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Abstract

In classical information theory, polar codes are the first explicit construction of a fam-
ily of codes that provably achieve the channel capacity for any discrete memoryless clas-
sical channel. In this thesis, we investigate the generalizations of polar codes to the case of
quantum channels with qudit-inputs, where the dimension of the qudit quantum system
is d > 2. We start by reviewing the Calderbank-Shor-Steane (CSS) quantum polar coding,
which is proposed for qubit quantum systems (d = 2). The CSS quantum polar codes uti-
lize the fact that the recursive construction of polar codes using the quantum CNOT gate
yields classical polarization in both the amplitude and phase bases. The first important
theorem of this thesis proves a “purely quantum polarization” for qudit-input quantum
channels, where synthesized virtual channels tend to be either completely noiseless or
noisy as quantum channels, and not merely in a basis. The channel combining operation
for purely quantum polarization is randomly chosen from a finite set of two-qudit uni-
taries. Taking advantage of this purely quantum polarization phenomenon, we construct
an efficient quantum code, where the completely noisy channels are frozen by half of a
preshared EPR pair between the encoder and decoder. Hence, our quantum polar code is
entanglement assisted. Further, it achieves a quantum communication rate equal to half
the symmetric mutual information, which is the symmetric channel capacity for the en-
tanglement assisted quantum communication. Moreover, by chaining several quantum
polar codes, we provide a coding scheme, which uses the preshared EPR pairs as catalyst,
so that the rate of preshared entanglement vanishes asymptotically.

Subsequently, we focus on an important family of quantum channels known as qubit
Pauli channels. Given a Pauli channel, we associate to it a classical channel with a four
symbol set as the input alphabet, and show that the former polarizes quantumly if and
only if the latter polarizes classically. Based on the classical counterpart channel, we
provide an alternative proof of quantum polarization for the Pauli channel. More impor-
tantly, we also provide an efficient way to decode Pauli errors by decoding the polar code
on the classical counterpart channel. We also consider a multilevel polarization for Pauli
channels, where polarization happens in multi-levels, such that the synthesized virtual
channels can also be “half-noisy” instead of being completely noiseless or noisy. This
construction does not use randomization of the channel combining operation. Further,
we show that half-noisy channels can be frozen in either the amplitude or the phase ba-
sis. Hence, multilevel polarization can be effectively used to construct a quantum polar
coding scheme.

Finally, we report on our ongoing work on CSS quantum polar codes in the context of
fault tolerant quantum computing. We provide fault tolerant procedures for preparing
logical encoded quantum states and for error syndrome extraction. Hence, we can protect
the encoded logical states for arbitrarily long time in the low noise limit. Further, for
quantum information processing, we provide fault tolerant procedures to implement the
logical Pauli, the Hadamard, and the CNOT gates. Therefore, the only thing missing
to have universal fault tolerant quantum computing with polar codes is a fault tolerant
procedure for the implementation of the T" gate.
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Introduction

In 1948, Shannon laid down the foundation of information theory in his seminal paper
“A mathematical theory of communication” [1]. One of the aspects of Shannon’s the-
ory deals with the problem of transmitting information over noisy channels, where the
sender has access to a noisy channel to transmit information to the receiver, and the goal
is to reproduce the transmitted information at the receiver end despite being corrupted
by the noisy channel. Shannon’s noisy channel coding theorem states that when one can
use a noisy channel arbitrarily many times, it is possible to transmit information reliably
using error correcting codes if the rate of transmission is below a limit, referred to as the
channel capacity. Further, the channel capacity is given by the mutual information of
the channel. The channel coding theorem led to the development of the theory of error
correcting codes, which aims at finding effective constructions of codes and decoding
algorithms, achieving the channel capacity.

In 2009, 60 years after Shannon’s noisy coding theorem, Arikan proposed polar codes,
which is the first explicit construction of a family of codes, achieving the channel capac-
ity with efficient encoding and decoding algorithms [2]. The construction of polar codes
is based on the recursive application of a channel combining and splitting procedure. It
first combines two instances of a noisy channel, using a controlled-NOT gate as channel
combining operation, and then splits the combined channel into two virtual channels,
referred to as good and bad channels. When applied recursively n times, the above pro-
cedure yields N = 2" virtual channels. These virtual channels exhibit a polarization
property, in the sense that they tend to become either completely noisy or noiseless, as
N goes to infinity. A channel parameter known as the Bhattacharyya parameter plays
an important role in Arikan’s proof of channel polarization. Polar coding consists of ef-
ficient encoding and decoding algorithms that take effective advantage of the channel
polarization property.

As information needs to be stored in physical systems, it becomes important to take into
account the physics of the underlying system. Shannon’s information theory assumes
that information is stored in classical systems, which obey the laws of classical mechan-
ics. Considering quantum systems that obey the laws of quantum mechanics to store
and process information, initialized the study of quantum information and computation
around the 1970s and 1980s [3, 4, 5, 6, 7]. Quantum information, that is the information
represented by the state of a quantum system, is fundamentally different from classical
information as it has features, such as, quantum superposition and entanglement, which
do not have any classical counterparts. Despite of these fundamental differences, many
of Shannon’s ideas have been generalized to quantum information, leading to the devel-
opment of quantum Shannon theory [8]. Quantum Shannon theory is important from
both theoretical and practical perspectives, as it provides operational ways to interpret
many measures of quantum information.

The aspect of quantum Shannon theory that we consider in this thesis is the problem
of transmitting quantum information reliably through quantum channels. Two scenar-
ios are possible in this regard, quantum communication with or without entanglement
assistance. For quantum communication without entanglement assistance, Llyod-Shor-
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Introduction

Devetak (LSD) theorem [9, 10, 11] states that the channel capacity is given by the regular-
ized coherent information. However, this regularized expression is not easy to evaluate
for general quantum channels because of superadditivity. Hence, channel capacity is still
an open problem for general quantum channels. In the entanglement assisted scenario,
channel capacity has been established in [12], and it is easy to compute in this case as it
is given by half the quantum mutual information of the quantum channel.

Motivated by the fact that classical polar codes achieve the symmetric capacity of clas-
sical channels, we investigate polar coding in the context of quantum communication
over quantum channels. The first known construction of quantum polar codes is the
Calderbank-Shor-Steane (CSS) quantum polar codes, which basically utilize classical chan-
nel polarization in the amplitude and phase bases [13]. One of the main contributions of
this thesis is to introduce a new family of purely quantum polar codes, which are entan-
glement assisted and achieve the symmetric channel capacity for entanglement assisted
quantum communication. For purely quantum polar codes, we utilize a polarization
phenomenon happening at the quantum level, and not merely in a basis. To prove this
polarization, using quantum Rényi entropies, we introduce a new channel parameter that
plays the role of the Bhattacharyya parameter from the classical channel polarization. We
refer to this channel parameter as Rényi-Bhattacharyya parameter. We first provide the
purely quantum polar codes for general quantum channels with qudit-input, and further
extensively explore them for qubit Pauli channels, for which we also provide an efficient
decoding algorithm.

Quantum Shannon theory assumes that quantum operations required for encoding and
decoding procedures can be performed perfectly and quantum information is only cor-
rupted during the transmission through noisy channels. In the last chapter of the thesis,
we relax this assumption and investigate quantum polar codes in a broader framework
of fault tolerant quantum computing.

The thesis is organized as follows.

Chapter 2 (Polar Coding: From Classical to Quantum): The first part of the chapter
is devoted to classical polar coding, where we review the construction and decoding of
classical polar codes. In the second part, we provide basic definitions in quantum in-
formation theory that will be used throughout this thesis. Further, we describe, from a
slightly different perspective, the quantum CSS polar codes from [13], whose construc-
tion is based on classical polar codes in amplitude and phase bases.

Chapter 3 (Purely Quantum Polar codes): In this chapter, we introduce a purely quan-
tum polarization for quantum channels with qudit input, where polarization happens at
the quantum level, not merely in a basis. Our purely quantum polarization is based on
a quantum channel combining and splitting procedure, where a two-qudit unitary, ran-
domly chosen from a unitary 2-design is used as a channel combining operation. Under
the recursive application of this channel combining and splitting procedure, we show
that synthesized virtual channels tend to be either completely noisy or completely noise-
less as quantum channels.

Using the fact that the generalized two-qudit Clifford group is a unitary 2-design, we con-
clude that the channel combining operation can be randomly chosen from this set. Fur-
ther, we show that purely quantum polarization also happens for a subset of two-qudit
generalized Clifford group, which is not a unitary 2-design. We exploit the purely quan-
tum polarization to construct a quantum coding scheme, in which good virtual channels
are used for quantum communication, while bad virtual channels are frozen using pre-
shared EPR pairs. Hence, our coding scheme is entanglement-assisted, and we show that
it achieves half the symmetric mutual information of the channel. Moreover, by chaining
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Introduction

several quantum polar codes, we provide a coding scheme for which the rate of pre-
shared entanglement vanishes asymptotically and the resulting quantum code achieves
the symmetric coherent information.

This chapter is based on our published works [A1, A3, A5].

Chapter 4 (Purely Quantum Polar Codes for Qubit Pauli Channels): In this chapter,
we further investigate the purely quantum polarization for the particular case of qubit
Pauli channels. To a Pauli channel, we associate a classical non-binary input symmetric
channel, referred as the classical counterpart of the Pauli channel. We show that a Pauli
channel polarizes quantumly if and only if its classical counterpart polarizes classically.
Finally, we exploit this equivalence to provide an alternative proof of the quantum po-
larization of a Pauli channel. Based on this equivalence, we further devise an effective
method to decode the quantum polar code on a Pauli channel, by decoding its classi-
cal counterpart. We also provide a fast polarization property ensuring the reliability of
decoding.

This chapter is based on our published work [A1].

Chapter 5 (Multilevel Polarization of Pauli Channels): In this chapter, we investigate
purely quantum polarization, using a fixed channel combining operation instead of a
randomized one as in Chapter 3. For a fixed channel combining operation, we show that
polarization happens in a different way for Pauli channels, where polarization happens
in multilevels instead of two levels. In particular, synthesized virtual channels can also be
“half-noisy” except being completely noisy or noiseless. The half-noisy channels need to
be frozen by fixing their inputs in either the amplitude or the phase basis, while preshared
EPR pairs are required for the completely noisy channels as before. This allows reducing
the number of preshared EPR pairs compared to Chapter 3.

This chapter is based on our published work [A2].

Chapter 6 (Towards Fault Tolerant Quantum Computing using Quantum Polar Codes):
In this chapter, we report on our ongoing work on using CSS quantum polar codes for
fault tolerant quantum computing. The reason to choose CSS quantum polar codes for
fault tolerance instead of purely quantum polar codes is that entanglement assistance
goes to zero for CSS quantum polar codes, if a low noise condition is satisfied. For fault
tolerant quantum computing, an efficient quantum code must be accompanied with fault
tolerant procedures for preparing encoded (logical) states, operating on encoded states,
and extracting information about the error that has happened in the form of an error
syndrome. We provide a procedure to prepare encoded logical state that works for finite
codelengths if the failure probability of the CNOT gate used in the preparation is suffi-
ciently small. We also provide fault tolerant procedures to implement the logical Pauli,
the Hadamard, and the CNOT gates and also a fault tolerant procedure for error syn-
drome extraction. Therefore, we only need a fault tolerant procedure for the T gate for
universal fault tolerant quantum computing.

14






Polar Coding: From Classical to Quantum

The chapter consists of two parts. In the first part (up to Section 1.2.4), we provide basic
definitions in classical information theory, and describe the construction and the decod-
ing of Arikan’s classical polar codes [2]. In the second part, we provide basic definitions
in quantum information theory that shall be used throughout this thesis. Further, we
describe, from a slightly different perspective, the quantum CSS polar codes from [13],
whose construction is based on two classical polar codes in amplitude and phase bases.

1.1 Classical Information Theory

In this section, we briefly explain the basic concepts in classical information theory
and coding to motivate polar coding. The reader may refer to [14] for an extensive review
of the field.

One of the aspects of Shannon’s information theory is concerned with the reliable trans-
mission of information over noisy channels. Noisy channels affect the transmitted infor-
mation in an uncontrollable and undesirable way, that may lead to the loss of informa-
tion at the receiver end. The sender has access to an information source, which produces
a message to be transmitted to the receiver. The information source is modeled as a ran-
dom variable, which selects letters from an alphabet X, according to some probability
distribution. Suppose that the message received at the receiver end contains letters from
another alphabet ).

The noisy channel W with the input alphabet & and the output alphabet ) is defined by
a set of transition probabilities,

{(W(ylz)le € X,y € Y},

where W (y|x) is the conditional probability of y given x. In the above description, the
transition probabilities W (y|x) do not depend on previously transmitted symbols, hence,
W is called a memoryless channel. In the following, we shall restrict our attention to
a binary-input, discrete output, memoryless channel (B-DMC) W from X to ), where
X = {0, 1} is the input alphabet, and ) := {y1, 2, ...} is the output alphabet.

16



1.1. Classical Information Theory

Channel coding is a way to transmit information reliably through a noisy channel so that it
can be recovered at the receiver end. A channel coding scheme, as depicted in Figure 1.1,
consists of two main procedures, namely encoding and decoding.

u e {0,1}X x € {0, 1}V e YN i e {0,111
{01} Encoding {0.1} Channel yey Deccoding {0.1}

Figure 1.1: Channel coding

Let u be a K-bit source message, generated using a random variable U. The encoding
procedure maps u to a N-bit message x, where N > K. Let £ : {0,1}% — {0, 1}V be the
encoding operation. The code C, generated by £¢, is defined as,

C:={&mwu) | u e {0,115}, (1.1)

Instead of sending u € {0, 1} directly, the encoded N-bit message = := £°(u) € {0, 1}
is transmitted using N times the channel W. Suppose y € JV is received as the channel
output of N instances. The decoding procedure is applied on y in order to generate an
estimate @ of the source message. Let D¢ : YV — {0,1}¥ be the decoding procedure,
then the estimate is given by,

@ :=D(y) € {0,1} . (1.2)
The coding scheme is said to be e-reliable if the probability of error is at most ¢, that is,
Pr(U #U) <e, (1.3)
where U is the random variable corresponding to the output 4 of the decoder.

As N > K, channel coding improves the reliability of transmission by making use of re-
dundancy. The rate of transmission for the code C is defined as the number of information
bits transmitted per channel use, that is,

K
R:=— €[0,1]. (1.4)

A rate R is achievable for W, if for any €, > 0, there exists a e-reliable code with rate
R—0. The capacity of a channel W is defined as the tightest upper bound on the achievable
transmission rate, that is,

C(W) :=sup{R | Ris achievable}. (1.5)

Shannon’s coding theorem [1] states that the capacity C'(W) is given by the mutual infor-
mation of the channel W (see Definition 2 below), that is,

C(W) = In(W). (1.6)

Since Shannon stated the channel coding theorem, a lot of progress has been made in
developing explicit coding schemes, as for instance Reed-Muller codes [15, 16], Reed-
Solomon codes [17], Bose-Chaudhuri-Hocquenghem (BCH) codes [18, 19], and algebraic
geometric codes [20, 21] etc. to name a few. Another important family of codes to be
mentioned is low density parity check (LDPC) codes [22], that are capacity approaching.
However, an explicit code, that provably achieves the capacity was not constructed for
a long time. Arikan finally resolved this problem by proposing polar codes [2]. Shortly
after, another capacity achieving construction based on spatially coupled low density
parity check (LDPC) codes has been proposed [23]. In what follows, we shall discuss
Arikan’s polar codes at length.

Shannon’s information theory provides two important measures of information, known
as the Shannon entropy and the mutual information, which are defined below.

17



Chapter 1. Polar Coding: From Classical to Quantum

Definition 1 (Shannon Entropy). Let X be an information source (random variable), which
outputs a letter x from an alphabet X, with probability px (z). The Shannon entropy of the source
X is defined as,

H(X):= Y —px(x)logypx(x) € [0,1]. (1.7)
rzeX

The Shannon entropy H(X) measures the information content of X. More precisely,
Shannon’s source coding theorem states that NV independent and identically distributed
(ii.d) random variables Xi,..., Xy can be compressed into NH (X) bits as N — oo,
with very low probability of information loss. Further, this compression is optimal in
the sense that information will be lost with very high probability if they are compressed
further than N H (X) bits.

Definition 2 (Mutual information). (a) Let X and Y be the input and the output random
variables of the channel W, such that X selects a letter x from an alphabet X, with prob-
ability px (x), and Y is related to X by transition probabilities W (y|z),Vy € Y,z € X.
Then, the mutual information between X and Y is defined as,

=2 2 W) logs 5 Wiy) e0,1.  (@18)

yeY z€{0,1} sefo1y Wl2)px (2)

Alternatively, it can be expressed as follows in terms of the Shannon entropy,
I(X;Y)=HX)+H(Y)-H(X,)Y), (1.9)

where H(X),H(Y') and H(X,Y') are the Shannon entropies of the input X, the output
Y, and the input and output jointly, respectively. Therefore, the mutual information is a
correlation measure between the input and output of the channel W

(b) The mutual information of the channel W is defined as the mutual information between X
and Y, maximized over the input probability distribution px (x), that is,

I,(W):= sup I(X;Y). (1.10)
px(z)

(c) The symmetric mutual information of W is defined as the mutual information when px (x)
is the uniform distribution, that is,

W (ylz)
Z > W(ylz)log, T GI0) + TV ) € [0,1]. (1.11)

yey ze{0,1}

Observe that, when W is a symmetric channel, the symmetric mutual information is
equal to the capacity, i.e., I(W) = C(W) [14]. Further, if I(1V) goes to 0, W tend to be the
completely noisy channel, which completely randomizes the one-bit input. If I(1¥) goes
to 1, W tend to be the completely noiseless channel, which perfectly transmits the input
bit. In the sequel, we shall assume that input random variable X is uniformly distributed,
hence, we mainly consider the symmetric mutual information.

We now define the Bhattacharyya parmeter of the channel W.

Definition 3 (Bhattacharyya Parameter). The Bhattacharya parameter of W is defined as,

=> " VW)W (Y1) € [0,1]. (1.12)

yey
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For uncoded transmission over W, given y € ) as the channel output, the maximum a
posteriori estimate of the input z is given by,

& = argmax W (y|x). (1.13)
r=0,1

The Bhattacharyya parameter Z (W) gives an upper bound on the error probability of the
maximum a posteriori decoding [24], that is,

Pr(X # X) < Z(W), (1.14)

where X is the random variable corresponding to . Further, it can be seen that when
W is an identity channel (W (y|z) is equal to 1 if z = y, equal to 0 otherwise), Z(W) is
equal to 0. Also, when W is completely randomizing channel (W (y|0) = W (y|1), for all
y), Z(W) is equal to 1. Therefore, intuitively, we would expect that I(W') approaches to 0
iff Z(W') approaches to 1, and I(W) approaches to 1 iff Z(W') approaches to 0. This has
been made precise in the following lemma.

Lemma 4 ([2]). For any B-DMC W, we have that

(W) (1.15)

> ] N
= 82 T W)

(W) < /1= Z(W)2. (1.16)

1.2 Classical Polar Coding

Polar codes proposed by Arikan [2] are the first explicit construction of channel codes,
endowed with efficient encoding and decoding, provably achieving the capacity of any
B-DMC. The construction of polar codes is based on a recursive channel combining and
splitting procedure. It first combines two instances of a channel using the controlled-
NOT gate as channel combining operation. Then, the combined channel is split into two
so-called virtual channels, referred to as the good and the bad channel. Applying the
channel combining and splitting procedure recursively n times yields a set of N = 2"
virtual channels. These virtual channels tend to become either completely noisy or com-
pletely noiseless, as N goes to infinity, which is known as channel polarization. Polar codes
are constructed taking advantage of the channel polarization phenomenon. Intuitively,
the sender freezes the inputs to the virtual channels that are close to completely noisy to
the values known to the receiver, and transmits information bits using only virtual chan-
nels that are close to completely noiseless. Moreover, polar codes are equipped with an
efficient decoding algorithm, known as successive cancellation (SC) decoding.

In the following, we describe the channel polarization, the code construction, and the
decoding of polar codes in more detail. Unless otherwise stated, we shall assume column
vectors throughout this thesis and denote them by bold letters such as u, v. Hence, for a
vector v € {0,1}V, we may simply write v = (vp, v1,...,vN_1), Where vg, vy, ..., uvny_1 €

{0,1}.

We first define the channel combining and splitting procedure from [2]. The channel
combining of two instances of W yields a channel W5 as depicted in Figure 1.2.
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Ug

U

Figure 1.2: Combined channel W (yo, y1|uo, u1). Here, xo = ug & u1, x1 = uy.

