3)1/2

97 1/2
— 7 ' 7 ] 2 1 _Yy/t 2 ’ 7 ’
Rupaxiz = 4 g 2[(VI+V2+2N,+NB) _( (V12Va) +%§—EA;—NE)} _%
~g (V12 -3),
\ for Njy + N < ({ - V3)% + 41 3)1/2.
(5.100)

For input photon numbers 7i4 and g sufficiently large, the capacity region of the Gaussian

MAC is the set of rate pairs that satisfy

<g(mara-n (Wewp-3))-s(vpr-3) o
Ra<g (n (VA4 v - %) F(- n)nB) g (21V’|1/2 -3) G
Ru R < glrma+ (1= n)ng) - g (2V/P2 - 1) (5.10)

This achievable rate region reduces to the coherent-state formulas, Egs. (5.17), when V4 =

Vg = I/4. As shown in Fig. 5-4, it is possible to find V4 and Vp, for example,

= 0
Va=Vg= (% , (5.104)
0 2
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such that the Gaussian MAC region is larger than the coherent-state MAC region (5.17).
Numerical optimization can further enlarge the capacity region beyond that achieved by this
example, but we do not know how to determine the capacity region achieved by Gaussian
codes analytically. In the next section, we show that in the limit of large fi4 and fAp,

transmitting Gaussian states is asymptotically optimal.

5.3 Capacity Outer Bound

Achieving the ultimate capacity region of the optical MAC may require the use of non-
Gaussian states, so the capacity of the Gaussian MAC is still only an inner bound. In this
section, we develop an outer bound on the ultimate capacity region of the optical MAC. Let
Alice and Bob use input states—averaged over their respective random-coding ensembles—
pa and pp that are subject to the average photon number constraints 4 and fig. Because
von Neumann entropy is invariant to mean fields, we know that the optimum p, and jp
will be zero-mean-field states. This, in turn implies that (¢'¢) = nfia + (1 — n)Ap, from

which it is easily shown that
Ry + Ry < S(E(54 ® P5)) < g (nia+ (1 — n)ig).- (5.105)

The sum-rate upper bound in (5.105) coincides with the coherent-state MAC result appear-
ing in (5.17). Hence, we have shown that the sum rate for the capacity region is achieved by
coherent-state encoding in conjunction with optimum (joint-measurement) reception. More
generally, the Gaussian-state encoding is a sum-rate-achieving code in the above-threshold
regime, i.e., (5.103) coincides with (5.105), whenever £(p4(0) ® pg(0)) is pure. Moreover,
from (10) it can be shown that heterodyne reception is asymptotically optimum for the sum
rate in the limit 574 + (1 — n)fip — oo.

To upper bound the individual rates R; and Ry, consider a super receiver that has access
to both output ports of the beam splitter representing the optical MAC. A super receiver
can apply the inverse unitary beam splitter transformation to undo the effects of the optical
MAC. Thus, the individual rate upper bounds reduce to single-user Holevo informations,
and we have the upper bounds R; < g(fi4) and Ry < g(Aig). Our optical MAC results are
illustrated in Fig. 5-4. Here we have plotted the sum rate for a single-mode quantum optical

MAC with 5 = 1/2, ig = 10, and 7ip = 8, along with the capacity region for heterodyne
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Figure 5-4: Optical MAC capacity region. Inner bounds and the outer bound given by R; < g(74),
Ry < g(7ig), and Ry + Rz < g(nfia + (1 — n)np) are shown for the ultimate capacity region of the
optical MAC. The Gaussian-state capacity region is evaluated with input variance matrices V4 and
VB given by (5.104). The transmissivity is 7 = 1/2, and the average input photon numbers are
fig =10 and fig = 8.

reception, the individual rate limits for coherent-state encoding, and the individual rate
limits for the Gaussian-state encoding from Eq. (5.104).