Given vectors u := (ug, u1) and x := (x¢, 1), we have the following equality,

x = Pu, (1.17)

where P, :=

1
1] . The transition probability of W> is given by,

Wa(yo, y1luo, u1) = Wyi|uo & wi) W (y1|ur). (1.18)

The combined channel is split into two virtual channels W(» and W () as illustrated in
Figure 1.3.

Uo
et | /
| !
X 1 X
| !
| :
| X
| ! 1
| !

(a) Bad Channel W) (yo, y1 |uo) (b) Good Channel W™ (yo, y1, uo|us)

Y1

Figure 1.3: Channel splitting

The channel W(© has input up and output yo, y1, and the channel WO has input u; and
output yo, y1, uo. Transition probabilities for W(?) and W () are given below,

1
WO (yo, y1 |ug) = B > Wyiluo ® ur)W (1 |ua). (1.19)
ui
1
WO (yo, y1, uolur) = §W(yl|uo @& u)W (y1|ua). (1.20)

Lemma 5 ([2]). We have the following for the symmetric mutual informations of W(©) and W1,
I(WO) + 1wy = 21(W) (1.21)
(W) <1w) < (v, (1.22)
where (W) = (W) = (W) if and only if I(W) € {0,1}.

Therefore, the channel combining and splitting procedure redistributes the symmetric
mutual information between W (% and W), while preserving the total amount. The
channels W© and W1 are called good and bad channel due to (1.22).
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Lemma 6 ([2]). The following relations hold for the Bhattacharyya parameters of W) and WV,

ZWO) <2Z(W) — Z(W)?, (1.23)
ZWW) = Z(W)?, (1.24)

where the inequality for the bad channel is an equality if and only if W' is an erasure channel.

Applying two times the transform W + (W0 W 1)) gives four virtual channels { (W (11))(2) .
i1,i2 € {0,1}}. Thus, applied recursively n times, we obtain the following 2" virtual
channels,

(Wliin)y = (Win=0y () (o, € {0,137 (1.25)

We are now in a position to state Arikan’s main polarization theorem.

Theorem 7 ([2]). For any B-DMC W, let {W (1)« (iy .. .4,,) € {0,1}"} be the set of chan-
nels defined in (1.25). Then, for any § > 0,

#{(i1 - in) € {0,1}": T (W) € (5,1 - )}

lim =0. (1.26)
n—00 on
and furthermore,
i) € {0,130 (W in)y > 1 — §

Here, we briefly discuss the main steps of the proof (for details we refer to [2]).

(a) Iis preserved: First, the recursive application of the channel combining and split-
ting procedure can be modeled as a discrete time stochastic process {I,, : n > 0},
with Iy = I(W) and I, = I(W¥in) for n > 0, where i1,...,i,,... are ran-
domly and independently chosen from {0,1}. From (1.21), the mutual informa-
tion is preserved under channel combining and splitting, therefore, it follows that
{I, : n > 0} is a martingale. Thus, it converges almost everywhere to a random
variable I, whose expectation satisfies E[I.| = Io.

(b) I and Z polarize simultaneously: Equation (1.26) states that I, takes values in
{0,1}. This can be proven by taking an indirect approach. Indeed, by Lemma 4,
it is enough to prove (1.26) while substituting the Bhattacharyya parameter to the
mutual information, since they polarize simultaneously.

(¢) Guaranteed improvement of Z(W()): To prove polarization of the Bhattacharyya
parameter, the main ingredient is its guaranteed improvement, when taking the good
channel. Here, guaranteed improvement means that there exists a continuous func-
tion f : [0,1] — [0, 1], satisfying f(0) =0, f(1) =1, and f(2) < 2,Vz € (0,1), such
that Z(WM)) < f(Z(W)), for any B-DMC W. In our case, according to (1.24), we
may take f(z) = 2z2. It is worth noticing that for the mutual information, we have
I(WM) > 1(W), for I(W) € (0,1), but this inequality is weaker than guaranteed
improvement condition. This explains the need of the indirect approach.

(d) Expected value argument: Eventually, (1.27) follows by recognizing that the left
hand side limit is equal to Pr(I,, = 1), which is the same as the expectation E[I)].
Since I takes values in {0, 1}, we have Pr(I = 1) = Iy = I(W), as desired.
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1.2.1 Polar Code Construction

We first describe the recursive construction of polar code for N = 2" copies of W (see
Figure 1.6 from right to left). We divide the N copies of W into & pairs and then apply
the channel combining and splitting procedure on each pair. This gives us § copies of
both W) and WM. In the next step, for all i1 € {0, 1}, we group together the & copies of
W), and divide them into & pairs. After applying the channel combining and splitting
procedure again on each pair, we get & copies of W(1%2) Viy iy € {0,1}. Similarly, at
any level of recursion k£ < n, we group copies of a virtual channel W (i) together
and divide them in pairs, and subsequently apply the channel combining and splitting
procedure on each pair. The recursion stops at £ = n, as we have only one copy of each
virtual channel W) (3y...4,) € {0,1}".

(0)
w©00) wo - AN n
\L/ \l/ v
(001) W (00) ~ w @ ™
w g N nﬁ
(010) /T w v w© Pan
w T ® T
011 (01) (0)
w1 ® w ® w P n
W (100) W (10) 1\ w@ .
€1/ L/
(10) )
w (o) ® w () W ® n
(110) wan w @
W ® ®
(111) (11) w®
w W ®

é

Figure 1.4: Polar code construction for N = 23,

We shall denote W) := W) where (i;---i,) is the binary representation of i €
{0,--- N — 1}. By the polarization theorem, I(W (%)) goes to either 0 or 1, as N goes
to infinity, except for a vanishing fraction of channels. However, for finite NV, it is more
difficult to distinguish between good and bad virtual channels, since the polarization is
incomplete. Nevertheless, it is always possible to determine the best virtual channels, say
according to the value of the Bhattacharyya parameter '. Thus, we shall fix some subset
T c {0,...,N — 1}, referred to as the information set, such that Z(W®) < Z(W 1)), for
any i € Zand j € J := Z° Inputs of the virtual channels W) i € Z, are set to infor-
mation bits, while inputs of W, j € J, are frozen, i.e., set to the values known to both
the sender and the receiver (see Section 1.2.2). Hence, the transmission rate is given by
R= % If N is large enough, the information set Z may be chosen such that |Z| is close to
I(W)N. For finite N, the size of the information set may be determined according to the

'One may use either the mutual information or the Bhattacharyya parameter. The latter is generally
preferred due to the fact that it can be used to upper-bound the decoding error probability, as discussed in
Section 1.2.4.
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1.2. Classical Polar Coding

desired error probability. We will see in Section 1.2.4 that the decoding error probability
is upper-bounded by 3,7 Z(W®). Thus, in practice, Z can be determined such that the
above sum is less than some desired probability value.

1.2.2 Encoding

The polar transform after n steps, i.e., the transform obtained by recursively applying the
channel combining operation for n levels, as depicted in Figure 1.4, shall be denoted by
Py . In the matrix form, we have that

Py = P5", (1.28)

where P; is the polar transform for NV = 2 defined in (1.17).

The input vector u := (ug, ...,uy—1) € {0,1} is composed as follows,

¢ For an index ¢ belonging to the information set Z, u; can be randomly chosen from
{0,1}. The value of u; is not known to the decoder.

* For an index j belonging to the frozen set 7, u; is frozen (fixed) and known to both
the encoder and decoder. The bit u; can be fixed to either 0 or 1, only it should be
known to the receiver. Hence, we may set u; = 0,Vj € J.

The vector u is encoded into = := (zp,...,2n_1) € {0,1}"V using the classical polar
transform Py. Using (1.28), we may write

x = Pyu. (1.29)

1.2.3 Decoding

Let the vector x be transmitted through N copies of W and let the channel output vector
bey := (yo,...,yn—1) € Y. The task of decoder is to output estimates u; corresponding
to the information bits u;,¢ € Z, using the channel output vector y and the frozen bits
uj,j € J. Arikan’s successive cancellation (SC) decoder generates estimates #; one by
one, fromi = 0 to 7 = N — 1. To do this, observe first that u; is the input of the vir-
tual channel W), whose output consists of the vector y, together with the inputs to all

the previous virtual channels uf)_l := (up, . ..,u;—1). Hence, the maximum a posteriori
estimate of u; is given by
ti; = argmax W® (y, uf)_l | uz> (1.30)
ui:O,l

Since the inputs to the previous virtual channels are unknown, the SC decoder substitutes
the previously estimated inputs @§ ' to uf ', in the above equation. It is also more
convenient to rewrite the above argmax computation in the form of a log-likelihood-ratio

(LLR) computation. Hence, fori =0, ..., N — 1, we define recursively

WO (4,357 s = 0)

Al = log ‘ , (1.31)
W@ (y,'&(’)_l | u; = 1)
. 0, ifi € J, (1.32)
Ui -= —sign (w) o - :
1%(/\’), ifi € Z,

where sign(z) € {+1}, and sign(0) is set to either —1 or +1 with equal probability.
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Now, we explain how the LLR values /\Eu) can be computed in an efficient way. Remem-

ber that the actual transmission consists of sending the encoded vector « := (zg, z1,...,2N_1)
using N instances of the W' channel, producing the observed channel outputy := (yo, y1,. . .,
yn—1). Hence, one may compute the LLR of each z;, conditioned on the observed channel
output y;, that is,

A@ . log ——F—=.

' Wiyi|zi=1)

These LLR values only depend on the W channel and the observed channel output. To
compute the LLR values )\Eu) from (1.31), one may actually propagate the )\Em)
through the polar transform (see Figure 1.4), from the right to the left side.

(1.33)

values

For N = 2, the propagation rules are illustrated in Figure 1.5, and given as follows:

SR
(bad Channel) )\(()u = log m (134)
(good channel) )\(lu) = (—1)% )\[(fc) + )\(fc) (1.35)
o x
200 D 1@ Ug (e /IE] )
0 0
7 (—1)% Ay
(u)
/ng) ,11 - ®- lgx)
(a) Bad Channel W (©) (b) Good Channel W)

Figure 1.5: Propagation of LLR for N = 2.

For N > 2, the above propagation rules are used to propagate the LLR values through
the different kernels (i.e., 2 subblocks) composing the polar transform. When both LLR
values at the right hand side of a kernel are known, they may be propagated to the cor-
responding bad channel. Propagation to the good channel is delayed until the estimate
of the bad channel is known. When the propagation reaches some position, say 7, on the
left hand side of the polar transform, the propagated value is nothing else but the LLR

)\Z(.u) in (1.31). The estimate 4; may then be computed by using (1.32) and propagated

forward (from left to right) together with previous estimates @}y ', so as to determine the
estimates needed by the delayed propagations.

To illustrate the above procedure, we describe the SC decoding for two steps of polariza-
tion, i.e., N = 22, using the binary tree graph of depth two given in Figure 1.6.

Each node in the graph may store two messages at a given time; a list of LLRs and a list of
estimates 1;. The list of LLRs are propagated (represented by blue arrows) from the root
node (node on the top) to the leaf nodes, in such a way that its size becomes half after each
increment in depth. In Figure 1.6, a list of LLRs corresponding to a node (except for the
root node) represents the list that has been propagated from its parent node. Therefore,
any leaf node receives a list containing only one LLR, based on which the estimate is
generated for the corresponding virtual channel using (1.32). The estimates are stored as a
list of length 1 at the leaf node, which are propagated towards the root node (represented
by orange arrows) in such a way that its size doubles after each decrement in depth.
Therefore, the root node must receive a list of estimates of size 4. In Figure 1.6, a list of
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Figure 1.6: Successive cancellation decoder for N = 22. Here, u’ represents the vector w after the
first step of polarization.

estimates corresponding to a node represents the list of estimates that will be propagated
to its parent node. This list is not represented for the root node as it is the last node. The
propogation of LLRs on the binary tree graph is done as follows,

1. The computation is initialized by giving the list of LLRs L = [\j’,
)\gw), )\gm), )\gx) | as input to the root node.

2. We first make two lists L1 = A%, A1) and L, = [\, A%")] by dividing the input
list down the middle. Then, we pair the elements of L; with the corresponding
element of Ly, which gives us two pairs ()\ém), )\gm)) and ()\gm), )\gw)). Using (1.34),
the LLR of the bad channel is computed for each pair, i.e., /\éu,) and )\gul) , where
u’ represents the vector w after the first step of polarization. The list [/\(()u,), )\gu,)] is
propogated to the left child of the root node, which is then activated. Meanwhile
the root node waits for the list of estimates [u(, @}] to arrive from its left child. Once
it receives the estimates, using (1.35), LLRs of the good channels are computed for
pairs (/\(()m), )\ém)) and ()\gm), )\gm)), ie., )\gu/) and )\:(,)u/), respectively. Subsequently, the

list [)\gul)7 )\gul)] is sent to the right child of the root node, which is then activated.

3. Whenever a node apart from one of the leaf nodes is activated after recieving a
list of LLRs from its parent node, the above process is repeated. In other words,
the received list is divided into two lists down the middle, corresponding elements
of two lists are paired together and LLRs of the bad channels are computed for
each pair using (1.34) and stored as a list. This list is then propagated to the left
child of the node, which is then activated. Meanwhile the node waits for the list of
estimates to arrive from its left child in order to calculate the list for the LLRs of the
good channels, which are to be sent to its right child.

4. When one of the leaf nodes is reached, the estimate 1; is generated using (1.32).
If the leaf node is the last one (the rightmost leaf node in the figure), the decoding
procedure ends as all the estimates 1; has been generated. Otherwise, the generated
estimate is sent back to the parent node of the corresponding leaf.
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5. When a node has received a list of estimates from both its right and left child, de-
noted by @z, @, it combines them by applying bitwise XOR and makes a new list
wr @ 4. The new list 4r, ® Gg is merged with 4r and sent upward to the par-
ent node. As mentioned before, the waiting parent node, then uses this estimate to
compute the list of LLRs for the good channel.

1.2.4 Fast Polarization

Let Perr(W(i)) := Pr(4; # u;) be the decoding error probability on the i-th virtual chan-
nel’. As mentioned before, the Bhattacharyya parameter gives an upper bound on the
error probability of maximum a posteriori decoding for uncoded transmission through a
channel. Therefore,

P (W0) < Z(W), (1.36)

The SC decoding fails if any one of the virtual channels W for i € Z has been decoded
incorrectly. Hence, we have the following for the block error probability of SC decoding
Pere
Pl =1 =TI (1 = Peu(W))
1€l
<Y Perr(WH)
i€T
<> zZWw9). (1.37)

€T

Therefore, in order to ensure that ijr goes to zero, as N goes to infinity, it is sufficient
to prove that the Bhattacharyya parameter scales as Z(W () = O(N~'=%), for some 6 >
0,Vi € Z. This property is called fast polarization. The following stronger fast polarization
result is given in [25], where it is shown that Z(W ) i € T scales exponentially with
respect to V.

Proposition 8 ([25]). For any B-DMC W, and for any 3 < &, following holds,
ZWD) =02 N),vi e T. (1.38)

Hence, the above proposition ensures the reliability of the SC decoding.

1.3 Quantum Information Theory

In this section, without going into too much detail, we provide some definitions in
quantum information theory, that shall be used throughout this thesis. For more compre-
hensive review of the field of quantum information, the reader may refer to [8, 26].

The following notation is used:

1. Any quantum system is associated with a complex vector space with inner product,
referred to as the Hilbert space. We denote by # 4 the Hilbert space associated with
a quantum system A.

2Here, in Pr(d; # u:), 4; and @ are understood as random variables.
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2. Throughout this thesis, we consider finite dimensional Hilbert spaces. A quantum
system with Hilbert space dimension d > 2 is referred to as a qudit, and for the
particular case d = 2, it is called a qubit.

3. The Hilbert space corresponding to a multipartite system A; - - - Ay is given by the
tensor product of the individual Hilbert spaces, i.e., Ha,..ay = Ha, @ - @ Hay.

4. Dirac’s bra-ket notation is used to represent a vector, and its dual (transpose of
the complex conjugate of the vector). A vector is denoted by |¢p)4 € Ha (column
vector), and it’s dual by (¢|4 (row vector). The inner product of any two vectors
|p)a, |¥)a € Ha is denoted by (¢|¢) := (1p|a|¢p)a. Therefore, norm of a vector is

given by, [[[)[| = /{¢[¢)).

5. The set of all linear operators from H 4 to H is denoted by L£(# 4, H ). For the lin-
ear operators on H 4, we simply write L(H ) := L(Ha, Ha). Further, let Pos(H 4) C
L(H 4) be the set of all positive semidefinite operators on A.

6. For any operator L € L(Ha,Hg), L' is defined as the transpose of the complex
conjugate of L 4.

7. Throughout this thesis, logarithm is taken in base d, the dimension of the qudit.

We will also need the definitions of the trace and partial trace of a linear operator.

Definition 9 (Trace and partial trace). Let da be the dimension of Ha and let {|i)a | i €
{0,...,da — 1}} be an orthonormal basis for H 4. The trace is a map Tr : L(H a) — C, where C
is the set of complex numbers, such that

dAfl
Te[La] == Y (ilaLali)a, La € L(Ha). (1.39)
=0

Consider a bipartite quantum system AB. The partial trace with respect to A is a map Try :
L(Hap) — L(Hp) such that

da—1

TI‘A[LAB] = Z ((Z‘A ®[B) Lag (‘Z>A & IB), Lap € ﬁ(HAB) (140)
=0

It's important to mention that the trace and the partial trace are independent of the chosen
basis.

1.3.1 Quantum States

A quantum system is described by its quantum state, which is defined below.

Definition 10 (Quantum states). (1) Quantum state of a system A, also known as density
matrix, is given by a positive semidefinite operator py € Pos(H a) such that Tr[pa] = 1. We
denote by D(H ) C Pos(H 4) the set of all quantum states.

(b) A quantum state py € D(H a) is called a pure quantum state if and only if it can be written
as pa = 1) a(|a, where |1p) 4 € H 4 is a unit vector, i.e., |||1)|| = 1. We will often represent a
pure quantum state by the corresponding vector |1)) 4.

(c) A mixed quantum state is a convex combination of pure states, i.e., pa = >, pi|Vi) a{¥i| a,
such that ), p; = 1. The quantum state fl—j, where 14 € Pos(Ha) is the identity matrix, is
called the maximally mixed quantum state.
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(d) The support of a quantum state p is defined as the set of eigenstates of p with non-zero eigen-
values,

supp(p) = {[¥) | pl) = Al¢), with A > 0}.

Given a bipartite quantum state pap € D(H ap), one obtains the quantum state of A or
B, separately, by doing the partial trace with respect to B or A, respectively. For example,
the quantum state corresponding to A is given by, p4 = Trg[pag].

One of the peculiar features of quantum systems is quantum entanglement that do not
have a parallel in the classical systems. Quantum entanglement refers to correlation be-
tween quantum systems, as defined below.

Definition 11 (Entangled quantum states). (a) A pure bipartite quantum state |1)) ap is called
entangled if it is not a product state, that is, |1))ap = |p1)a ® |¢p2)B, for some pure quantum
states |¢1) 4 and |p2) B.

(b) A mixed bipartite state pap is said to be entangled if it can not be written as a convex com-
bination of the product states, that is, Y. pi'y ® ¢%, where p; > 0,5 . p; = 1 and 'y €
D(Ha), ¢ € D(HB),Vi.

(c) An Einstein-Podolsky-Rosen (EPR) pair on quantum systems A and A’, each of dimension
d 4, is a maximally entangled quantum state defined as, ® g a7 := |P) ga’ (P| 447, where |P) g4/ =

= i li)ali)ar

1.3.2 Unitary Operators

Here, we provide the definition of unitary operators, which are used to describe the dy-
namics of closed (without any interaction with its environment) quantum systems. More
general quantum maps are presented in Section 1.3.4 below.

Definition 12 (Unitary operators). An operator Uy € L(Ha) is said to be unitary if the
following holds,
UlUA=UsU =1 (1.41)

Note that for a unitary operator U4, we have that ||[U4 (1) 4|| = 1, hence a unitary operator
maps a pure quantum state to another pure quantum state. We now provide two impor-
tant class of unitaries for qudit quantum systems. They are groups in the mathematical
sense, and are referred to as the generalized Pauli and Clifford group °.

Definition 13 (Generalized Pauli Group). (a) The generalized Pauli operators X and Z for a
qudit quantum system are defined as X = Z?;é NG, and Z = Z?;(l] wi|5)(j|, where &

2me

denotes the sum modulo d, and w = e a .

(b) The generalized Pauli group on one qudit is defined as P} := {w*P,.5 | \,r,5 =0,...,d—1},
where P, s == X" 7",

(c) The generalized Pauli group on n qudits is defined as P} := P; @ Py ® --- @ PJ.

Itis easily seen that X¢ = Z¢ = [ and XZ = wZ X, hence P} is indeed a group. Applying
the commutation relation X7 = wZX appropriately many times, we have that

Pr,sPt,u = WTU_StPt,uPr,s- (142)

3They are generalizations of the Pauli and Clifford group from the qubit case. Here, we first present them
for qudit quantum systems and for the particular case of qubit quantum systems, they are presented later in
Section 1.3.8.
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Definition 14 (Generalized Clifford Group). The Clifford group C}} is the unitary group on n
qudits that takes P} to P} by conjugation,

Ch={U e U(d")|UPU" € P} VP € P}}. (1.43)

1.3.3 Quantum Measurement

Quantum measurement is performed to extract classical information from a quantum
system. The quantum state of the system changes according to the classical output. This
phenomenon is known as the collapse of the quantum state, which is another peculiar fea-
ture of quantum systems.

Definition 15 (Quantum Measurement). (a) A quantum measurement M on a quantum sys-
tem A with n classical outputs is specified by n operators {M; € L(Ha) | i = 1,...,n} satisfying
S MIM; = 1,

(b) When perfomed on a quantum state p o, M outputs a classical output i € {1, ... ,n} randomly
with probability p; = Tr(MiTMi p) and the state of the system after measurement is given by,

M;pM!
i (1.44)
TI'(Mi MiPA)

(c) A quantum measurement M is called projective if each M is a projector, that is, M? = M.

(d) If one is only interested in the classical output (not in the quantum state after the measure-
ment), a quantum measurement with n outcomes {1, ...,n} can be specified by a set of positive
operators E1, Ey, ..., Ey, such that )", E; = I, and the probability of getting i as the outcome is
given by p; = Tr[E;p]. This is called the positive operator valued measurement (POVM).

An example of quantum measurement is the measurement of an observable, which is
defined below.

Definition 16 (Measurement of an Observable). (a) An observable L4 € L(H ) is a Hermi-
tian operator, i.e., Lt=1L.

(b) Measurement of an observable L 4 corresponds to the projective measurement defined by the
operators My = ), |i)(i|, for each eigenvalue o of L s, where the states |i) are eigenvectors of
L4 with eigenvalue o *. The outcome of the measurement corresponding to M, is given by the
eigenvalue c.

(¢) A Pauli observable is a Hermitian Pauli operator (Definition 13), and a Pauli measurement is
the measurement corresponding to a Pauli observable.

1.3.4 Quantum Channels

Quantum channels are used to describe the dynamics of open (interacting with its en-
vironment) quantum systems. We will need the definition of superoperators to define
quantum channels.

Definition 17 (Superoperators). (a) A superoperator Ta—,p : L(Ha) — L(Hp) maps an
operator Lo € L(Ha) to another operator Lp € L(HR).

44y 4 € H 4 is an eigenvector of L4 with eigenvalue a if La|y)a = alth) .
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(b) A superoperator Ta_, g is completely positive if for any bipartite positive semidefinite operator
Pyar € Pos(Haar), we have that (Ta—sp ® Lar) (Paar) € Pos(Haar), where 14 is the identity
superoperator.

(c) A superoperator Ta_,p is trace preserving if for any La € L(H ), we have that Tr [L 4] =
Tr [Tap(La))

Definition 18 (Quantum channels). A quantum channel N'a_, g, from A to B, is a superopera-
tor from L(H a) to L(H ), which is a completely positive and trace preserving (CPTP) map. As
Na_,p is CPTP, it follows that N s, g maps a quantum state on A to a quantum state on B.

Remark 19. Given a bipartite quantum state 144/, to simplify the notation, we often use
Nassp(Waar) = (Nassp @ Lar)(Yaar) to indicate that N is applied only on part A of g ar.

Any quantum channel N4, p can be written as Na,p(La) = >, N;L ANZ-T, for a set of
operators {N;|N; € L(Ha,Hp)}, which satisfy . NZTNZ- = I4. This is called the Kraus
representation of quantum channels and operators [V; are called the Kraus operators. Quan-
tum channels can be interpreted as a quantum measurement, defined in a slightly more
general way than in Definition 15, with measurement operators M; € L(H 4) replaced by
Kraus operators N; € L(H 4, Hp), where the classical outcome is not known.

Another interpretation of quantum channels is given in terms of the isometry transfor-
mations. Isometry transformations are a subset of quantum channels, that are completely
noiseless, as defined below.

Definition 20 (Isometry transformation). (a) An isometry operator Ua_,p € L(Ha,HB) is
an operator that satisfies UL%AU/HB = I4. If B = A, the operator Uy := Ua_,p is a unitary
(Definition 12).

(b) An isometry transformation Ua—,p : L(H.4) — L(Hp) is a quantum channel induced by the
conjugate action of an isometry, that is,

Uasp(pa) = UasppaUl_ 4, (1.45)
where U z_, g is an isometry.

Note that an isometry operator Us_,p € L(Ha,Hp) maps a pure quantum state |1)) 4 €
H 4 to another pure quantum state [¢)p = Ua—pg|1) a4 € Hp. Itis easily seen that if [¢)) 4
is a unit vector, |¢) g is also a unit vector.

Quantum channels excluding isometry transformations are noisy as they are irreversible.
The Stinespring’s dilation theorem states that any quantum channel N4_,5(p4) can be ob-
tained from an isometry transformation as follows,

Nasp(pa) = TrplUaspepalUby 4l (1.46)

where U4_, g is an isometry, whose output contains an extra system FE, referred to as the
environment. Therefore, the noisy effect of the channel can be considered to arise due to
interaction with the environment, which is not accessible. Further, using the Stinespring
dialation, any quantum channel can be associated with a complementary channel, as
follows.

Definition 21 (Complementary Channel). Let U4, gg be a Strinspring dialation of the quan-
tum channel N'a_, . The complementary channel of N'a_, g, denoted by N _, p; is defined as,

NG p(pa) = Trp[UasspepaUkp_, 4]. (1.47)
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1.3.5 Unitary 2-Designs

Let U/ (H 4) be the set of unitary operators on H 4. In many quantum information theoretic
tasks, one needs to sample unitaries from the set /(# 4) according to the Haar measure.
As it contains infinitely many elements, in practice it’s not efficient to sample from it.
However, in certain situations, this problem is avoided by sampling from a unitary de-
sign, which is finite. In this thesis, we would need unitary 2-designs, which is defined
below.

Let W4 := Wy, 4 be a quantum channel. The twirling of YW, with respect to U(H 4) is
defined as the quantum channel that maps a p4 as follows,

pPA > /ULWA(UAPAU,DUAGZ??; (1.48)

where Uy € U(H 4) is randomly chosen according to the Haar measure 7. The twirling of
W, with respect to a finite subset i/ C U(# 4) is defined as the quantum channel acting

as,
1
pr o Y UWa(UapaUh)Ua. (1.49)

Definition 22 (Unitary 2-design). A finite subset Uy € U(H 4) is said to form a unitary 2-
design if it satisfies the following, for all quantum channels VW, and quantum states p4:

1
— > UlWa(UapaUl)Us Z/UI,WA(UAPAUI;)UAGZ??- (1.50)

1.3.6 Distinguishing Quantum States

In many situations, it’s useful to compare quantum states with each other. In this section,
two measures known as the fidelity and the trace distance are provided, which quantify
the degree to which two quantum states are different.

Definition 23 (Fidelity). Given any two quantum states, p,o € D(Ha), the fidelity is defined
as,

F(p,0) == Ilvpvall € [0, 1], (1.51)
where || - ||1 is the trace norm defined as, ||L||y = Tr[V' LT L], forany L € L(Ha, HB).

For pure quantum states, the expression of fidelity simplifies as, F'(|1), |¢)) = |(¥|¢)]. It
can be seen that F(p,o) = 1, if and only if p = ¢, and F(p, o) = 0, if and only if matrices
p and o are orthogonal to each other, that is, po = 0. Therefore, fidelity is a measure of
closeness between quantum states.

Definition 24 (Trace Distance). Trace distance between quantum states p,o € D(H 4) is de-
fined as,

1
D(p.0) 1= 3llp =l (152

The trace distance is a metric on the set of quantum states in the mathematical sense.
Further, it has operational significance in the task of discriminating quantum states p and
o, as explained below.

Suppose we are given a quantum system with the guarantee that its quantum state is
either p or o, and our task is to guess which quantum state has been given. Consider a
POVM measurement E := {Ey, E1}. Suppose that if the measurement outcome is 0, we
conclude that the given state is p and if the outcome is 1, we conclude that the given state
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is 0. Then, we incorrectly guess the state if p was given and the measurement outcome is
1, and if o was given and the measurement outcome is 0. Hence, the error probability pZ
is given by,

1 1
pE = 5 Tr[Erp] + 5 Tr[Eoo]. (1.53)

The error probability p. of discriminating quantum states p and o is defined as the mini-
mum of pf over all the POVM measurements E, that is,

— min P
Pe 1= minp;’. (1.54)

We have the following relation between p, and D(p, o),

1 1
pe =5~ 5D(p.0). (1.55)

The trace distance and fidelity are related as follows.

Proposition 25 (Fuchs-van de Graaf inequality [27]). For any two quantum states p,o €
D(H a), we have the following,

1- F(p70-) < D(p, O-) < V 1- F(,O, 0)2' (156)

1.3.7 Measures of Quantum Information

Many measures of information from classical information theory are generalized to quan-
tum information. Here, we review some of the quantum information measures that we
shall need in this thesis. In the following, when no confusion is possible, we shall drop
the quantum systems from the notations of the quantum channels and quantum states.

von-Neumann Entropy

We first define the von-Neumann entropy, which is the quantum analog of the Shannon
entropy.

Definition 26 (von-Neumann Entropy). (a) The von-Neumann entropy of a quantum state
pa is defined as,
H(pa) == —Tr(palogpa) € [0,1].

(b) The conditional von-Neumann entropy of a bipartite quantum state p op is defined as,
H(A|B)y,p == H(pap) — H(pp) € [-1,1].

The von-Neumann entropy H(p4) measures the information content of the quantum
state p4. More precisely, Schumacher’s quantum source coding theorem [28] states that
N ii.d quantum states p®V can be compressed into N H(p) qubits, with very low prob-
ability of information loss and also information will be lost with very high probability if
they are compressed further than N H (p) qubits. Further, H(p) = 0 if and only if p4 is a
pure quantum state and H (p) = 1 if and only if p4 is the maximally mixed state, that is,
pA = 17“.

The conditional quantum entropy H(A|B),,, measures the information content of the
system A, given access to the system B, when the quantum state of the system AB is p45.
This interpretation is somewhat non-intuitive as H(A|B) can take negative values for
entangled quantum states. The negative values can be better understood in the context of
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the quantum state merging protocol [29]. The conditional entropy gives the entanglement
cost of quantum state merging, that is, if H(A|B) > 0 means entanglement needs to be
consumed, and H(A|B) < 0 means entanglement is gained [29]. Further, for a tripartite
pure quantum state p4pc, the conditional entropy satisfies the following duality relation,

H(A|B) + H(A|C) = 0. (1.57)

The above equation follows from the fact that for a pure quantum state p4pc, we have
supp(pap) = supp(pc), and supp(pac) = supp(pr), where supp(p) is the support of p
(Definition 10).

Using the von-Neumann entropy, we define below two information measures of quan-
tum channels, namely the coherent information and the mutual information.

Definition 27 (Coherent Information).  (a) The coherent information of a bipartite quantum
state pap € D(H ap) is defined as,

I(A)B) := —H(A|B),,,. (1.58)

(b) Consider the action of a quantum channel N g_, g on A’-half of a bipartite quantum state
taa € D(Haar), i.e, N(aa) = (Ia @ Nar—,p)(¥aar). The coherent information of
the quantum channel N a:_, g is defined as the maximum coherent information over all the
input quantum states Y 4 4,

QNiwos) = max I(A) B, ) € [0.1) (1.59)

AA!

(c) The symmetric coherent information of a quantum channel N s, _, g is defined as the coherent
information when half of an EPR pair ® 4 4/ is given as the input,

INw—p) ==I(A)B)x, ) € [-1,1]. (1.60)

D g
When there is no entanglement assistance, the regularized coherent information is equal
to the capacity of the quantum channel, as discussed in Section 1.4.1. Further, the coher-
ent information can be strictly superadditive, i.e., Q1 (N @ M) > Q1 (N) + Q1(M), hence
it becomes intractable to compute it for tensor product channels N'*¥ for large N, as one
needs to maximize over the input states of the channel ' ®N 30, 31, 32]. It can be seen
that the symmetric coherent information is a lower bound on the coherent information of
a channel from their definitions. Further, the symmetric coherent information is easier to
compute on tensor product channels as it is additive, i.e., I(N @ M) = I(N) + I(M). For
this reason, it is is often used instead of the coherent information.

The symmetric coherent information I(N) is equal to 1 if and only if AV is the identity
channel’, i.e.,, N'(p) = p,¥p € D(Ha). Further, if I(N) is equal to —1, from the duality
relation of the conditional entropy in (1.57), it follows that I (N°) is equal to 1, where N is
a complementary channel of A/ (Definition 21). Therefore, N is the identity channel. This
implies that the channel V is a useless channel that outputs a fixed state p regardless of
the channel input, i.e., Na—,5(par) = py,Vp € D(Ha).

Definition 28 (Quantum mutual information).  (a) The quantum mutual information of a
bipartite quantum state pap € D(H ap) is defined as,

I(A;B) := H(pa) + H(pp) — H(pas)- (1.61)

*an isometry transformation (Definition 20) instead of the identity channel to be precise. As isometry
transformations are reversible, we consider the identity channel for the sake of simplicity.
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(b) The mutual information of a quantum channel Ny, p is defined as the maximum mutual
information over all the pure input quantum states Y4 € D(Haar),

In(Navsp) o= max T(4; B)

AA!

) € [0,1]. (1.62)

haar

(c) The symmetric mutual information of a quantum channel N a:_,  is defined as the mutual
information when half of an EPR pair ® 4 o/ is given as the input,

Ims(Nar—p) == 1(A; B)yve, ) € [0,1]. (1.63)

The mutual informations of the quantum and classical channels are analogous in the
sense that both are given by the entropy of the input plus output minus the joint entropy
of the input and output, maximized over the input. In the classical case, entropy is the
Shannon entropy and in the quantum case, it is the von-Neumann entropy. The quantum
mutual information gives the capacity of a quantum channel in the entanglement assisted
scenario, as discussed in Section 1.4.2.

Rényi Entropies
We first briefly discuss the classical Rényi entropies and divergences to provide the con-

text and then define their quantum counterparts.

Based on an axiomatic approach, Rényi in his seminal work [33] provided a family of in-
formation measures generalizing the Shannon’s entropy, now known as Rényi entropies.

Definition 29 (Rényi Entropies [33]). Let X be a random variable defined on an alphabet X,
with probability distribution px (x), where x € X. Then, the Rényi entropy of order o € (0,1) U
(1, 00) is defined as follows,

Ho(X) = ——log 3 (px())"). (1.64)

I-a rzeEX
The Shannon entropy is given by the limit value of H, (X)) as a approaches 1, that is,

H(X) = lim Hy(X). (1.65)

a—1
The relative entropy is an important information measure, which measures how far two
random variables are from each other. It is defined using the Shannon entropy as follows.

Definition 30 (Relative entropy [34]). Let X and X' be two random variables defined on the
same alphabet X, with probability distributions px(x) and px:(z), respectively. The relative
entropy (also knowns as Kullback—Leibler divergence) of X with respect to X' is defined as,

DX|x7) = | 2o Px (@) (logpx () ~ logpy (x)) X X,
e otherwise,

where X' > X means if px/(x) = 0 for some x € X, we also have px (z) = 0.

The relative entropy D(X||X’) is zero if and only if X and X' are identical. Hence,
it is sort of a distance measure between X and X’. However, it’s not a metric in the
mathematical sense as it is not symmetric under the exchange of X and X', that is,
D(X||X") # D(X'||X).

Rényi further provided a family of divergences generalizing the relative entropy, which
are known as Rényi divergences.
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Definition 31 (Rényi divergences [33]). The Rényi divergence of order o € (0,1) U (1, 00) is
defined as follows,

ﬁlog (ZxEX %) l’fX/ > X
00 otherwise.

Do (X X) = {

The relative entropy D(X||X’) is recovered from D, (X || X’) as « approaches 1, that is,
D(X||X') = lim1 Do (X X"). (1.66)
a—

The other important cases of Rényi divergences, which have several applications in in-
formation theory, are o = 0, %, 2, 00. The reader may refer to [35] for more details.

The Rényi entropies and divergences have also been generalized for quantum states,
which have found several applications in quantum information theory.

Definition 32 (Quantum Rényi Entropies [36]). The generalization of Rényi entropies to the
quantum case is straighforward and given as follows for any quantum state p € D(H) and order
a€ (0,1)U(1,00),

1 (03
Ha(p) = 71— log (Tr[p"]). (1.67)
The von-Neumann entropy is recovered from H,, as o approaches 1, that is,
H(p) = lim H,(p). (1.68)
a—1

Definition 33 (Quantum relative entropy [8, 26]). The quantum quantum relative entropy or
quantum Kullback—Leibler divergence of a quantum state p with respect to a quantum state o is
defined as,

D(pllo) = {Tr lp(logp ~logo)] -y > p,

otherwise,

where the symbol o > p means that supp(p) is included in supp(o).

The classical relative entropy can be recovered from quantum relative entropy when
quantum states p and o commute with each other, that is, [p, o] = 0. Several properties
from the classical case are preserved, for example, the quantum relative entropy D(p||o)
is zero if and only if p = 0. Further, it’s not symmetric in general under the exchange of
p and o, thatis, D(p||o) # D(c||p).

There are many generalizations of Rényi divergences to the quantum case. Here, we
mention two important generalizations that we shall use later; the first quantum Petz-
Rényi divergences [37, 38] and the second quantum sandwiched Rényi divergences [36,
39].

Definition 34 (Quantum Petz-Rényi divergences [37, 38]). Quantum Rényi relative entropy
of order o € (0,1) U (1, 00) of the quantum state p with respect to the quantum state o is defined
as,
1 a . l—a ;
— Tr|p% if o > p.
Dalplle) = a1 VT >
00 otherwise.
Definition 35 (Quantum sandwiched Rényi divergences [36, 39]). Sandwiched quantum
Rényi relative entropy of order o € (0,1) U (1, 00) of the quantum state p with respect to the
quantum state o is defined as,
1 lma  1-a\¢ .

ETr[(o 2 p a2a> } ifo > p.
00 otherwise.

Da(pllo) := {

35



Chapter 1. Polar Coding: From Classical to Quantum

When p and o commute, both generalizations D, (p||o) and D,(p||c) yield the classi-
cal Rényi divergence of order a. Further, as a approaches 1, D, (p||o) and D, (p||o) ap-
proach to the quantum relative entropy D(p||o). It is shown in [39], using the Araki-Lieb-
Thirring trace inequality [40, 41] that

Dy (pllo) = Da(pl|o). (1.69)

D
Morever, functions & — D, (p||0) and a — Dy,
42].

(pl|o) are monotonically increasing [36,

Remark 36. For o > 1, a new generalization of quantum Rényi divegence D (p||o) is proposed
recently in [43] via convex optimization, whose regularization gives the quantum sandwiched
Rényi divergence D, (pl|o).

We now turn to the quantum conditional Rényi entropies, which are defined using quan-
tum Rényi divergences D, and D,, [44]. First note that the quantum conditional entropy
H(A|B) (Definition 26) can be derived from the quantum relative entropy as follows,

H(A|B)PAB = —D(paBl|1 @ pB).
= sup —D(papl||l ® o),
oB

where pp = Tra[pag]. The second equality follows from the fact that op = pp maximizes
the quantity D(pap||1 ® op). However, this is not true in general for Rényi relative
entropies D, and D,,. Similarly to the above, using D, and D,, quantum conditional
Rényi entropies are defined in [44], as follows.

Definition 37 (Quantum conditional Petz-Rényi entropies). For a bipartite quantum state
paB € D(Hap) and a € (0,1) U (1, 00),

HY(A|B)p,p = —Dalpasllia ® pp). (1.70)

HY(A|B) s :=sup—Du(papl|la © o). (1.71)
oB
Definition 38 (Quantum conditional sandwiched Rényi entropies). For a bipartite quantum
state pap € D(Hap) and o € (0,1) U (1, 00),
H3(A|B), := —Da(papll1a ® pp). (1.72)

H}(A|B), := sup —Dqu(pag||1a ® oB). (1.73)
op

In the above definitions 7 is used for maximization and | is used when there is no maxi-
mization. Note that when « approaches 1, we have the following for any quantum state

PAB/,
lim H(A|B) = lim H}(A|B) = lim H(A|B) = lim H!(A|B) = H(A|B).  (1.74)
a—1 a—1 a—1 a—1

The duality relation in (1.57) also holds for conditional Rényi entropies, as below.