We have presented codes which achieve the sum-rate upper bound, but it is unknown
exactly how far we can reach into the corners of the outer bound region. One thing we
can demonstrate is that the individual rate upper bounds are asymptotically achievable in
the limit of large fig and 7ig. Let Alice transmit real-valued classical messages o using
squeezed states |a,r} excited in the first quadrature with squeezing parameter r. Let Bob
transmit the zero-mean squeezed state |0, R) with squeezing parameter R = sinh'l(\/ﬁB),

i.e., Bob squeezes as hard as possible. A rate of

1 474 — sinh?r)
Ry = > log (1 + —e_—w?_%,—le'_ﬁ (5.106)

is achieved if Charlie uses homodyne detection to decode Alice’s message. After substituting

the optimal squeezing parameter r = log(274 + 1)/2 and several applications of L'Hépital’s
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rule, we obtain the ratio

1log (1 + 4 (7i4 — sinh?
Jim lim Bl 2198 {1+ 467 (R4 —sinb®r)) (5.107)
fia—oofig—oo g(fig)  Aa—o0 g(fia)
log(1 + 27
= lim _(E(___iﬂ). (5.108)
As—oo  g(ng4)
=1. (5.109)

Thus, this squeezed-state code with homodyne reception is asymptotically optimal for large
input photon numbers fi4 and 7ig. For the special case n = 1, Bob is irrelevant and the
above argument says that the squeezed-state/homodyne code is asymptotically optimal for

the single-user noiseless Bosonic channel.
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Chapter 6

Summary and Future Work

Our focus has been on deriving the classical capacity of quantum optical communication
channels. Capacity results for a general class of Gaussian-noise single-user optical channels
were developed and extended to an analysis of the optical MAC. We have also considered
the problem of distributing entanglement to distant users in a quantum communication

system and derived capacity results for entanglement-assisted MACs.

6.1 Summary of Results

A quantum communication architecture is being developed by a team of researchers at MIT
and Northwestern University for long-distance transmission and storage of polarization-
entangled photons. In Chapter 2, we derived a single-photon error model for the joint states
of the quantum memories of this communication system to assess the effects of source errors
and fiber transmission imperfections on teleportation performance. Our results show that
while the system’s fidelity is not very sensitive to these errors, significant loss of singlet-state
throughput may be incurred in some cases. We also studied an extension of the MIT/NU
teleportation system that allows for the transmission and storage of GHZ states. The GHZ-
state system single-photon error model was derived for two different source configurations,
and performance analyses were presented for quantum secret sharing of either classical or
quantum information.

In Chapter 3, we studied the superdense coding protocol for transmitting classical in-
formation over a quantum MAC in a finite-dimensional space. Theorem 1 states that the

capacity region of the three-party superdense coding channel is defined by the set of rates

124



satisfying the bounds in (3.6)-(3.8). The extension of this result to more than two senders
was given in (3.36). We discussed the potential for increasing transmission rates by allowing
a user to discard their share of the entanglement resource and sending logd bits instead.
We then considered general non-unitary encoding schemes and determined: (a) unitary su-
perdense coding is optimal for pure entangled states, and (b) separable states are useless
for enhancing communication over quantum MACs.

Recently, there has been much progress [7], [53] in determining the classical and quan-
tum communication capacities of Bosonic channels. It was discovered that, surprisingly,
single-use coherent-state encodings can achieve the capacity of pure-loss channels and (we
conjecture) thermal-noise channels. In Chapter 4, we derived the classical capacity of a class
of Gaussian Bosonic channels based on minimum output entropy conjecture (4.16). This
class of Gaussian channels represents the quantum version of classical colored Gaussian-
noise channels, and our method was motivated by the standard whitening approach used to
solve the classical case. We also made an attempt to justify minimum output entropy con-
jecture (4.16) by showing that coherent input states in fact minimize integer-order output
Rényi entropy, for r > 2, as well as output Wehrl entropy. It seems as if we can minimize
all entropy quantities except the one which rigorously proves our channel capacity results.