Theorem 39 ( [44]). Forany o, § € (0,1)U (1, 00), satisfying .} = 1, and any pure quantum
state papc € D(Hapc), the following relation holds,

HJ(A|B), + H4(A|B), = 0. (1.75)
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We will make use of the conditional Petz-Rényi entropy H 4 of order v = %, and the condi-
tional sandwiched Rényi entropy H;(A|B) , of order a = 2 for the proof of our quantum
polarization theorem in Chapter 2. The quantity ﬁ% is first introduced by Renner [45],
and it is also known as quantum conditional collision entropy. Note that H I and ﬁ% sat-

2
isfy the duality relation in Theorem 39. The explicit expressions of H I and H. 2¢ are given
2

below for a bipartite quantum state p4p.

~ _1 _1
FIH(A|B), = —log Tr [(nA ® o5 )pan(La ® p;)pAB] . (176)

1 1
HI (A|B), = 2logsup Tr {ij(]lA ® oé)} . (1.77)
2 opB

1.3.8 Qubit Quantum Systems

In this section, we focus on qubit quantum systems. As mentioned before, the dimension
of the associated Hilbert space is two for a qubit quantum system. The orthonormal basis

1
for a single qubit system, defined by the set of vectors {|0),|1)}, where |0) := [0] and

0 , . . . .
11) = Ny is called the amplitude or computational basis. Another important basis for

a single qubit system is the phase basis, which is defined by the set {|+),|—)}, where

+) = 2 and |- .= 0L

Qubit Gates

Qubit gates are unitary transformations on qubits. In this section, we give some examples
of single and two-qubit gates.

Pauli gates: Pauli gates or matrices are single qubit gates consisting of the identity gate I,
and three single qubit gates X, Y, Z, which act as follows in the amplitude basis,

Xlz) =]z 1), (1.78)
Zlz) = (=1)%|2), (1.79)
Y|z) = (-1)%|z & 1), (1.80)

where x € {0,1}. Note that the Pauli X acts like the classical NOT gate in the amplitude
basis, hence, referred to as the bit-flip gate. Also, it can be easily seen that the Pauli
Z acts as the classical NOT gate in the phase basis, hence, referred to as the phase-flip
gate. Further, It can be seen that all the Pauli gates are Hermitian, i.e., TT = T,VT €
{I,X,Y, Z}, and they satisfy XY =iZ.

Hadamard gate: The Hadamard gate is a single qubit gate, which takes an amplitude
basis state to a phase basis state as below,

10) + (=D*[1)
V2

Phase gate: The phase gate corresponding to a § € [0, 27] is a single qubit gate, which
acts as follows in the amplitude basis,

H|z) = Jz € {0,1}. (1.81)

Ryg|z) = e2%%|2), z € {0,1}. (1.82)
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CNOT gate: The quantum Controlled-NOT (CNOT) gate is a two-qubit gate. When the
first qubit is target and the second qubit is control, as depicted in Figure 1.7, it acts as
follows,

Col)ly) = [z @ y)ly), =,y € {0,1}. (1.83)

Therefore, the quantum CNOT gate acts like the classical CNOT in the amplitude basis.
This explains the same circuit being used for both the classical and the quantum CNOT.

A
L/

Figure 1.7: Quantum CNOT

Swap gate: The swap gate is a two-qubit gate, which acts as follows in the amplitude
basis,

Pauli and Clifford Group
Here, we present the Pauli and Clifford groups for qubit quantum systems.

Definition 40 (Pauli Group). (a) The Pauli group on one qubit G consists of Pauli matrices,
with phase factors {+1, +i}, as defined below,

Gy = {&I, il £ X, £i X, 1Y, +iY, + 7, +iZ}. (1.85)

(b) The Pauli group Gn on N-qubits is defined as
Gy =GP, (1.86)

As product of any two single qubit Pauli matrices yields another Pauli matrix upto a
phase factor in {£1, +i}, and I? = X% = Y? = Z2 = I, therefore, Gy is indeed a group.
Further, any g1, g2 € Gy either commute or anti-commute, that is,

g1 and g2 commute if [g1, g2] 1= g192 — g2g1 = 0. (1.87)
g1 and g2 anti-commute if {g1, g2} := g192 + 9291 = 0. (1.88)

Definition 41 (Clifford group). The Clifford Group on N-qubits Cy is a set of unitaries that
takes G to Gy by conjugation,

Cy ={U cU@2N) | UgU' € Gn,Vg € GN}. (1.89)
Universal Set of Qubit Gates

We first define the operator norm.

Definition 42 (Operator norm). For any L € L(H a, H ), the operator norm is defined as,

L] = sup L), (1.90)

where maximization is taken over all the normalized vectors (pure quantum states) in H 4.
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A unitary operator V is an e-approximation of a unitary operator U if the following holds,
U -V <e (1.91)

When ¢ is close to zero, for any quantum measurement M, we have almost the same
output probabilities for quantum states U|¢)) and V' |[¢) [26, Chapter 4].

Definition 43 (Universal set of gates). A finite set of gates G is said to be universal if for any
n-qubit unitary U and € > 0, there exists a sequence of gates G1,G2 ...,Gn € G, which gives
an e-approximation of U.

Remark 44. The gate set {C, H,T'}, where C'is the CNOT gate, H is the Hadamard gate, and
T is the g-phase gate Rz, is an example of universal set [26, Chapter 4].

Qubit Channels

Here, we give some examples of the qubit quantum channels, whose inputs and outputs
are qubit quantum states. We denote N4 := Ny_, 4.

Definition 45 (Pauli channels). A quantum channel N, acting on a single qubit quantum
state, is called a Pauli channel, if there exists a Kraus representation of the following form,

Na(pa) == prpa +pxXpaX +pyYpaY +pzZpaZ, (1.92)
where pr,px,py,pz > 0, such that pr + px +py +pz = 1.

A Pauli channel can be interpreted as randomly applying a single qubit Pauli gate from
I, X,Y, Z on the qubit-input p4, with probabilities pr, px, py, pz, respectively. Note that,
when p; = 1, the Pauli channel is the identity channel. Further, when p; = px = py =
Pz = i, we have N4(pa) = %A, Vpa € D(Ha). Hence, the Pauli channel is completely
noisy, as it outputs the maximally mixed state regardless of the channel input.

Definition 46 (Depolarizing channels). A depolarizing channel is a Pauli channel, which acts
as follows on a single qubit quantum state,

1
Na(pa) == (1 —p)pa +p7’4, p>0. (1.93)

In other words, depolarizing channel outputs a convex combination of the input state p4
and the maximally mixed state ]ITA.

Definition 47 (Qubit erasure channels). A qubit erasure channel is defined as,

1
Naosralpa) = (1=p)0){0lr @ pa +p|L)(Lr ® 5, p 2 0. (1.94)

In other words, the qubit erasure channel outputs a classical flag F' along with the quan-
tum output A. If the flag is found to be in |0) state, the output quantum state is equal to
the input state p4 and if it is in |1) state, the output state is the maximally mixed quantum
1
state .
2

1.4 Quantum Channel Coding

A quantum channel (Definition 18) can be used to transmit either classical or quan-
tum information (quantum states). Here, we shall consider the transmission of quantum
information through quantum channnels. The following two scenarios are discussed; the
first quantum communication without entanglement assistance and the second quantum
communication with entanglement assistance.
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141 Quantum Communication without Entanglement Assistance

As discussed in Section 1.3.4, quantum channels are in general irreversible, therefore,
they corrupt the input quantum state. The goal of quantum channel coding is to transmit
quantum information reliably through a noisy quantum channel so that it can be recov-
ered at the receiver end. Similarly to classical channel coding, a quantum channel coding
scheme consists of encoding and decoding procedures as illustrated in Figure 1.8.

E4 NON (ga DI (NON (ga
(. Encoding ) Channel (£%(0)) Deccoding ( (&4(0))

Figure 1.8: Quantum channel coding

We consider qudit quantum systems for which the dimension of the associated Hilbert
space is d > 2. The encoding procedure is given by an isometry transformation (Defini-
tion 20) g(qu"'AK)—)(Al"'AN)’ where N > K, mapping a K-qudit quantum state p4,..4, €
D(Ha,..Ax) to a N-qudit quantum state £9(pa, . a,) € D(Ha,..ay). Let {Ji1, - ,ix) |
i1, - ,ix € {0,1}} beabasisof Ha,..a,,and E(a, ... a4, ) (ArAy) € L(Hay . Ag> HayAy)
be the isometry operator associated with £9, such that,

Epay..ax) = Epa,. a, ET. (1.95)

Then, the quantum code Cg, generated by the encoding £9, is the subspace of H 4,...4,
corresponding to the basis,

{Eliv, - i) [i1,- - ik € {0,1}} (1.96)

The rate of transmission for the code Cg, is defined as,

K
R:=— €[0.1]. (1.97)

The encoded quantum state £9(pa,.. 4, ) is transmitted over N instances of a quantum
channel N4, 5, which output the quantum state N®N(£9(p4, 4, )). Upon receiving
the channel output, the receiver applies the decoding procedure to generate an estimate
PA,--Ay Of the input quantum state. The decoding procedure is given by an isometry
D?B1~~-BN)—>(A1~~AK) such that

ﬁA1--'AK =D1 (N®N(gq(pA1-..AK))) : (1.98)
A code is e-reliable, if the following holds for the trace distance D(p, p),

D(p.p) < €,¥p € D(Ha,..ar0)- (1.99)

Arate Ris achievable for NV, if for any €, 6 > 0, there exists a e-reliable quantum code with
rate R — §. Quantum capacity Q(N') is defined as the tightest upper bound on the achiev-
able rate of transmission of quantum information (see (1.5)). The Llyod-Shor-Devetak
quantum capacity theorem [9, 10, 11] states that the quantum capacity is characterized
by the following regularized expression,

Q) = Jim —QuNY), (1.100)
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where Q1 (N ®N ) is the coherent information, maximized over all the input states of A/ ®N
(Definition 27). As the coherent information is superadditive, it follows that the coher-
ent information of single channel use Q; (') only gives a lower bound on the capacity
Q(N) [30, 31, 32]. Further, the supperadditive effect makes it hard to evaluate the value
of the above limit for general quantum channels. For this reason, unlike the classical
capacity, we do not yet have a closed formula for the capacity of general quantum chan-
nels. It is worth pointing out here that there are a subset of quantum channels known as
degradable channels for which the coherent information is additive, therefore, the coher-
ent information of the single channel use Q;(N) is the channel capacity for degradable
channels [46].

1.4.2 Quantum Communication with Entanglement Assistance

A quantum channel coding scheme is said to be entanglement assisted if the coding
scheme uses entangled quantum states that have been priorly shared between the sender
and receiver. The encoding and decoding for an entanglement assisted coding scheme is
done as follows.

A K qudit quantum state is encoded into a N qudit quantum state, using an isometry
from K + T qudit system to N qudit system for some 0 <T' < N — K, as below,

53;1...AKA/_>A1...AN (,0A1~--AK ® wA’B’) ’ (1.101)

where 1 4/ is an entangled quantum state on 7' qudit quantum systems A’ := A} --- A,
and B’ := Bj--- B} shared between the sender and receiver, such that the sender has
A’ and the receiver B’. Note that the encoding isometry only acts on the system A’
of the shared entangled state 1) 4/5. The sender transmits the encoded N-qudit system
Ay ... Ay, using N times a quantum channel N 4_, 5, which output the following quan-
tum state,

NEN(E1(parnr @bas)) g, pup - (1.102)

The decoding is done by applying an isometry Df, By
lowing quantum state,

s A,..A,» Which gives the fol-

DI (NN (ET (pay-ax @ VaB) o, Ay (1.103)

It is shown in [12] that regularization is not necessary for the channel capacity in the case
of the entanglement assisted quantum communication, and it is given by half the mutual
information of the channel N 4_. g (Definition 28),

Im(N)

Qent(N ) — 9

(1.104)

1.4.3 Stabilizer and CSS Quantum Codes

Here, we provide efficient constructions of quantum codes for qubit quantum systems
(d = 2). We first consider well-known stabilizer codes [47]. Then, we consider a special
case of the stabilizer codes, known as the Calderbank-Shor-Steane (CSS) codes [48, 49], for
which we also briefly discuss the extension to the entanglement assisted communication
scenario.
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Consider an Abelian subgroup of the N-qubit Pauli group S C Gy (Definition 40). The
subgroup S stabilizes a pure quantum state [) if the following holds,

Sly) = |),VS € S. (1.105)

In other words, |¢) is fixed by every S € S. The above can be generalized for mixed
state p in a straightforward way as follows. The subgroup S stabilizes a mixed quantum
state p, with a pure state decomposition ), p;|;) (14|, if all the pure states |¢);) in the
decomposition are stabilized by S. For the sake of clarity, we will consider only pure
states in this section. However, everything described here remains valid for mixed states.

Given an Abelian subgroup S C Gy, define a subspace C(S) of the IV qubit Hilbert space
as follows,
C(S) = {l¥) [ S|v) = [¥), VS € S} (1.106)

It can be easily seen that —/ € S implies that C(S) is an empty set.

Definition 48. A stabilizer group S is an Abelian subgroup of Gn, which does not contain —1I.
In this case, C(S) is called the stabilizer code generated by the stabilizer group S.

Any stabilizer group S C Gy has 2V K elements, for some 0 < K < N [26, Chapter 10,
Section 10.5]. Further, a subgroup with 2V~ elements stabilizes a subspace of dimension
25 of the N-qubit Hilbert space. Therefore, a subgroup with 2V elements stabilizes only
one pure quantum state, which is called a stabilizer state.

A subset {S1,...,S5,} C Sis said to be a generating set of S if every element in S can be
written as a product of elements from {51, ..., S, }. Further, a generating set is said to be
independent if any S; € {S1,...,S,} is not a product of elements from {Si,...,S5,} \ S
Any independent generating set of S has cardinality log, |S|, where |S| is the cardinality
of S. In the following, unless otherwise mentioned, we shall always consider indepen-
dent generating sets of a stabilizer group.

The stabilizer codes are defined in a way that they are suitable for correcting Pauli errors.
Suppose a (unknown) Pauli error E € Gy occurs on a quantum state [¢)) € C(S). Then,
the corrupted quantum state is given by, |¢)') := E|i). First, note that if E € S, the
error does not affect the state as [¢)') = |¢), hence, there is no need of error correction. In
general, we need to identify the error E up to a stabilizer, i.e., we can identify E with E’
such that E = E’'S, for any S € S. Then, the initial state can be recovered by applying
the operator E'f back on the corrupted state. We now briefly give the intuition behind
the error correction properties of the stabilizer codes.

As elements in Gy either commute or anti-commute, we have the following forany S € S,

S|’y = SElY)
= (-1)°ElY), (1.107)

where a = 0, if [S, E] = 0, and a = 1 if {S, E} = 0. We now consider the following two
cases,

1. The error FE anti-commutes with at least one S € S: From (1.107), it follows that
the corrupted state |¢) is orthogonal to the code C(S). Hence, E can be detected
by performing a projective measurement corresponding to the generator S, which

anticommutes with E. As S is an Abelian group, all the generators {51, ...,S,} can
be measured simultaneously. The error syndrome is defined as the set of outcomes
of the measurements corresponding to all the generators {51, ..., S,}.
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2. The error £ commutes with every element in the stabilizer group S, and E ¢
S: Then E € N(S) \ S, where N(S) is the centralizer of the stabilizer group S.
From (1.107), the commutation condition implies that the corrupted state |¢') be-
longs to the code C(S). Further, as E ¢ S, |¢') is not equal to |#). In this case, E can
not be detected by performing measurements corresponding to the generators.

Using the above two conditions, the set of correctable errors for any stabilizer code C(S)
can be determined as given in the following lemma.

Lemma 49 ([47]). A set of errors & is correctable if for any E;, E; € &, the condition E;r E; ¢
N(S) \ S holds.

We briefly give the intuition behind the proof of the above lemma. From Point (1) of
the above discussion, it follows that if Ej E; ¢ N(S)\ S, then <1/)|EZT Ejl¢) = 0, for any
|Y) € C(S). Therefore, errors E; and E; take the state |1) to two different orthogonal
spaces to the code C(S), implying that they produce different error syndromes. Hence,
we can distinguish them from one another.

Note that the above lemma does not explicitly provide a decoding scheme to identify the
errors given the error syndrome. Lastly it’s important to mention that using a stabilizer
code, the symmetric coherent information can be achieved for Pauli channels (see [8,
Chapter 24, Section 6]).

Definition 50 (Calderbank-Shor-Steane (CSS) code [48, 49]). An stabilizer code C(S) is
called a CSS code if there exists a generating set G := Gx U Gz, such that any g, € G x consists
of Pauli matrices I and X, ie., gy = X" ® --- @ X"N-1, for some ug,...,un—1 € {0,1},
and any g, € Gz consists of Paulis matrices I and Z, i.e., g, = Z"° ® --- ® Z"N-1, for some
v0,...,UN—1 € {0,1}. We shall refer Gx as the X type generating set and Gz as the Z type
generating set.

The problem of constructing a CSS code is equivalent to the construction of two orthog-
onal classical binary linear codes as explained below.

Given a CSS code C, consider the X and Z part of the generators Gx and Gz. One may
associate a Ky x N matrix Hx with Gx, where K x is the cardinality of Gx, such that the
rows of Hx are vectors (uo, . .., un—_1) corresponding to g, = X" ®- - -@ X"N-1 Vg, € Gx.
Similarly, a Kz x N matrix Hy is associated with Gz, where K is the cardinality of Gz,
such that the rows of Hz are vectors (vg,...,vn_1) corresponding to g, = Z ® --- ®
Z'N-1¥q, € Gy.

Consider an error E' € Gy occurs on a quantum state |1)) belonging to the CSS code C. We
only need to correct errors up to the phase factor, hence we may take £ € Gy \ {1, £i},
i.e., the centralizer of the Pauli group Gy with respect to its quotient. As any element in
G1 can be written as X*“Z" for some u,v € {0,1}, it follows that £ = X% Z% @ --- ®
XUy ZUN-1 for some vectors (uj), . . . )y (Uh, . V) € {0, 1},

It can be seen that the measurement of a generator g, = X" ® --- ® X“N-1 € Gx on
the error corrupted quantum state E|¢)) outputs S~ ' uv) € {0,1}, where the sum is
XOR. Therefore, it follows that the measurement outcome of all the generators g, € Gx
is given by the following vector,

Hx (v}, ..., vy_q) € {0,1}5x. (1.108)
Similarly, the measurement outcome of all the generators g, € Gz is given by the vector,

Hz(up, ... uy_q) € {0,1}52, (1.109)
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Hence, a quantum CSS code yields two classical binary linear codes defined by the parity
check matrices Hx and Hz (see [26, Chapter 10] and [14, Chapter 13] for the Parity check
matrices). Further, the commutativity of generators g., 9., Vgx € Gx, gz € Gz imposes
the following orthogonality constraint on matrices Hx and H,

HxHj) =0, (1.110)

where H} is the transpose of H;. Therefore, two classical codes associated with a CSS
codes are orthogonal to each other. Moreover, given two classical codes with check ma-
trices Hy and H, satisfying H1H, = 0, one can obtain a quantum CSS code by defining
the X and Z type generating sets G'x and Gz, using the rows of H; and Hy, respectively.
Hence, the problem of constructing a CSS code is reduced to constructing two orthogonal
classical binary linear codes.

Entanglement assisted CSS code: Given the entanglement assistance, a quantum CSS
code can be built using two classical codes even if they are not orthogonal [50, 51, 52].
Consider parity check matrices H; and H» associated with two classical codes, and as-
sume HiH, # 0. Using the rows of Hj, define the X type generator Gx and us-
ing the rows of H», define the Z type generator G;. Let S be the group generated
by Gx U Gz. The group S is not a stabilizer group as there are elements in Gx U Gz,
that anti-commute with each other. However, given any two anti-commuting operators
g = X ® - @ X1 € Gxand g, = X" ®--- ® X"N-1 € Gz, one can modify
the operators g, and g, by adding an extra noiseless system, so that they commute, as
follows,

Gh=X@X"0® - ®X"W-1
=20 X"0®. - @ X1,

It can be seen that [¢., ¢.] = 0if {gx, g9z} = 0. The above modification is basically done
by sharing an EPR pair between the sender and receiver, such that the receiver’s half of
the preshared EPR pair is noiseless (see [50] for more details).