We studied the capacity of the optical MAC in Chapter 5. For classical light sources,
we have derived the capacity of the optical MAC and extended the result to the wideband
case through water-filling. We described a more general Gaussian code for enlarging the
coherent-state region and provided upper bounds for the sum rate and the individual rates
of the ultimate capacity region. Our inner bound achieves the sum-rate upper bound, and
we showed that the entire outer bound region is asymptotically achievable in the limit of

large input photon numbers 7i4 and 7ig.

6.2 Future Work

Future work on the MIT/NU communication architecture will involve developing improved
error models for quantum communication. For the GHZ-state communication system, the
OPA and polarization restoration error models presented in Sections 2.1.1 and 2.2 could be
developed and applied to the performance analysis of QSS. As mentioned in Section 2.1.1,

the lumped element approach taken in the present work is valid for OPAs operating within
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a few linewidths about a double resonance. Recent analysis [35] of the dual OPA system,
which uses a broadband traveling-wave treatment, could serve to confirm the results devel-
oped here as well as to gain additional insight into our communication architecture. It is
also desirable to develop new error correction techniques and new methods for overcoming
transmission loss.

As discussed in Chapter 3, we would like to derive the capacity for a quantum MAC in
which Alice and Bob utilize general local quantum operations to encode their messages. It
would be interesting to determine the entanglement-assisted channel capacity beyond the
special cases we have studied. A basic assumption in our model is that Alice and Bob are
able to transmit their particles over noiseless quantum channels. It would be of interest to
generalize capacity results for entanglement-assisted single-user channels [69] to the case of
noisy quantum MACs.

In Chapter 4, the capacity of the Gaussian-noise channel was derived for input mean
photon numbers exceeding a given threshold. Below this threshold, analytical results are
more difficult to obtain. We expect that new techniques need to be developed to better
understand the capacity of these channels in the below-threshold regime. We have already
discussed at length the open problem of providing a rigorous proof for minimum output
entropy conjecture (4.16). A general problem in quantum information theory is additivity
of classical information capacity, i.e., whether channel capacity requires coding over mul-
tiple channel uses. There is ongoing work on the additivity question for Gaussian Bosonic
channels [62] and many other quantum channels.

We studied the capacity of a multiple access quantum optical channel in Chapter 5.
The MAC is the simplest multi-user channel to analyze, so there are more communication
scenarios to be explored. In the classical theory, channels such as broadcast channels, two-
way channels, relay channels, and others have been studied. The corresponding study of

their quantum counterparts could be the source of future work.
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Appendix A

Multimode Gaussian States

We discuss the unitary transformation U for whitening multimode Gaussian states intro-
duced in Section 4.2.3. Let p be a multimode Gaussian state on the Hilbert space HO™,

and define the column vector of position and momentum operators

” T
§ = (il, R :i.’m.)ﬁlv B ﬁm) 3 (A'l)

with commutation matrix

PN 0 I
o= (léé]) = ) (A.2)

The variance matrix V' = (V};) of the density operator p is defined as the matrix with

Vi, = <§z’§j + §j§i> . (A3)

elements
2

Real linear transformations of the operators é,- that preserve the commutation relations are

called canonical transformations. Every canonical transformation S satisfies
SoST =g, (A.4)

which is the defining relation of the group Sp(2m, R). For each canonical transformation
S that takes £ — S£, there is a corresponding unitary transformation U(S) that acts on

the Hilbert space of states: p — U(S)pU(S)!. By Williamson’s theorem, there exists a
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canonical transformation S that diagonalizes the variance matrix V to the form:

(Cl \

Cm

V' =5vsT = . (A.5)
Cy

\ em)
This says that a multimode Gaussian state is unitarily equivalent to a product of thermal
states. It is possible to compute the values of ¢, £k = 1,...,m, in this diagonal form. Note
that the diagonal elements of V' are not the eigenvalues of V, because V does not undergo

a similarity transformation. However, the matrix =V evolves under S as

oV o718V ST (A.6)
= (a8T)lvsT (A7)
= (7)o" vsT, (A.8)
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where we used the relation 0=1S = (¢ST)~! which follows from (A.4). This shows that

o~V does undergo a similarity transformation, so its eigenvalues are the same as those of