1.5 Quantum Polar Coding

As polar coding for classical channels achieves the channel capacity, it is desirable to
extend it for quantum channels. Polar codes are first generalized for sending classical
information through qubit quantum channels, that is, classical-quantum (cq) channels
in [53], achieving the Holevo information as the rate of transmission. The encoding, in
this case, is the same as the classical polar codes, hence, it is efficient. For decoding, a
quantum analog of SC decoding has been proposed, for which the error probability ap-
proaches to zero, exponentially in the codelength. Although, this decoding is not efficient
in the sense that it requires collective measurements. Moreover, it has been shown in [54]
that one necessarily needs to perform a certain number of collective measurements to
achieve the Holevo information.

A generalization of polar codes for quantum communication over qubit-input Pauli and
erasure channels is given in [13], which subsumes efficient encoding and decoding, and
achieves the symmetric coherent information as the rate of transmission. The quantum
polar coding scheme in [13] first associates two classical B-DMCs with a given Pauli or
erasure quantum channel, referred to as the induced amplitude and phase channels. Then,
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it is shown that the recursive construction of polar codes, using a quantum CNOT gate,
yields classical channel polarization for both induced channels. Finally, a Calderbank-
Shor-Steane (CSS) quantum code is constructed using the classical polar codes on the in-
duced amplitude and phase channels. This construction requires a small number of EPR
pairs to be shared between the sender and the receiver, thus making the resulting code
entanglement-assisted. However, in the low noise limit, the number of EPR pairs goes to
zero. A refined CSS construction is proposed in [55], where preshared entanglement is
completely suppressed at the cost of a more complicated multilevel coding scheme. The
quantum CSS polar codes are further extended to general quantum channels in [56, 53],
which also achieves the symmetric coherent information. For general quantum channels,
the associated induced amplitude and phase channels are cq channels instead of classical
channels.

In the following, we restrict our attention to Pauli channels and present the CSS construc-
tion of polar codes from [13] in more detail, and from a slightly different perspective.

1.5.1 Quantum CSS Polar Code

Notation: We denote 0 := +, and 1 := —. For any vector v = (ug,...,un—1)
€ {0,1}¥, u is obtained by substituting its components u; € {0, 1} with u. Therefore,
the N qubit phase basis can be represented as, {|) | u € {0,1}V}.

We define the quantum polar transform @)y, as the unitary matrix obtained by replacing
the classical CNOT with the quantum one in the classical polar transform Py. From the
definition of the quantum CNOT gate (see Section 1.3.8), it follows that the quantum
polar transform @)y acts like the classical polar transform Py on a N-qubit amplitude
basis state, that is,

Qn|u) = |Pyu),Vu € {0,1}V. (1.111)

The quantum CNOT gate acts as below in the phase basis,

02%1](:,;, y)> - ’(:c, 0 y)>, Y(z,y) € {0,1}2 (1.112)

The above can be easily seen from the circuit equivalence in Figure 1.9,

—E-o— i

Figure 1.9: The two circuits produce the same output for a given two-qubit input.

Note that the quantum CNOT gate also yields the classical CNOT in the phase basis, only
the inputs and outputs are arranged in the reversed order compared to the amplitude
basis. Therefore, the quantum polar transform @y acts like the classical polar transform
on a N-qubit phase basis state, with inputs and outputs arranged in the reversed order
compared to the amplitude basis, as illustrated in Figure 1.10. Let Py; be the reversed
classical polar transform defined as,

PXZ(UO, ey Ugy e ,U,N_l) = RPNR(U(), ey Ugy e 7UN—1), (1113)
where R is a permutation matrix defined as

R(UO, ey Ugy e ety uN_l) = (UN—L ey UN—1—Gy - ,'LL()). (1114)
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Then, we have that
Qn|@) = [Pru),Vu € {0,1}". (1.115)
Proposition 51. We have the following identity
Py = Py, (1.116)
where Py, is the transpose of Py.

Proof. The equation (1.112) can be written as following,

C’g_,l‘(x,y)> — ‘P{(m,y)>, (1.117)

10

where Pj := = P2—r . Since Py, = Pj @n it follows that Py = P;. O

We show in Section 1.5.2 that two classical channels, namely the induced amplitude and
phase channels, can be associated with a Pauli channel. As the quantum polar transform
Qn acts like the classical polar transforms Py and Py in amplitude and phase bases,
respectively, it implies that () yields the classical channel polarization for both the in-
duced amplitude and phase channel. The CSS quantum polar construction relies on the
polarization of the induced amplitude and phase channels, the encoding and decoding
for which is given in Sections 1.5.3 and 1.5.4, respectively.
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Figure 1.10: Quantum Polar transform for N = 23 as two classical polar transforms. The blue
wires represent quantum information in the amplitude basis and the orange wires in the phase
basis.
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1.5.2 Induced Amplitude and Phase Channels

Here, we associate two classical channels, induced amplitude and phase channels, with
a Pauli channel. Consider a Pauli channel W(p) := prp + px XpX +pyYpY +pzZpZ. In
the amplitude basis, only X and Y errors matter, therefore, WV is equal to a channel Wy,
such that

Wa(p) = (pr +pz)p + (px + py) X pX. (1.118)

Since X corresponds to the bit flip, the above channel acts like a binary symmetric clas-
sical channel (BSC) W4 in the amplitude basis, with crossover probability p4 = px + py,
as depicted in Figure 1.11. We shall refer to W, as the induced amplitude channel.

1-p

v

p
X =1{0,1} Y ={0,1}
1 2 1

1-p

v

Figure 1.11: A BSC with crossover probability p.

In the phase basis, only Z and Y errors matter. Therefore, WV is equal to a channel W,
such that

Wp(p) = (pr + px)p+ (pz + py)ZpZ. (1.119)

Since Z corresponds to the phase flip, the above channel acts like a BSC W, in the phase
basis, with crossover probability pp = pz + py.

The classical channels W4 and W}, do not take into account the correlation between X
and Z errors due to Y error. To accomodate the correlation, we assume the knowledge
whether X error has occurred or not, and modify the quantum channel W}, as below,

We(|z)(z]) = (Pr + P7)[0){0[r @ Wo(|Z)(Z]) + (Px + Py)[1){(1]r @ Wi(|z)(z]), (1.120)

where the classical flag F' indicates whether X error has occured or not, and

R s e
Wl = 2z} (el + —LZ zlz) a2

e PX Y i
Wi (|z)(z]) = pe——— |z) (x| + p— +pyZ\x)<x\Z. (1.121)

The above channels W, and W act like BSCs Wy and W, with crossover probabilities
pI’pr and, Xp}: , respectively. Hence, Wp acts like a mixture of two BSCs Wp :=
{Wo, W1}, Chosen with probabilities P; + Pz and Px + Py, respectively. We shall re-

fer to Wp as the induced phase channel. The transition probabilities of Wp are given
by,

W (u, yl) = paWa(yl2), u € {0, 1}, (1122)
where py = pr + pz and p1 = px + py.
Lemma 52. The following equality holds,

I(W) = L(Wa) + I(Wp) — 1, (1.123)

where I(W) is the symmetric coherent information of YW and T(W4)(I(Wp)) is the symmetric
mutual information of Wa(Wp).
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Proof. The symmetric coherent information of the Pauli channel WV is given by,
I(W)=1-H(p), (1.124)

where p := (pr,px,py,pz) and H(p) is the Shannon entropy of the probability vector p,
thatis, H(p) = —prlogpr — px logpx — py logpy — pzlogpz.

It can be seen that the mutual information of a BSC channel with crossover probaility e
is equal to 1 — H (€), where H (€) represents the Shannon entropy of a binary probability
vector (e,1 — €). Hence, the symmetric mutual information of W is given by,

I(Wa) =1-H(px +py), (1.125)
Similarly, the mutual information of Wp is given by,
I(Wp) = (pr +pz)I(Wo) + (px + py)I(W1)
by
= (pr +pz)H + (px +py)H | ———
(b1 +p2) (PI + pz> (px +v) (pX +pY>
=1-H(p)+ H(px +py) (1.126)

From (1.125) and (1.126), we have that

I(Wa) +I(Wp)—1=1— H(p). (1.127)
0

1.5.3 Encoding

To anindex i € {0,..., N — 1}, we associate two classical virtual channels as follows,

¢ The virtual channel WX), obtained by channel combining and splitting procedure
on Wy, using the classical polar transform Py.

e The virtual channel Wg C), where ¢ := N — i — 1, obtained by channel combining
and splitting procedure on Wp, using the reversed classical polar transform Py.

As channel polarization happens for both W4 and Wp, therefore, their respective virtual
channels tend to be either completely noiseless or completely noisy as N — oco. We call a
binary-input classical channel W d-noiseless if Z(W') < §, and d-noisy if Z(W) > 1 — .
Hence, for any § < 1 and sufficiently large N, all but a vanishing fraction of indices from
theset S :={0,1,..., N — 1} can be grouped in the following four disjoint subsets

e A C SsuchthatVj € A, both WX) and W](f “) are §-noiseless.

e 3 C SsuchthatVj € B, WX) is d-noiseless and Wl(f s d-noisy.
e C CSsuchthatVje(, Wff) is -noisy and W}(fc) is d-noiseless.
e D C Ssuch that Vj € D both WX) and Wl(f ") are d-noisy.

Let D be the complement of the set A U B U C. Note that |D| is almost equal to |D| for
sufficiently large N. With a slight abuse of notation, we denote A, B, C, and D as quantum
systems composed of |A|, |B|, |C|, and |D| qubits, respectively. It will be clear from the
context when they represent quantum systems or when sets of indices.

We first set the quantum state of systems A, B, C, and D as follows,
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* The quantum state corresponding to the system A is an arbitrary quantum state
pa € D(H.4), which is to be transmitted to the receiver.

 The quantum state of the system B is frozen (fixed) by the quantum state pj; :=
@pes|+) (+o-

e The quantum state of the system C is frozen by the quantum state p2 := ®.c¢|0)(0].

* Let &5 be the maximally entangled quantum state, defined on isomorphic quan-
tum systems D and D’ each containing |D| qubits, as follows,

Pppr = RgepPdars (1.128)

where d and d’ are the dth qubit of the quantum systems D and D’. The quantum
state of the system D is frozen by the D part of ®5p,. The other part D’ is directly
given to the decoder.

Then, the quantum polar transform @ is applied on the ABCD part, which gives the
following quantum state,

Generators of the quantum polar code stabilizer group: The quantum polar code can
be seen as a stabilizer code as follows. The quantum state (p4 ® pf; ® p ® ®pp/) for any
pA € D(H.4) is stabilized by the following Pauli operators,

Xy Qpzp I, Vb € B. (1.130)
Ze @pte I, Ve el (1.131)
Xq @ Xy Qpzaq Iy, Vd € D. (1.132)
Zq @ Ly Qptda Ir, Vd € D. (1.133)

Therefore, the stabilizer group of the polar code is generated by,

Qn @ I (Xy Optp 1) QY @ I, Vb € B. (1.134)
QN @ I (Ze Oppe I)QY, © Iy, Ve € C. (1.135)
Qn @ I/ (Xq © Xgr Qppaar In)QN © Iy, Vd € D. (1.136)
QN ® Ip/(Za @ Zagr Qppaa Ik)QY @ I, Vd € D. (1.137)

Note that the following holds for the CNOT gate,

Cot(X®@Coy =X ®1 (1.138)
Coi(I®X)Coy =X ®X (1.139)
Coi(ZRD)Cys1 =ZRZ (1.140)
Co(I®2Z)Con =102 (1.141)

From the above four equations, it follows that any stabilizer generator from (1.134)-
(1.137) consists of either X and I, or Z and I. Therefore, from Definition 50, the set
of stabilizer generators of the quantum polar code gives a CSS code. However, as the
preshared EPR pairs are required, it is an entanglement assisted CSS code.

Rate of the quantum CSS polar code: The rate of the quantum CSS polar code is given
by,
(1.142)
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As N — oo, from Theorem 7, we have that

|A| +[B| = NI(Wa). (1.143)
|Al +[C] = NI(Wp). (1.144)
|A| + |B|+|C| + |D| — N. (1.145)

From the above three equations, we have that

']“3' 5 (W) +T(Wp) — 1) + 12 (1.146)

Hence, the quantum CSS polar code achieves the symmetric coherent information plus
the fraction of preshared EPR pairs. Hence, the net communication rate, that is, the rate less
than the fraction of preshared EPR pair, approaches the symmetric coherent information
I(w).

Entanglement free condition: As mentioned above, preshared EPR pairs are needed for
the indices in the set D. In the following lemma, we give a condition on the Bhattacharyya
parameters of W4, Wp, which guarantees that |D| — 0 as N — oo. In other words, the
number of preshared EPR pairs goes to zero for sufficiently large N.

Lemma 53 ([13]). If the constraint Z(W4) + Z(Wp) < 1 holds, then |D| — 0as N — oc.

D]

Proof. From (1.23) and (1.24), we have the following after the first polarization step,
2W) + 2(Wp)) < 22(Wa) = Z(Wa)* + Z(Wp)?
<2Z(Wa) — Z(Wa)?2 + (1 — Z(Wa))?
~1. (1.147)

Applying the above recursively, it can be seen that following holds for any i € S,
2wy + 2wl < 1. (1.148)

As N — oo, from the polarization theorem (Theorem 7), we have that the parameters
Z (WX)) and Z (Wg c)) approach to either 0 or 1. The above equation implies that both

(i€

Z (WX)) and Z(Wp )) can’t approach 1 together. Hence, |D| — 0 as N — oo.
O

1.5.4 Decoding

The quantum system .ABC@ is sent using N instances of the Pauli channel WW. As no
errors occur on the system D’, the following is the channel output,

Y asens = WO @ I)) (0 apenp)- (1.149)
Since W is a Pauli channel, we have that
Yasepn = (Bapep@n @ In)(pa ® pfs @ p2 ® pp ) (QNE! oop ® In), (1.150)

for a random N-qubit Pauli error E 405 € Gy \ {£1, £i}. The decoding is performed in
the following steps,

Step 1: Apply the inverse quantum polar transform on the channel output state. Ap-
plying Q}[ on the output state ¢ 5.5, we have that

QWY usepp QN = (QNE4epQn @ I )(pa @ pf @ pf ® q)ﬁD_’)(Q}L\/ELBC@QN ® Ip)
= (E:wcﬁ ® Ip)(pa ® P?g_ ® /)2 ® q’ﬁﬁ')(E;\Bcﬁ @ Ip),
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where Eypop = Q;\/EAB(:@QN- From (1.138)-(1.141), it follows that £, ..5 € Gn \
{%1, £i} is also a Pauli error.

Step 2: Quantum measurement. Let £/, ..o, = X wZ% @ ... XN Z"N-1 and let u’y and
v’, be the X and Z error vectors of E’ respectively, that is,

ABCD'"’
u'y = (ufy . UN_q)-
vy = (V) .., Uy 1)

The receiver performs the Pauli X measurement on each b € B C S, which determines
the components of v/, corresponding to the set 5. Further, the Pauli Z measurement on
each ¢ € C, which determines the components of u’y corresponding to the set C. Finally,
the receiver performs the Bell measurement, that is, the measurement corresponding to the
Pauli operators X ® X and Z ® Z, on the two-qubit system dd’ for each d € D C S, which
determines the components of both u’y and v, corresponding to D.

Step 3: Decode the classical polar codes on W4 and Wp. Let u X and vz be X and
Z error vectors, respectively, corresponding to the error Eqpcp € Gy. Since E'ypop =
Q}L\,E ascp@n, from (1.138)-(1.141), we have the following equalities,
u’X = PNux. (1151)
vy = Pivgz. (1.152)

Further, as P3 = P5? = I, we also have the following,

ux = PNuS(. (1153)
vz = Pyvy. (1.154)
The vectors ux and vz are decoded as follows,

(i) Decoding of u/y: note that when the all-zero vector 0V := (0,...,0) is input to the
N instances of Wy, denoted by W then the vector ux can be considered as a channel
output of WAV . As the channel W4 is a BSC, we have that

WA (ux|0V) = WA (0" |ux). (1.155)

Therefore, we can equivalently consider 0V as the observed channel output, and ux
(unknown) as the channel input. We have been given,

e The components of the vector u’y corresponding to the setC UD C S.
* A noisy observation of the channel input ux = Pyu'y (namely 0%).

Based on the above, we can determine the components of the vector u’y corresponding
to the set (A U B), using the SC decoding of polar codes as described in Section 1.2.3.

(it) Decoding of v’,: Recall the Wp is a mixture of two BSCs W, and W, which are chosen
with some probability (see (1.122) for the transition probability of Wp). Note that when
0N is input to W]];.V (N instances of Wp), the pair (u4, vz) can be considered as a channel
output, where the vector u, is known and the vector vz is unknown. As channels W)
and W7 are BSCs, from (1.122), we have that

WH (ux,vz|0") = W (ux,0V|vz). (1.156)

Therefore, we can equivalently consider (ux,0") as the channel output and vz as the
channel input. We have been given,
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e The components of the vector v/, corresponding to the set BUD C S.
* A noisy observation of the channel input vz = Py v/, (namely (ux,0V)).

Based on the above, we can determine the components of the vector v, corresponding to
the set (A U C), using the SC decoding of polar codes.
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Purely Quantum Polar codes

Quantum CSS polar code (for qubit-input quantum channels) presented in the previous
chapter takes advantage of the fact that the recursive construction with the CNOT gate
(channel combining operation) yields channel polarization for both induced amplitude
and phase channels, which are associated with a quantum channel. The induced am-
plitude and phase channels associated with a Pauli channel are classical channels and
for general quantum channels, they are classical-quantum channels. Therefore, in gen-
eral, quantum CSS polar coding is based on the polarization of two classical-quantum
channels.

In this chapter, we take a different approach to construct quantum polar codes. We prove
a channel polarization phenomenon for quantum channels, where synthesized virtual
channels tend to be completely noisy or noiseless as quantum channels, not just in one
basis. We refer to this phenomenon as purely quantum polarization. Here, we prove the
purely quantum polarization for quantum channels with qudit-input of dimension d > 2.

Our purely quantum polarization is based on a quantum channel combining and splitting
procedure, where a two-qudit unitary, randomly chosen from a unitary 2-design (see
Section 1.3.5) is used as a channel combining operation. Further, using the fact that the
generalized two-qudit Clifford group (Definition 14) is a unitary 2-design [57] (we also
provide a simple proof of this fact), we conclude that the channel combining operation
can be randomly chosen from this set.

Using a symmetry argument, we reduce the set from which the channel combining op-

eration is chosen. Precisely, when the qudit dimension d is a prime, we show that polar-

ization happens for a subset of two-qudit Clifford unitaries containing only d* + d* — 2

elements, which is not a unitary 2-design. Hence, unitary 2-designs are not necessary for

the quantum polarization of qudit-input channels. When d = 2, the channel combining

d*4d>—2
2

set can be further reduced to = 0 elements.

We exploit the purely quantum polarization to construct a quantum coding scheme,
where the virtual channels that are completely noiseless as quantum channels are used
for quantum communication, while the virtual channels that are completely noisy are
frozen using preshared EPR pairs. Hence, our coding scheme is entanglement-assisted.
Further, it achieves half the symmetric mutual information of the channel.
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2.1 A General Set of Conditions for Stochastic Process Polariza-
tion

Recall from the discussion regarding the proof of classical polarization (Theorem 7)
that the recursive application of the channel combining and splitting procedure can be
modeled as a discrete time stochastic process {I,, : n > 0}, where I,, = [(W%n) is the
mutual information of the virtual channel W Further, the proof of polarization of I,,
therein is done indirectly using the Bhattacharyya parameter.

The following lemma provides a general set of conditions for polarization of an informa-
tion measure I, using a Bhattacharyya like parameter 7', under the recursive application
of a channel combining and splitting procedure. The lemma below is a slightly modified
version of [24, Lemma 2], so as to meet our specific needs.

Lemma 54 ([24, Lemma 2]). Suppose B;, i = 1,2,... are independent and identically dis-
tributed (i.i.d.), {0, 1}-valued random variables with P(B; = 0) = P(B, = 1) = 1/2, defined
on a probability space (2, F, P). Set Fo = {¢, 1} as the trivial o-algebra and set F,,, n > 1, to be
the o-field generated by (B - - - By,). Suppose further that two stochastic processes {I, : n > 0}
and {T}, : n > 0} are defined on this probability space with the following properties:

(1.1) I, takes values in [vo, 11] and is measurable with respect to F,. That is, 1 is a constant, and
I, is a function of By - - - By,.

(i.2) {(In,Fn) : n > 0} is a martingale, i.e., Ep,  [Iny1 | In = in, In—1 = in—1,...,01 =
i1, o] = in, for any n > 0 and all possible iy, .. ., ip.

(t.1) T,, takes values in the interval [0y, 0] and is measurable with respect to F,.

(i&t.1) For any € > 0 there exists 6 > 0, such that I,, € (1o + €,t1 — €) implies T,, € (6p +
8,01 — 0).

(t.2) Guaranteed improvement: T,, 1 < f(T,) when By,+1 = 1, where f : [0y, 61] — [6o, 01]
is a continuous function, such that f(0) < 6,V6 € (6o, 61).

Then, 1 = lim,_, I,, exists with probability 1, 1, takes values in {vo,¢1}, and E(I) =
L()P(Ioo = Lo) + Llp(Ioo = Ll) = I.

Proof. As the process {(I,,, F,) : n > 0} is a martingale, it follows that almost surely I,,
converges to a limit value. This means that for any ¢ > 0, there exists a ng such that for
all n > ng, we have that |,, — ¢| < ¢, for some ¢ € [1, ¢1]. It can be seen that ¢ € {vo,¢1} as
follows,

Suppose for § > 0, ¢ € (1o + 6,21 — J) holds, then it follows that there exists a ng, such
that for all n > ny, I, takes values in (¢o + 0,¢1 — J). From point (i&t.1), we have that
In€ (Lo+6,01—0) = T, € (6p+ 9,61 — &) for some §’ > 0. For some n > ny, consider
an event E,, such that B,, = B,41 = - -+ = B4 = 1 for k > 0. We have the following,

(1) B;,i=0,1... areii.d random variables.

(i) The probability of E,, for any n is equal to 2% > 0, therefore we have }_, Pr(E,) =
0.

Hence, from the Borel-Cantelli lemma, it follows that E,, occurs infinitely often for any
finite £ > 0. From point (¢.2), when E,, occurs for some n > ng, we have that

Tk < fH(T0), (2.1)
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where f* is the k-fold composition of f. As f is a continuous function and f(7},) < T},
we have that for any ¢’ > 0 and n such that T,, € (0y+0’, 6, — '), there exists a k such that
fH(T,) < 69+6'. Hence, it follows that I,, does not converge to any value in (19 +6, 1 —§),
therefore, we have that ¢ € {19, ¢;}. Finally, using the martingale property (i.2), we have
that

E(ls) := toP(Ioo = o) + t1P(Ioo = t1) = Ip. (2.2)

O]

2.2 Purely Quantum Polarization

In this section, we show our purely quantum polarization phenomenon for quantum
channels. To do so, we introduce a channel combining and splitting procedure for quan-
tum channels. We show that all the conditions of polarization from Section 2.1 are satis-
fied for the stochastic process obtained by recursively applying this channel combining
and splitting procedure, hence polarization happens.

2.21 Channel Combining and Splitting Procedure

Consider two quantum channels N4/, g and M4/, 5, where A’ is a qudit quantum sys-
tem of dimesnion d > 2, and B is a qudit quantum system of arbitrary dimension. Our
quantum polarization scheme relies on the channel combining and splitting procedures
depicted in Figure 2.1.

(a) Combined channel N <o M (b) Bad channel N ®c M (c) Good channel N @ M

Figure 2.1: Channel combining and splitting. (a) combined channel: a two-qudit unitary C' is
applied on the two inputs. (b) bad channel: we input a totally mixed state into the second input.
(c) good channel: we input half of an EPR pair into the first input, and the other half is given as
the output Aj.

First, quantum channels Ny, _, 5, and M, _, , are combined, using a two-qudit unitary
C, which yields the quantum channel N i M, as depicted in Figure 2.1a. The combined
channel N i M is a quantum channel from A4} A, to B; Bs, which acts as follows on a
two-qudit quantum state ¢ 44 € D(Haar),

(N ><ie M) 41 41,3, B, <¢A’1A’2) =Ny g, @ My, <C¢A;A;CT) : (2.3)
The combined channel is then split into two quantum virtual channels, the bad channel
N®EcM, and the good channel N @M, as depicted in Figures 2.1b and 2.1c¢, respectively.

The bad channel N ®¢ M is a channel from A} to B;B,, which acts as follows on a
quantum state py; € D(Hy,),

1
(N B M) a,55,8,(pay) = (N ¢ M) 41 a1, 5, (/)A’1 ® d2> : (24)
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The good channel N’ ®: M is a quantum channel from A/, to A;B;Bs, which acts as
follows on a quantum state p A € D(H Ag)/

(N ®&c M) ay—4,8,8,(pay) = (N ¢ M) 41 a1, B, (‘I’AlA'1 ® /J'A'Q) ; (2.5)

where ® 4, 4, is an EPR pair (Definition 11).

2.2.2 Properties of the Channel Combining and Splitting

In the following lemma, we show that the complements of the good and bad chan-
nels yield the bad and good channels, respectively on the complements of Ny, _, 5, and

MAIQ*)BQ N

Lemma 55. For quantum channels N A, B, and M Aly—s By, WE have that

(@) N B M)y gy (0y) = Ny i, @ MGy (€ (04 @ @aga,) CF),

T,
(b) (N ®c M)igﬁElEQ(pAlg) :NEQ%E1 @M% 5, <C (dl ®p,4/2> CT>,
where N C,l L, and Mil,z _, g, are complementary channels of Ny, ,p, and M, ,p,, respec-
tively.

Proof. Let Uy, ,p, g, and Vu, g, g, be the Stinespring dilations of N, A, B, and My, .,
respectively. Define isometries Wa, B ByE By Ay and W/",z A, as following,

—B1BsFE1FEo
W(pa)WH:=UoV (C (pAll ®<DA/2A2) C’f) Ul e vt (2.6)
W (pa)WT:=UeV (C (‘%Ag ®pA/2) CT) Ut vt 2.7)

It can be seen that
]lA/
5, sV ()W) = N 0 M (€ (pag 54 ) €1) = W Mlpag). 29
e, (W (pa) W) = N @ M (C (9,0 @ pay) CT) = (N @0 M)(pay).  (29)

. . , . . I
Therefore, isometries Wa, B ByE By Ay and W Ay By BBy By A, AT€ Stinespring dilations of

the channels (N Ec M) and (N ®c M), respectively (see also [58, Theorem 1]). Therefore,
by tracing out channel outputs of (N ®¢ M) and (N ®c M), we get their respective
complementary channels,

(N Bo M) (pay) = trp, B, (W(pa )W) = N @ M° (C (/?A'1 ® (I)A’2A1> CT) . (210
1Y

(N @c M) (pay) = tra,,5,(W (pa )W) = N¢ @ M° <C <dl ® PA/2> CT) . (211)

]

In the following lemma, we show that the channel combining and splitting procedure
preserves the total symmetric coherent information.

Lemma 56. Given two channels N AL By and M AlYy—B, with qudit inputs, then
IN®&cM)+INBEcM)=IN)+I(M),
and this holds for all choices of C.
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Proof. Consider the following state,

pasAsBi By = N m, © My 5, )(C(®ay 0 @ P auu)C). (212)
Then, we have that
I(N ®c M) =—-H(Ai|B1B2), (2.13)
I(N ®c M) = —H(A3|A1B1B3),,. (2.14)
Therefore, by the chain rule,

I(N 3l M) + I(N ®c ./\/l) = —H(A1|BlBg)p — H(A2|A131B2)p
— H(AA3|B1By),. (2.15)

Now, recall that the EPR pair has the property that (Z @ 1)|®) = (1 ® Z")|®) for any
matrix Z. Using this, we can move C from the input systems A’ and Aj to the purifying
systems A1 Ag: p=CT (N @ M)(Dy, AL © P, a )C, where C is the complex conjugate of
C. Hence, we have
—H(A1A2| B1Ba), = —H(A1A2|B1B2) (WeoM)(@ 4, 4y 9 4,07
= _H(A1|BI)N(¢A1A,1) — H(As|Ba) pm(
=IN)+I(M).

q’AQ A’2)

2.2.3 Rényi-Bhattacharyya Parameter

Here, we introduce a new channel parameter, based on the quantum conditional Rényi
entropies H I and H2i (see Definitions 37, 38, and also (1.76) and (1.77)). This parameter

will play the role of the Bhattacharyya parameter in the proof of our polarization Theo-
rem 60 below. For this reason, we call it the Rényi-Bhattacharyya parameter.

Definition 57 (Rényi-Bhattacharyya parameter). For any quantum channel N g/ _, g with qu-
dit input A’, the Rényi-Bhattacharyya parameter is defined as,

HT% (AIB)x (@

o
RN):=d an) — AR ¢ [L ] (2.16)

where ® o is an EPR pair and N, _, , is a complementary channel of N.

Note that the second equality in (2.16) follows from the duality relation of the condi-
tional quantum entropies in Theorem 39. Further, as mentioned before, the choice of the
complementary channel is not unique. However, the value of ﬁ% (AlE) ne(a, /) is inde-
pendent of the choice.
We now give the following relation between the Rényi-Bhattacharyya parameter and the
coherent information.

Lemma 58. Let Wy/_, g be a channel with qudit input. Then, for any 6 > 0, we have that

(@) ROW) < 2 +6=T(W)>1-log(1+ doJ).

() RW) > d—6 = I(W) < —1+ 2\/§+ LS by (ﬁfﬁ), where H(-) denotes the

binary entropy function.
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Proof. Point (a). For pap = W(®44/), we have that

"
Lis > R(W) = P Rt > qHAIB), — g~ IV),

where we have used H I (A|B), > H(A|B), for the second inequality, which follows

from the monotonically éecreasing property of the conditional Petz-Rényi entropy with
respect to its order [36, Theorem 7]. Hence, I(W) > 1 — log(1 + d9).

Point (b). We have that

d— 3§ < ROW) < ROW)

1
= max Tr [pf}Ba
oB

Ty o=

]2

2
14
vV PAB v KX op

= dmaxTr
oB
dmax VpAB —®UB (2.17)
1
14 2
= dmax F pAB,?@)aB (2.18)
oB

Using the Fuchs-van de Graaf inequalities [27], we get that there exists a o5 such that

% Hp AB — %“‘ ®op H LS \/g . We are now in a position to use the Alicki-Fannes-Winter [59,
Lemma 2] inequality, which states that

[E(AB), \[ f+fH<f\ff>

2.2.4 Quantum Channel Polarization

We now consider the channel combining and splitting procedure for two copies of a quan-
tum channel W4/_, g, and we will use the following notation,

W= weew
W = WeeWw

The polarization construction is obtained by recursively applying the channel combining
and splitting procedure, while choosing C' randomly from some finite set of two-qudit
unitaries, denoted by U C U(d?). To accommodate the random choice of C' € U, a classical
description of C' is included as part of the output of the bad and good channels. Hence,
fori =0, 1, we define,

WO (p) = 7 3 1CNHC @ WE (), (219)
’“ &

where {|C)}cecy is an orthogonal basis of some auxiliary system. Applying twice the
transformation W — (W(O), W(l)), we get four virtual channels W(1%2) .= (W(il)) (i2),
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where (i1i2) € {00,01,10,11}. In general, after n levels or recursion, we obtain 2" chan-
nels:
Winin) . — <W<i1“'in—l>) () Y(iy i) € {0, 1™ (2.20)

Our quantum polarization theorem below (Theorem 60) states that the symmetric coher-
ent information of the synthesized virtual channels channels W(1"») polarizes, meaning
that it goes to either —1 or +1 as n goes to infinity (except possibly for a vanishing fraction
of channels), provided that ¢/ is a unitary 2-design.

Before stating the polarization theorem, we first provide the following lemma on the
symmetric coherent information I and the Rényi-Bhattacharyya parameter R of a classi-
cal mixture of quantum channels. It will allow us to derive the main steps in the proof of

the polarization theorem, by conveniently working with the W(CO ) (p)/ W(Cl ) (p) construc-
tion, rather than the W(© (p)/ W) (p) mixture (in which a classical description of C' is
included in the output). The proof is omitted, since part (a) is trivial, and part (b) follows
easily from [36, Section B.2].

Lemma 59. Let N'(p) = >, cx Ae|®) (x| @ Ny (p), be a classical mixture of quantum channels
Nz, where {|x)}zcx is some orthonormal basis of an auxiliary system, and " A, = 1. Then,

(@) IN) = ExI(No) = 2 e x Al (No)-
(b) RIN) =ExR(Nz) := > cx AMeR(N).
We are now in a position to state our polarization theorem.

Theorem 60. Let U be a unitary 2-design. For any qudit-input quantum channel W, let
{Whiwin) iy . iy) € {0,137} be the set of channels defined in (2.20), with channel combin-
ing unitary C randomly chosen from U. Then, for any § > 0,

iy 7L 0) €40, 137 TVE) € (-146,1 - 9)}

n—00 AL
and furthermore,
i #{(i1--ip) € {0,137 IWE)) > 1 —5F  [(W) +1
n—00 n - 2

Proof. We will utilize Lemma 54 for the proof. This basically requires us to find two
parameters I and T that respectively play the roles of the symmetric mutual information
and the Bhattacharyya parameter from the classical case. The parameter I for us is the
symmetric coherent information. The choice of T is crucial to prove polarization as all
the constraints in Lemma 54 should be satisfied for I and 7. We shall consider the Rényi-
Bhattacharyya parameter as our 7.

Let {B,, : n > 1} be a sequence of i.i.d., {0,1}-valued random variables with P(B,, =
0) = P(B, = 1) = 1/2, as in Lemma 54. Let {I, : n > 0} and {R,, : n > 0} be
the stochastic processes defined by I,, := I (W51 Bn)) and R, := R (WB1~Bn)). By
convention, W@ := W thus I, = I (W) and Ry = R(W). For the first part, we prove
that all the conditions of Lemma 54 hold for I,, and T}, := R,,.

(i.1) Straightforward (with [0, 1] = [—1, 1]).

(i.2) We must show that I,, forms a martingale. In other words, that the channel com-
bining and splitting transformation does not change the total coherent information,
ie, I (W) +1(WW) =2I(W). This follows from Lemma 56, and Lemma 59 (a),
given before.
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(t.1) Straightforward (with [0, 61] = [%, d]).

(i&t.1) For any ¢ > 0, there exists a 6 > 0 such that I, € (—1 + ¢,1 — ¢) implies that
R, € ( é + 0,d — §). In other words, we need to show that if R polarizes, then so
does I. This holds for any choice of the Clifford unitary in the channel combining
operation, and is proven in Lemma 58 before.

(t.2) We will show the guaranteed improvement of the good channel such that

d

RnJrl =

It is enough to prove the above for n = 0 (i.e., the first step of recursion), since in
the general case the proof is obtained simply by replacing W with W(F1Bx)_First,
by using Lemma 59 (b), and assuming B; = 1, we get

Ry =R (W“)) —EoR (wg>) =EcRW@c W),

where the last equality is simply a reminder of our notation VV(C1 ) .= W@cW. Then,
from Lemma 61 below, it follows that Ec R (W(Cl )> = 255 (1+ RW)?).

Lemma 61. Let Ny, g and M 4_, g be two quantum channels with qudit input. Then,

EcR (N ®c M) = (1+ RWN)R(M))

dz+1

where Ec denotes the expectation operator, C is the channel combining unitary, chosen uniformly
at random from a unitary 2-design U.

Proof. Let N 0'1 Lp, and Mi&; _,, be the complementary channels of A" and M respec-
tively. From Lemma 55, we have that

W e M (o) = 0 00) (0 (S wp) 1)

Therefore, RN ®@c M) = d-H2(A21E1E2)s where pa, g5, = (N @®c M)¢(® 4,4, ). Note that
pE B, = N¢ (%) ® M (1), which is independent of C. Now, to compute the expected
value of this for a random choice of C, we proceed as follows:

Ecd 3 (A2lBi B2 — B, Ty

1 1\ 2
i i
(PEIEQPA2E1E2,0E1E2>

_1 ]lA/ _1 2

Note that this is basically the same calculation as in [60, Equation (3.32)] (there, U is
chosen according to the Haar measure over the full unitary group, but all that is required
is a unitary 2-design). However, we will not make the simplifications after (3.44) and
(3.45) in [60], but will instead keep all the terms. We therefore get

=EqcTr

i 1 1y
Epd— (A2l i)y — o Ty [( 7 )2] + BT [( o ‘I’AzA’z)Q]
11
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where

4 2 .
o= d — d d_Hé(A1A2|E1E2)w

-1 d*-1 ’

d* 7l d?
— d*H (A1A2|E1E2)e,
p=gizd ™ A1

and WAL AsE1Ey *= (NC @ MC)((I)A1A/1 ® (I)AzAlz)'

Hence,

i d d ol
Ed—H2(A2|E1E2), —H} (A1 A2|E1 E2)o
¢ 2+l @21
o d n d —FI%(A1|E1)NC(4,A
Cd24+1 d2+1
d

~Fr1 (1+ RWN)R(M)),

— gt .
14y g Hy(A2|E2) pm @ 1)

where we have used that the conditional sandwiched Rényi entropy of order 2 is additive
with respect to tensor-product states, which follows easily from the definition of H. % .
O

The second part of the theorem follows from the martingale property (i.2). From Lemma 54,
we have that

toP(Ioo = t0) + 1 P(Io = t1) = 1o,

here, o = —1,11 = 1 and, Iy = I(W). Since I, takes values in {—1,1}, P(I,, = —1) =
1 — P(I = 1). Therefore, we have,

P, =1) = LIV

2
Note that the fraction of noiseless channels, that is, P(/, = 1) is equal to half the sym-
metric mutual information of the channel W.

O]

2.3 A Channel Combining Set

As proven in Section 2.2, the purely quantum polarization phenomenon happens by
choosing the channel combining operation from a unitary 2-design. Here, we provide a
simple proof of the fact that the generalized Clifford group (Definition 14) on two-qudits
is a unitary 2-design. Hence, one may sample the channel combining operation from this
set.

Theorem 62. The generalized Clifford group on two qudits, C3, is a unitary 2-design'.

'We note that it may be inferred from Lemmas 1, 2 and 3 in [57]. We give an alternative and more
elementary proof here, by generalizing the proof from [61] to the qudit case.
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2.3. A Channel Combining Set

Proof. 1t is shown in [61, Theorem 1] (see also [62]) that the Clifford group on n-qubits
forms a unitary 2-design for any n > 1. Here, we generalize the proof from [61] to the
qudit case, and for n = 2. We need to prove that the Clifford group C3 satisfies the
Definition 22. For this, it is sufficient to prove (1.50), with & = Cg, for two-qudit input
quantum channels of the form Ws(p) := ApB (since any quantum channel is a convex
combination of quantum channels of this form).

We first consider the twirling of W, with respect to the Clifford group C3. Since the Pauli
group P? is a normal subgroup of C%, we may chose a subset C3 C C% containing one
representative for each equivalence class in the quotient group C3 / P2 Thus any element
of C2 can be uniquely written as a product CP, where C € C3, and P € P3. Therfore, in
order to twirl W, with respect to C%, we may first twirl it with respect to P32, then twirl
again the obtained channel with respect to C3.

The elements of P? have the form w?P, ; ® P, o, with A, 7, s,7’,s' = 0,...,d — 1. Hence,
twirling W, with respect to P7 gives a quantum channel, denoted W, defined below

1
Wé(p) = ﬁ Z (W/\Pr,s ®Pr’,s’)TA(W)\Pr,s ®Pr’,s’)p(w)\Pr,s ®Pr’,s’)TB(W)\PT,s®Pr’7s’) y

1
= @ Z (P:,s ® P:/,s/)A (Pr,s ® Pr’,S’) P(P;,s &® P:/,s/)B (PT,S & Pr’,s/) . (2-21)

s ! g/
r,8,7",8

’ !’
A, 7,8,r s

The last equality from the above shows that it is actually enough to twirl W, with respect
to the subset P7 := {P,s ® Pv gy | r,s,7,s' =0,...,d — 1}, obtained by omitting phase
factors. Since P2 forms an operator basis (for two-qudit operators), we may write

A= Z afr, s, 8" \Prs @ P g (2.22)
r,s,r! s’

B = Z B(T787T/75/)PT,S ®P’r’,5" (223)
r,s,r! s’

We now prove two lemmas 63 and 64, which imply Theorem 62.

Lemma 63. The quantum channel W, obtained by twirling W, with respect to P3, is a Pauli
channel satisfying the following

= > Ysps (P ®@Poy) p(Pl @ P ), (2.24)

T’ST‘ S

1ol oy e .
where vy s 1 5 = WSS a(r, s, 17, ) B(—r, —s, —1', —5') and —x denotes the additive inverse
of x modulo d.

Proof. Recall that P? = {Pr,s QP g |rs, 1,8 =0,...,d— 1} is the subset of two-qudit

Pauli, without phase factors. Hence, twirling of W, with respect to P7 gives

Wi( d — > (Pl,@P, JA(P®Puy)p(Pl @ Pl )B(Prs®Puy) (2.25)

r,s,r’ s’

Since P? forms an operator basis, we may write

A= Z a(r,s,7,8")Ps @ P g, (2.26)
B = Z 6(7‘,8,7“/75/)PT78®PT/78/ (227)
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Substituting A and B in the above equation, we get

Wa(p d4 > D> altut d)Bw,w, v W)k, (2.28)

tau,t’ u vaw, v w’

where k is defined as,

ki= Y (Pl PaPrs) ® (Pl PP o) p(Pl PowPrs) @ (Pl PuwPry).  (229)

r,r!,s,s!