C1

0 -1 c
oWV =2 ™ (A.9)
I 0 c1

(A.10)

St =

C1

\ om /

The matrix (¢~!1V)? has eigenvalues

2 @2
{_%—h—';} (A.11)

where each eigenvalue appears with multiplicity two. Thus, the diagonal entries cx can be

found by computing the eigenvalues of the matrix (¢—1V)2.
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Appendix B

Thermal Operator

Here, we derive an expression for the thermal operator G used in Section 4.3.1 and upper

bound the absolute value of its eigenvalues.

B.1 Ordered Expansions

One way to evaluate the expectation of an operator Fis to average one of its associ-
ated functions over phase space [70]. In this thesis, we are interested specifically in the
symmetrically-ordered (or Weyl-ordered) associated function F(*)(q,a*). The relationship
between an operator and its symmetrically-ordered associated function can be seen by look-

ing at the symmetrically-ordered power series

o ™
F@,a") =3 fam{a!™™ }oym (B.1)
n=0m=0
and
)
F(w) (a’a*) = Z Z Jam a*nam, (B2)
n=0m=0

where {&7"&m}sym is the average of all ways of ordering the operators. For example,

1oost | anta o afs
{a%a!}oym = §(&2a’r + aa'a + a'a?) (B.3)

1
8201} gym = g(azaT2 + aataat + aat?a + afaa’ + a'aala + at%a). (B.4)
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The symmetrically-ordered function of the density operator is called the Wigner func-
tion, W(a) = p(®)(a,a*)/w. Carrying out an evaluation of the expectation {F)) with the
symmetrically-ordered associated function F(*)(a, o*) requires averaging with the Wigner

function W(a) as follows:

(F) = (F™) (o, &) wioy = / F®(a,a*)W(a)da. (B.5)

B.2 Thermal Operator

In Section 4.3.1, the output r-purity of the classical-noise channel was expressed in (4.114)
as an average over phase space weighted by a Wigner function. Our problem is to find the

operator G(b, I3T) that has the symmetrically-ordered associated function

( E |A312wk12) ' B6)

It will suffice to show that the single-mode thermal operator

(B, Y = —

. 2x [2a-1)\%%
F“2A+1 (2A+1) (B7)

has the symmetrically-ordered associated function F*)(q,a*) = e~lol*/X_ To show this, we

use the following closed form expression [70]:

FW)(g, ") = 2¢%of’ / (~B1F|3) e~200" 1278 (B.8)
T~
2 2)\ _ 1 ae * * d
d
2A+1 e / ( 2A+1|B|2_2ﬁ 2 ) e (B-10)
— /A, (B.11)

Thus, we know that

.T&
—laf2/A _ 2 22 - 1\*
(=71 (3) ) ®1
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Extending this to the multimode case gives us our thermal operator

r AP
n" det A < 228+ IAB12 \ 228 + |AB)2
.
- @l (20E)™ B30
2 D8+ MBI\ + R ' '

The thermal operator  is diagonalized in the number-state basis {|m)} of the annihilation

operators by with eigenvalues of the form

f[ 2/n (z\,ﬁ‘-lx\f!z)m"’ (B.15)

i 28 H IR \2ME + P

where the my, are non-negative integers. We will bound the expectation of G by the maxi-
mum absolute value of its eigenvalues. Since the Al have positive real parts, see (4.103), it

follows that

A r 2/n 204 — | AB|2\ ™
@) <m k k ) B.16
(G) < mex ,gnﬁﬂx\fl? <2A£+1Afl2 (B.16)
r T m,
2/n 223 — DB2™
= — " imax |||k (B.17)
ngfﬂAfl? mi, El 228 + AB)2
. 2/n
= . (B.18
,g%fﬂ/\,?? )

Equality is achieved by the eigenvalue associated with the product vacuum state |0)®" of

the annihilation operators b.
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