From (1.42), we have that P, , P, s = w™"""$' P, (P, ,,. Then, we may write

R = k(Pt,u & Pt’,u’)p(Pv,w ® Pv’,w’)a (2.30)
where £ is defined as,
L o— Z o (utw)+s(v+t) Z W (W) (0 ) (2.31)

When v + w = v + ¢ = 0 (mod d), we have > w™" (utw)ts(vt) — ¢2. When either

u+v # 0 (mod d) or t+w # 0 (mod d), we have Zr,s wrutw)Es(ott) — % = 0.
Therefore,

o {d4, whenu+w=v+t=u+w =v +t =0 (mod d) 2.32)

0, otherwise

The condition v + w = v + ¢ = 0 (mod d) implies that P, , P, ,, = X'Z"X"Z% = w™"’].
Using t = —v (mod d), we have that P, ,, = wt“PJu. Plugging « into (2.28), we get

= > v (Pou® Pru)p(PL, @ P L), (2.33)
taut! u’
where 7; 7, is defined as,
Vet ul = wt“+t/"la(t, u, t' u")B(—t, —u, —t', —u’). (2.34)
Hence, W is a qudit Pauli channel, as desired. O

Lemma 64. The quantum channel obtained by twirling WY with respect to C3, is the quantum
channel WY acting as

Tr(AB)
pz

Wy (p) =

2 _
1e1+ d Tr(Aler B) — Tr(AB) <

( 1
S T) —d211®11>. (2.35)

Proof. Recall that C2 C C3 is a subset containing one representative for each equivalence
class in the quotient group C2/P2. Twirling of W with respect to C3 gives

> i 3 CHPu® Pra)CoCl(PL O PLIC. @36)
t7u7t,7u/ d CEC2

We know that the conjugate action of the entire set C2 maps any P, ® Py, # I ® I to
all d* — 1 two-qudit Paulis excluding I ® I, an equal number of times. In other words,
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2.3. A Channel Combining Set

Py ® Py #1®1 getsmapped toaPauli Py ® P g #I1®1, dL dl times. Further, I ® I
is always mapped to I ® I. Therefore, we have that

1
Wi (o) =mo00p+ =7 D (Br®Pra)p(PLo Pl )., (237)
(T7S7T/7sl)¢(0707070)

where ' is defined as,

Y = > Vet (2.38)

(t7u’t/7u,)¢(070)070)

Using the following three identities, we can easily transform (2.37) into the form of (2.35).

Tr(A)Tr(B
1. 7,000 = (;4()-
Tr(AB)
Z Yt w = T

taut! u’

3. Z (Pr,s®Pr’,s’)p(PJS®P:/7S/) :d21®1.

r,s,r!,s!

Proof of identity 1) We have that 00,0 = «(0,0,0,0)3(0,0,0,0). Also,

d, whenP,,=1
0, otherwise

Tr(Ps) = {

Using (2.26) and (2.27), we get Tr(A) = «(0,0,0,0)d? and Tr(B) = 5(0,0,0,0)d?. Hence,
_ Tr(A)Tr(B)
we have 70,000 = —gE -

Proof of identity 2) We have,

Z Z a(t,u,t’,u)B(v, w, v, w)Tr( Py Pyw) Tr( Py Py )

tau,t’ uw ovaw, w!

= Z Pt (b u, ) B(—t, —u, —t, —u)

! /
t,u,t’ u

2
=d § Vtut -

! /
t,u,t’' u

Proof of identity 3) Let p = 3 1 s pr.ss s Prs @ P . Since pis a density matrix, we have

Tr(p 1
£0,0,0,0 = d(z ) = —z. Hence,

Y (Ps®@Poa)p(Pl,@Pl )= > prupw(PrsPiuPl,) ® (PoyPrwP) )

r,s,r’,s r,s,r’' s’ tau,t' u
o —st+ru, —s't'+r'u’
- E Pt u E w w Pt,u & Pt’,u’
tou,t! u! r,s,r! s
_ 4
=d poo,00l ®1
=d*I®]I.

We get (2.35) from (2.37) by using the above identities, while also substituting the notation
1 for the identity matrix /I, as it denotes a quantum state here.
O
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Chapter 2. Purely Quantum Polar codes

Now, the quantum channel WY is the twirling of W, with respect to C3. To conclude that
C3 is a unitary 2-design, we need to show that twirling W, with respect to U(d?) yields
the same channel, which follows from [63].

t

2.4 Reduction of the Channel Combining Set

In this section, we prove that when the qudit dimension d is a prime number, quan-
tum polarization can be achieved by taking a subset of the two-qudit Clifford group C3,
containing only d* 4+ d? — 2 elements. For the qubit case, that is, d = 2, this set can be
further reduced to % elements. Recall from the proof of Theorem 60 that only con-
dition that depends on the channel combining set is the guaranteed improvement condi-
tion (¢.2). We show that guaranteed improvement condition (¢.2) is still fulfilled, when
the channel combining operation is chosen from the reduced set of two-qudit Cliffords,
which implies that polarization happens.

2.4.1 A Channel Combining Set with d* + d* — 2 Elements for Qudit Channels

We first define an equivalence relation on C», whose equivalence classes are the left cosets
of C; ® C; as follows.

Definition 65. We say that C' and C” € Cy are equivalent, and denote it by C' ~ C”, if there
exist Cy, Cy € Cy such that C" = C'(Cy @ C3) (see also Figure 2.2).

Figure 2.2: Equivalent two-qudit Clifford gates C' ~ C"”

Now, we observe that two equivalent Clifford gates, used to combine any two quantum
channels, yield the same Rényi-Bhattacharyya parameter of the bad /good channels. This
is stated in the following lemma.

Lemma 66. Let C',C" € Cy. If C' ~ C”, then for any two quantum channels N and M with
qudit inputs, we have the following,

(a) RM B N) = RMBen N).
(b)) R M ®c N) = RIM @ N).
Proof. Point (i). Given C, ,, = 1’4,114,2(6‘}‘,1 ® 02,2), let

pr= N Bo M) g pya, (Pagay)
p// = (N C// M)%a*}ElEQAQ (@AlAll)
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2.4. Reduction of the Channel Combining Set

Then, we have that

P = NG @ My, (Cly g (Chy © C%) (Pa,ny @ Dy, ) (O T 0 03N, L, )
S © My g, (Clyag (Chy @ C)) (P, @ @y, ) (Ch, © C3,)C, )
h ®C3 ( Ao O My p, (CA’ AL (‘I’AlA’ ® Py A2) CA’ AL )) Ch, ® C3,
:CA1 ®C’A2(p)C’A1®CA2, (2.39)
where the first equality follows from part (a) of Lemma 55 and the second equality fol-
lows from the relation (1 ® Z)|®) = (Z' ® 1)|®), for any matrix Z.
From (57), we have that

RN ®en M) = 2~ H3(A1|E B2 Az) v

where ﬁ% (A|B), = —Daz(pag||I ® pp) (Definition 38). We have the following equality for
Da(pllo), ] i
Dy(pllo) = Do(UpUT||[UaUY), (2.40)

where U is a unitary operator. Hence,

(P"|11 @ Tra, (p"))

(Ch, @ C3, (0)Ch, ® CA,111 ® (O3, Tea, (0)C3,))
~Do(p||1 @ Tra, (')

%(A1|E1E2A2)

H(A|E1 By Ag) = —Ds
—Ds

where the second equality follows from (2.39) and Tra, (p") = C3, D Tra (0 )C3, and the
third equality follows from the unitary equivalence in (2.40). Therefore, we get R(N ®cw
M) = R(N B¢ M), as desired.

Point (i2). Given C,//1A/2 = A, A, (C}l, ® C2,) let
=N ®c M)f4’1—>E1E2A2(q)A1A'1>
=N @&cr M) iy a, (P, ap)-
Then, it can be shown similarly to the point (7) that
"= % 03, (2.41)
From the unitary equivalence in (2.40), it follows that R(M ®&c N) = RIM @cn N). O

Using Lemma 66, we reduce the channel combining set as follows.

Theorem 67. If d is prime, there exists a subset U C Cg, of size |U| = d* + d? — 2, which is not
a unitary 2-design, and such that polarization happens when the channel combining unitary C'is
randomly chosen from U.

Proof. We divide the set C3 into equivalence classes with respect to the equivalence rela-
tion in Definition 65. The equivalence classes are left cosets of C} ® C} in C3. The number

2
of the left cosests are equal to @ Consider now a set of representatives R, containin
9 B P g
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Chapter 2. Purely Quantum Polar codes

only one two-qudit Clifford unitary from each left coset. As a consequence of Lemma 66,
we have the following for the Rényi-Bhattacharyya parameter of the good channel wi,

EcerROVY) = Egees ROVE)). (2.42)
Therefore, we need a set containing only % two-qudit Cliffords to achieve the polar-
d

ization. In the following lemma, we give |C3| and |C}|.

Lemma 68. If d is a prime number, |C}| = d*(d* — 1) and |C3| = d®(d* — 1)(d* — 1).

Proof. Consider the one-qudit Clifford group Cl. We count first the permutations gener-
ated by C} on P} := {P, 4|r,s = 0,...,d — 1}, and later we will accommodate the phase
factors. Any Clifford C' € C} is uniquely determined by its conjugate action on the gen-
erators of the Pauli group, X and Z. Suppose that C' maps X — P, and Z — P, via
its conjugate action, where P, ;, P;,, # I. On the one hand, since commutation relations
are preserved under unitary conjugation, P, ; and P;, must satisty P, P, = wP;,Prs.
On the other hand, from (1.42), we have that P, s P, ,, = w"™ ' P, ,, P, 5. Therefore, r, u, s,
must be such that ru — st = 1 (mod d). We fix r, s and solve for ¢,u. Since P, # I,
it follows that either = or s is non-zero. Without loss of generality, we may assume that
r # 0. Since d is a prime number, r is invertible under multiplication modulo d. There-
fore, for any t € {0,...,d — 1}, there exists a unique u := r~1(1 + st) (mod d), satisfying
ru—st = 1. Hence, there are exactly d choices for the ¢, u pair. Since we have d? —1 choices
for the r, s pair, it follows that there are d(d® —1) pairs of Paulis, P, s and P, ,, such that
P3P, = wP,,P,,. Taking into account the phase factors, wh € {0,...,d — 1}, it
follows that C} has d3(d? — 1) elements.

We now count the number of elements in C3. The two-qudit Pauli group P3 is generated
by a set of four Paulis I ® X,I ® Z, X ® I and Z ® I, and any Clifford C € Cg is uniquely
determined by its conjugate action on these four generators. The commutation relations
between the four generators are illustrated in Fig. 2.3.

IeX X&I

I®wzZ ZxI

Figure 2.3: Connected Paulis satisfy AB = wBA, with A is the Pauli on the top row, and B the
Pauli on the bottom row. Paulis that are not connected commute.

Consider a mapping I@ X +— A, I®Z — B, X®I +— A, Z®1 — B',where A,B, A', B’ €
P2, that preserves all the commutation relations between generators. Pauli I ® X can be
mapped to any two-qudit Pauli A # I ® I, so there are d* — 1 choices for A. It is not very
difficult to see that for any A # I ® I there are d® choices for B such that AB = wBA.
Further, there are d(d? — 1) pairs of two-qudit Paulis A’ and B’, which commute with
both A and B, and satisfy A'B’ = wB’A’. Therefore, we have d*(d* — 1)(d?> — 1) possible
permutations on P2, which satisfy all the commutation relations. Taking into account the
phase factors, it follows that C2 has d8(d* — 1)(d* — 1) elements. O

Ic3|
CAP
our representative set R such that it contains the identity (I) and the swap (S) gates.
Note that ROWS)) = R(W) for C € {I,5}. Since Ecer ROVY)) < R(W), it follows

Therefore, from the above lemma, we have that = d* + d2. Further, we may choose
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2.4. Reduction of the Channel Combining Set

that removing I and S can only decrease the expectation value, that is, E Rec\{I,5} <

ECGRR(Wg )). More precisely, we have the following,

3 2R(W) ERWP? _ d

- - 1+ R 2.
T 2 Fr@ 2t arE s gy tHEMW))

ECGR\{I,S}R(W(cl))

Hence, condition (¢.2) from Theorem 60 remains satisfied even after removing the I and
S gates from the set of representatives R. Therefore, polarization happens by sampling
the channel combining operation from a set containing d* + d* — 2 two-qudit Clifford.

O

In Lemma 69 below, we prove that when two-qudit Clifford unitaries C’ and C”, which
are connected by the swap gate S, such that C” := SC’, are used to combine two copies
of a quantum channel W/, p with qudit input, yield the same Rényi-Bhattacharyya pa-
rameter of the bad/good channels. Note that this property is weaker than the one in
Lemma 66, which holds for any two quantum channels N and M. However, it is suffi-
cient in the context of polaization, where one has many copies of the same channel.

Lemma 69. Let C',C" € Cy, such that C" = SC', where S is the swap gate. Then, for two
copies of a quantum channel W with qudit input,

RWH®Ece W) =RBRW®&cr W) and ROW &c W) = ROW ®&cr W).

Proof. First, we note that by applying a unitary on the output of any quantum channel
does not change the Rényi-Bhattacharyya parameter. Precisely, let N4_, g be any quan-
tum channel, and UN 4, pU be the quantum channel” obtained by applying the unitary
U on the output system B, that is, (U./\/'A_>BUT) (pa) := UNa_p(pa)U'. Then,

R (UNA%BUT ) — R(NassB). (2.43)

Going back to the proof of the Lemma, by the definition of W& )W and using that S t=3,
we may write:

W Ecr W)(p) = (W@ W) (C”(p ® fl)c//T)
=(WaWw) <SC’(,0 ® 2)0'*5) .

Now, it is easily seen that the W ® W channel is covariant with respect to the swap gate,
i.e., the swap gate commutes with the action of the channel. Hence we may further write:

W Ber W)(p) = SOV & W) <0'<p ® §>C’T> s
— SWEe W)(p)S
— (SW e W)S) (o).

Hence, W Ecr W = S(W B W)S, and using (2.43), with N := W Ee Wand U := S,
we get
R(W E3leZ W) = R(W E3feZ] W) ,

as desired. The equality ROW®c W) = ROV @&c» W) may be proven in a similar way. [

*To see that UN4—,gU" is a quantum channel, it is enough to notice that if N4, 5 is defined by Kraus
operators { Ey}, then UN4_,gU" is defined by Kraus operators {U Ej }.
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We would like to further reduce the channel combining set using the above lemma. Note
that if C" and C” belong to the same equivalence class under the equivalence relation in
Definition 65, this is not significant as we are using only one unitary from each equiva-
lence class. However, if C" and C” belong to different equivalence classes for all C’, the
size of the channel combining set can be reduced to %. We show in Lemma 70 by
providing a counterexample that this property does not hold for a two-qudit unitary in
dimension d = 5. However, as shown in Section 2.4.2 below, it holds for all two-qubit

clifford unitaries.
Lemma 70. For d = 5, there existsa C' € Cﬁ such that SC = C(Cy ® Cs) for some C,C4 € Cé.

Proof. We consider d = 5. Let C; = I be the identity, and C} € C} be such that it maps
X — X*and Z — Z*, via conjugation. Since X*Z* = wZ4X*, C} is indeed a one-qudit
Clifford. We define Cy = C5X?Z?. Further, let C € C?, such that its conjugate action
generates the following permutation on the generators of P2,

I®X X470 XZ4,
IQZw— XZ@ X474,
Xl XZo X2,
Z@l— XZ0XZ.

Using (1.42), it is easily seen that the above permutation preserves all the commutation
relations between the generators. Now, the conjugate actions of SC and C(C; ® Cs)
generate the same permutation on 733. Therefore, SC = C(C ® C»). O

2.4.2 A Channel Combining Set with Nine Elements for Qubit Channels

For the qubit case, d = 2, a set of d*+d? -2 =18 representatives can be chosen as
follows>.

* For nine out of the remaining 18 equivalence classes, one may find representatives
of the form (C; ® C3)Cs-1, where Cy_,; is the CNOT gate with control on the
second qubit and target on the first qubit (see Section 1.3.8), C; € {I,vVZ,VY},

Cy € {I,V/X,VY},and VP = O_O(Qﬁ, for any Pauli matrix P € {X,Y, Z}. We
denote this set by £, which is further depicted in Figure 2.4.

L= {(C1®02)02_>1 ‘ C; e {I,\/Z,\/?},CQ S {[,\/)7(,\/?}}.

¢ For the remaining nine equivalence classes, one may find representatives of the
form SL, where S is the swap gate and L € £. We denote this set by £/,

L' :={SL|LecL}.

Hence, from Theorem 67 and Lemma 69 either the set £ or £’ is sufficient to achieve
polarization.

3We used a computer program to determine such a set of representatives.
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L171 . LLQ . L173 :

i

i
T

:

:

)

\/}7*

:

L : L3y : L33 :

b
b

e

I*

Figure 2.4: The set L := {L; ; | 1 <1, j < 3} containing nine Cliffords.

2.5 Quantum Polar Coding

2.5.1 Quantum Polar Codes

We exploit the purely quantum polarization to construct a quantum polar of finite code-
length as follows [2] (see also Figure 2.5) . For a quantum polar code of length N = 27,
n > 0, we start with NV copies of the quantum channel W, pair them in N/2 pairs, and
apply the channel combining and splitting operation on each pair. The same channel
combining Clifford gate is used for each of the N/2 pairs, which will be denoted by C. By
doing so, we generate N/2 copies of the channel W(®) := W @ W and N/2 copies of the
channel W) := W @c W. Hence, for each i; = 0, 1, we group together the N/2 copies of
the W(1) channel, pair them in N/4 pairs, and apply the channel combining and splitting
operation on each pair, by using some channel combining Clifford gate denoted by C;,.
By performing n polarization steps (that is, applying the above construction recursively
n times), we generate quantum channels Wliin) which can be recursively defined for
n > 0, as follows:

(2.44)
Wiirin-1) @, Wlirin-1) - jf 4 =1

. {W<i1"'inl> Mo, . W) f g =0
W(ll---ln) = 1 tn—1
01 ip—1
where, for n = 1, in the right hand side term of the above equality, we set by conven-
tion W@ := W and C, := C. Note that, for the sake of simplicity, we have dropped
the channel combining Clifford gate from the WW(1n) notation. The construction is il-
lustrated in Fig. 2.5, for N = 8. Here, horizontal “wires” represent qudits, and for each
polarization step, we have indicated on each wire the virtual channel W(1%2"") “seen” by
the corresponding qudit state.

The above construction synthesizes a set of N channels and, for any ¢ = 0,...,N — 1,
we shall further denote W) := W(1in) where 4; - - - iy, is the binary decomposition of i.
LetZ C {0,1,...,N — 1} denote the set of good channels (i.e., with symmetric coherent
information close to 1, or equivalently, Rényi-Bhattacharyya parameter close to 1/2), and
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(000) W(00) w(0) w
y(001) Coo W) Co W ¢ W
(010) w(10) >< w(0) w
Wio11) Cot Wwan G W c W
W(100) W(00) WO w
W(101) Co w(01) Co w® ¢ )44
W(110) W) >< WO w
i |1 wan | & wo l € 1w

Figure 2.5: Quantum polar code of length N = 8

let 7 := {0,1,...,N — 1} \ Z. With a slight abuse of notation, we shall also denote by 7
and J as quantum systems consisting of |Z| and || qudits, respectively.

A quantum state p7 on system 7 is encoded by supplying it as input to channels i € Z,
while supplying each channel j € J with half of an EPR pair, shared between the sender
and the receiver. Precisely, let ® 7 7/ be a maximally entangled state, defined by

(I)jj’ = ®j€JCI)jj/, (245)

where indices j and j’ indicate the j-th qudits of J and J’ systems, respectively, and
®;; is an EPR pair. Let also Q) denote the quantum polar transform, that is the unitary
operator defined by applying Clifford gates corresponding to the n polarization steps.
The encoded state, denoted ¢ 7 7/, is obtained by applying the Qn ® I 7/ unitary on the
Z.JJ' system, hence:

o177 = (Qn ® I7)(pr © D77)(QN @ L), (2.46)

Since no errors occur on the 7’ system, the channel output state is given by:
Y177 = W ® Iy)(ez77)- (2.47)

It is worth noticing that randomness is used only at the code construction stage (since
Clifford gates used in the n polarization steps are randomly chosen from some prede-
termined set of gates), but not at the encoding stage. The constructed polar code allows
communicating quantum information over a quantum channel WV at a rate |Z|/N, which
approaches (1+ 1(W))/2 (that is, half the symmetric mutual information of the channel),
as N goes to infinity. The net communication rate, is given by (|Z| — |J|)/N, and ap-
proaches the symmetric coherent information (W), as N goes to infinity, similarly to the
CSS quantum polar code (see discussion on the rate of communication in Section 1.5.3).

2.5.2 Quantum Polar Codes as Entanglement-Assisted Stabilizer Codes

In this section, we consider the purely quantum polar code presented in Section 2.5.1 for
qubit quantum systems and observe that it can be considered as an entanglement assisted
stabilizer code.
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Including all information qubits (Z system) and both systems of the preshared EPR pairs
(J and J' systems), the quantum polar code from the above section can be described as
an entanglement assisted stabilizer code, in the sense of [50]. Precisely, using the notation
from the previous section, the quantum state pz ® ® 74 is stabilized by the set of Pauli
operators

Sty =z @ X; Xy, Ir @ Z;Zy | j e J}, (2.48)

where I7 denotes the identity on the Z system, and X; X/ (respectively, Z;Z;/) denotes
the tensor product of the Pauli-X (respectively, Pauli-Z) operators of the j-th qubits of
systems 7 and 7’ *. Conversely, any quantum state on the tripartite Z.77’ system, which
is stabilized by Pauli operators in Sz 7 7/, is necessarily of the form p7z ® ® 77 (by a di-
mension argument). Hence, encoded states (y7 77~ defined in (2.46)) are stabilized by the
set of Pauli operators obtained by passing the elements of Sz.; 7+ through the polar transform
Gy, that is,

Sz = (Gq®I7)Sr77/(Gh & 1) (2.49)

For stabilizer codes, the decoding problem for general quantum channels reduces to de-
coding Pauli errors only, after performing syndrome measurement, i.e., measuring all the
generators of the stabilizer group (in our case, the elements of S7; /). Here, the implicit
assumption is that syndrome measurement induces appropriate projections, such that it
results in the standard Pauli error model.

For qubit Pauli channels, we provide an efficient decoding algorithm (Section 3.5), achiev-
ing the symmetric coherent information of the channel. For general quantum channels,
syndrome measurement coupled with the above decoding on the induced Pauli error
model may yield a practical solution to the decoding problem. However, such a solution
is not optimal, due to the loss of information incurred during syndrome measurement.
Besides, the polar code should be fitted to (and thus exploit the polarization of) the in-
duced Pauli error model, rather than the quantum channel itself. Devising an efficient
decoding algorithm capable of achieving the symmetric coherent information of general
quantum channels is an open problem.

2.6 Quantum Polar Codes with Vanishing Rate of Preshared En-
tanglement

In this section we present a code construction using an asymptotically vanishing rate
or preshared entanglement, while achieving a net transmission rate equal to the symmet-
ric coherent information of the channel. In particular, we shall assume that the coherent
information of the channel is positive, I(W) > 0. The proposed construction bears sim-
ilarities to the universal polar code construction in [64, Section V], capable of achieving
the compound capacity of a finite set of classical channels.

Let P,(N,J,TI) denote a quantum polar code of length N = 2", for some n > 0, where T

and J denote the sets of good and bad channels respectively. By Theorem 60, as n goes
to infinity, |Z| approaches %(W)N , and thus | 7| approaches %(W)N . Since I(W) > 0,

it follows that | 7| < |Z|, provided that n is large enough. Therefore, we may find a subset

“Note that the definition of Sz 7/ in (2.48) depends only on index j € 7, since j' € J' is the counterpart
of j (thus, uniquely determined by the latter).
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Chapter 2. Purely Quantum Polar codes

of good channels Z’ C Z, such that |Z'| = |7|. In the sequel, we shall extend the definition
of a polar code to include such a subset Z’, and denote it by P, (N, J,Z,Z').

Let us now consider k copies of a quantum polar code P,(N,J,Z,7’), denoted by
Pé(N, T, 11, 7)) or simply by Pé, forany ! € {0,1,...,k — 1}. We define a quantum code
CF of codelength |CF| = kN, by chaining them in the following way (see also Fig. 2.6):

71 7 Q71 7 Q711 7,

‘ ‘ T T2

Receiver | Sender P p! P2

Figure 2.6: C’g: Chaining construction with k = 3 copies of a quantum polar codes P,

(i) For system [Jp, the input quantum state before encoding is half of a maximally en-
tangled state ® 7, s, where system Jj is part of channel output. This is the only
preshared entanglement between the sender and the receiver.

(it) For systems Z; , and J;, with [ # 0, the input quantum state before encoding is a
maximally entangled state &7, 7.

(t7i) Systems Z; \ Z], for | # k — 1, and Zy_; are information systems, meaning that
the corresponding quantum state is the one that needs to be transmitted from the
sender to the receiver.

It can be easily seen that the transmission (coding) rate of the proposed scheme is
given by

oo D INT + D] (k= DIW) +

kN n—»00 k k—oo o),

while the rate of preshared entanglement is given by

Clml1-1ow)
kN n—oo 2k k—oo

E: 0.

Decoding C(’; : We shall assume that we are given an effective decoding algorithm of the
quantum polar code F,, capable of achieving the symmetric coherent information of the
channel. In the next chapter, we indeed provide an efficient decoding for qubit Pauli
channels (Section 3.5), but it remains an open problem for general quantum channels.
In this case, C} can be decoded sequentially, by decoding first P_, then P;, P2, and so
on. Indeed, after decoding P_, thus in particular correcting the state of the Z; system,
the EPR pairs ®7; 7, will play the role of the preshared entanglement required to decode
qu. Therefore, qu can be decoded once Pg has been decoded, and similarly, Pé can be
decoded after P.~! has been decoded, forany [ € {2,...,k —1}.

Entanglement as a catalyst: Finally, the above coding scheme can be slightly modified,
such that preshared entanglement between the sender and the receiver is not consumed.
In the above construction, we have considered that for the last P! polar code, the Z; _,
system is an information system, i.e., used to transmit quantum information from the
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sender to the receiver (system 7} in Fig. 2.6). Let us now assume that the input quantum
state to the 7, system is half of a maximally entangled state ®7; 7, where quantum
system J}, is held by the sender. When the receiver completes decoding of the Cf]C code, it
restores the initial state of the 7j _;, thus resulting in a maximally entangled state ®7, 7,
shared between the sender (7}, system) and the receiver (Z;,_, system). Hence, the initial
preshared entanglement ® 7, 7+ acts as a catalyst, in that it produces a new state &7, 7,
shared between the sender and the receiver, which can be used for the next transmission.
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Channels

In this chapter, we further investigate the quantum polarization from Chapter 2 for the
particular case of qubit Pauli channels (Definition 45). First, to a Pauli channel, we as-
sociate a classical non-binary symmetric channel, with both input and output alphabets
given by a set containing four elements. We refer to it as the classical couterpart of the
Pauli channel. We further define a channel combining and splitting procedure for the
classical counterpart, using the permutation generated by a two qubit Clifford on the two
qubit Pauli group as the channel combining operation. We then show that a Pauli channel
and its classical counterpart polarize simultaneously under their respective channel com-
bining and splitting procedure. Therefore, the quantum polarization of a Pauli channel
implies the polarization of its classical counterpart and vice-versa. We use this equiv-
alence to provide an alternative proof of the quantum polarization of a Pauli channel,
by explicitly showing the polarization of its classical counterpart, using techinques from
classical polarization. In particular, we show polarization when the channel combining
operation is randomly chosen from the set of nine Clifford unitary £ given in Figure 2.4,
and also when it is randomly chosen from a subset S C L containing three elements.
Finally, we provide an effective method to decode the quantum polar code on a Pauli
channel, by decoding its classical polar code on its classical counterpart channel. We also
show a fast polarization property when the channel combining operation is chosen from
S, ensuring the reliability of the decoding.

3.1 Classical Counterpart of a Pauli channel

3.1.1 Classical Mixture of Pauli Channels

We will consider a slightly more general class of quantum channels, namely classical mix-
ture of Pauli channels. The reason for this is that the virtual channels synthesized during
polarization of a Pauli channel are identifiable (see Definition 72) to classical mixture of
Pauli channels (this will be proved later in Proposition 78).
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3.1. Classical Counterpart of a Pauli channel

Definition 71 (Classical Mixture of Pauli (CMP) channels ). A classical mixture of Pauli
(CMP) channels is a quantum channel defined as, N'(p) = . pz|x) (x| @ Ny(p), where {|x) |
x € X} is some orthonormal basis of an auxiliary system, Ny, are Pauli channels, and p, > 0
such that )" p, = 1. We will simply refer to N as a CMP channel.

Definition 72 (Identifiable Channels). We say that a quantum channel N's_, g, p, is identifi-
able to a channel Ny _, , , if for some unitary operator C on the By By system, we have that

N(p) = C (N’<p> ® ff) ot 3.1)

Bo
where dp, denotes the dimension of the By system.

3.1.2 Classical Counterpart of a CMP channel
The following notation will be used,

1. Let Gy = Gn/{%1, =i} be the Abelian group obtained by taking the quotient of the
N qubit Pauli group Gy by its centralizer.

2. Wewriteg_l ={oi|i=0,...,3}, withog = I, 01 = Z,09 = X, 03 = Y, and
QQZ{UZ'J 220'1'®0'j|i,j=0,...,3}2g1><g1.

3. For any two-qubit Clifford unitary C, we denote by I'(C), or simply I' when no
confusion is possible, the conjugate action of C' on Go. In other words, T is the
automorphism of G, (or equivalently G; x G;), defined by I'(0; ;) = Co; ;CT.

We will first introduce the classical counterpart of a Pauli channels and then we will
extend the definition to CMP channels.

Definition 73 (Classical counterpart of a Pauli channel). Let N be a Pauli channel that acts
as N'(p) = 3", pioipoi. The classical counterpart of N, denoted by N'#, is the classical channel
with the input and output alphabets G, and transition probabilities N #(O'i’Uj> = py, where k is
such that o;0; = o, where equality is understood as equivalence classes in G,.

Note that the classical counterpart of a Pauli channel is a memoryless symmetric chan-
nel. Hence, its capacity is given by the symmetric mutual information, which is defined
below.

Definition 74. The symmetric mutual information of a classical channel W with input set G, is
given by,
! W (ylx)
IW::—E E W (y|z)lo € [0,2], 3.2

Y zeb
where W (y) = %Zx'eg} W (y|z").
From (3.2), the symmetric mutual information of N'# is given by,

I(N#)=2— H(p) € [0,2], (3.3)

where H (p) is the Shannon entropy of the probability vector p = (po, p1, p2, p3). From (3.3)
and (1.124) it follows that, we have the following relation between the symmetric mutual
information of N'# and the symmetric coherent information of AV,

INF) =1+ I(N). (3.4)

Note that the right hand side of (3.4) is the symmetric mutual information of the Pauli
channel A'. We now extend the definition of the classical counterpart to CMP channels.
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Chapter 3. Purely Quantum Polar Codes for Qubit Pauli Channels

Definition 75 (Classical counterpart of a CMP channel). Given a CMP channel N (p)
= Y, cx Palz)(@| ® Ny(p), its classical classical counterpart N# is a channel from X x G

to Gy, with transition probability,
N#(2,0:| 0j) = pa Nf (05 | 7).

It can be seen that the symmetric mutual information of the classical counterpart of a
CMP channel V is given by,

INT) =) pI(NVF). (3.5)

Hence, from the above equation and Lemma 59, it follows that the relation in (3.4) also
holds for the CMP channel.

Definition 76 (Equivalent classical channels). We say two classical channels W and W' are
equivalent and denote it by W = W', if they have the same transition probability matrix, modulo
a permutation of rows and columns.

As mentioned before, the virtual channels synthesized during polarization process of a
Pauli channel are identifiable to a CMP channel. It can be seen that if a quantum channel
is identifiable to two CMP channels N4_,5, and N4, p,, then (N’ )# and (N )# are
classically equivalent channels in the sense of Definition 76. This follows from the lemma
below.

Lemma 77. Let N and N be two CMP channels, such that the following holds for some unitary
C,

I I

B _c (N”(p) ® 6132) ct, (3.6)

dB2 Bg

N'(p) ®

where dp, is dimension of By. Then, (N")* = (N")# in the sense of Definition 76.

Proof. We restrict ourselves to the case when N/ and N are Pauli channels, since the
case of CMP channels follows in a similar manner, by introducing an auxiliary system
providing a classical description of the Pauli channel being used. Hence, we may write

3
N'(p) =" pioipal, (3.7)
1=0
3
N"(p) =" ploipal, (3.8)
=0

w,here ;?zo pi=30 pl =11t f/ollow/s tha/t N’ (/ak) :/afcalkl and//./\/' " (Zk) = agakl,/ where
ay=oag=1,and fork =1,2,3, a} = pjy + Py — Py, — Pr,» % = Do + Dy — Pg, — Pi,, With
{k1,k2} = {1,2,3} \ {k}. Using the vector notation p’ := (pj, p, Ph,ps), and similarly
p",a’,a”, the above equalities rewrite as

o = Ap' and o” = Ap’, (3.9)
1 1 1 1

where A :=




3.1. Classical Counterpart of a Pauli channel

Now, replacing p by oy, in (3.6), we have that

a;{;o-k®IBQ :C(a%()'k@IBQ) CT. (310)
Since the conjugate action of the unitary C preserves the Hilbert-Schmidt norm of an
operator, it follows that ||aj,0x ® IB,||yg = |0k ® I, |lys, and therefore |aj | = |of].
Case 1: We first assume that o), = o}, Vk = 1,2, 3. In this case, using (3.9), it follows that
p' = p’, and therefore (N")* = (N")*.

Case 2: We consider now the case when o) # «of, for some k = 1,2,3. To address this
case, we start by writing C' = Z?:o o; ® C;, where C; are linear operators on the system
Bs. Hence, (3.6) rewrites as

T
/ IBz o N T Cicj
N(p)® dn ZZ]: (a,/\/' (p)aj) ® e (3.11)
Tracing out the B, system, we have
Tr(C;Cl
N(p) = Z'yi,jo'iN”(P)o';v where v; ; = M (3.12)
i By

We define v; := 7;,;, and from (3.12) it follows that ; := v;; € R4. Replacing p = o, in
(3.12), we have that for all k =0, ..., 3,

aﬁﬁak = Oég Z%Uidkdg + Oé/k/ Z ’)/i,jUiUijT. (3.13)
i 0,5,i7]

The left hand side of the above equation has only o term, so only o}, on the right hand

side should survive as Pauli matrices form an orthogonal basis. It follows that either

aj, = af = 0, or the terms of the second sum in the right hand side of the above equation

necessarily cancel each other. In both cases, we have that

oK = Z%‘Uz‘UkU,T = QY A0y, (3.14)
and thus, A = Ao, (3.15)
where,  Ao:=q0+7 +2+73 (3.16)
A=Y+ —72—7 (3.17)
A= -1+ (3.18)
A3i=7 - —72+3 (3.19)
We also note that Ao = 1, since of, = oy = 1. We further rewrite (3.15) as
o' =Ad". (3.20)

where A = diag(\o, A1, A2, A3) is the square diagonal matrix with \;’s on the main diago-
nal. Plugging (3.9) into (3.20), and using A% = 41, we get

1
pi= A =T 321)
Y 1 Y2 3
1
where I := ZAAA: Mo 372
Y2 3 Yo M
Y3 Y2 Y1 Y0
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We now come back to our assumption, namely aﬁf % ag, for some k = 1, 2, 3. Without loss
of generality, we may assume that o # of. Since || = |af] and o} = A1, it follows
that A; = —1. Then, using (3.16) and (3.17), we have that 2(yo + v1) = Ao + A1 = 0, which
implies

Y =7 =0, (3.22)

since they are non-negative. We proceed now with several sub-cases:

Case 2.1: either of, # of or o5 # o4. Similarly to the derivation of (3.22), we get either
~v9 = 0 (in which case v3 = 1) or v3 = 0 (in which case 5 = 1). In either case A is a
permutation matrix, which implies that (N’ )# = (N")#, as desired.

Case 2.2: of, = of and oy = o, and either oy = of # 0 or o5 = of # 0. Let us assume
that oy = o # 0. In this case, using (3.15), we have that Ay = 1, and from (3.18) it
follows that v2 — 73 = 1. This implies 72 = 1 and 3 = 0, therefore A is a permutation
matrix, and thus (V)# = (N")#, as desired.

Case 2.3: oy = o = 0 and oy = o = 0. Using o), = 2(py + p}) — 1,Vk # 0, we get
ph=1ph = % — pg, and similarly pf = p§ = % — py- Moreover, using (3.21) and the fact
that vo + 3 = 1, we get p, = p| = pj = p§ and p), = ph = p{j = pY. This implies that
(N = (N")#, as desired.

This concludes the second case, and finishes the proof.
O

3.1.3 Channel Combining and Splitting Procedure for the Classical Counter-
part Channel

Simplified notation: To simplify notation, we shall identify (G1, x) = ({0,1,2,3},®),
by identifying o, = u, Vu = 0, ..., 3, where the additive group operation u & v is given
by the bitwise exclusive OR (XOR) between the binary representations of integers u,v.
The classical counterpart N# of a Pauli channel N (p) = Zi:o puaupJL (Definition 73),

is therefore identified to a channel with input and output alphabet G; = {0, 1,2, 3}, and
transition probabilities N# (u | v) = puae-

Let N and M be two classical channels, both with the input alphabet G; = {0, 1,2, 3}, and
output alphabets A and B, respectively. Channel transition probabilities are denoted by
N(a | v)and M(b | v), foru,v € G;,a € A,and b € B. LetT' : G; x G — G; x G; be
any permutation, and write I' = (T'1,I'2), with T; : Gi x G — Gy, i = 1,2. The channel
combining and splitting procedures are depicted in Figure 3.1 below.

Figure 3.1: Channel combining and splitting. (a) combined channel: N >xr M(a,b | u,v). (b)
bad channel: N ®p M (a,b | u). (c) good channel: N ®p M (u,a,b | v).

The combined channel N xir M is defined as,

(N><ar M)(a,blu,v) = N(a|Tq(u,v)) M(b]|Ta(u,v)) (3.23)

80



3.1. Classical Counterpart of a Pauli channel

The combined channel is further split into two channels N @Er M and N ®r M, as follows

(N &p M)(a,b | u) = i SOV s M) (a,b | u,0), (3.24)

v

(N @r M)(a, b,u | v) = i(z\r s M)(a, b | u,v). (3.25)
From the chain rule of the mutual information, we have that
IINEr M)+ I(N® M)=I(N)+I(M), (3.26)

which means that the symmetric mutual information is preserved under the above chan-
nel combining and splitting procedure. Applying the above construction to the classical
counterparts of two CMP channels, we prove the following proposition.

Proposition 78. Let Ni_, 4 and My _, g be two CMP channels, and C' be any two-qubit Clifford
unitary, acting on the two qubit system UV. Let N'# and M# denote the two classical counter-
parts of the above CMP channels, and I' := I'(C') be the permutation induced by the conjugate
action of C on Gi1 x Gi. Then N ®¢ M and N ®c M are identifiable to CMP channels, thus
(N Be M)# and (N ®@c M)* are well defined, and the following properties hold:

(a) N Be M)* = N# mr M#.
(b) N @c M) = N# @r M*,

Proof. We identify the automorphism I' = I'(C') induced by the conjugate action of a two-
qubit Clifford unitary C on G; x Gy, to a linear permutation I : {0,1,2,3}? — {0,1,2,3}?,
such that C’amCT = or(y)- We shall also write I' = (T'y,T3), with T; : {0,1,2,3}% —
{0,1,2,3},i=1,2.

It can be easily seen that it is enough to prove the statements of the proposition for
the case when A and M are Pauli channels. Let N'(p) = Y2 pioipol and M(p) =

>3 040500}
Point (a). We have the following,

W@ M) = W) (¢ (e Y ) o)
I
= Zpinai,jC <pU ® ;) CTUJJ
'7j

Iy
- ZTz‘,jCUrfl(i,j) (pU ® 2> UP—I(i,j)CT’ where i = pig;
Y]

I
=C er(m)oi,j (pU ® 2‘/) O'ZT,]-) ol

cf

i\j
T
) Tij

I
=C ZTI‘(i,j)UiPUUJ ® ;) CT

%
=C ZTI‘(i,j)Ji,j <,0U ® 3

.3

i7j

I
_ i v -
=C ( E 5;05pyo; @ 5 > C', where s; := E TT(i,5) (3.27)

J
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where the fourth equality follows from the variable change (i, j) — I'(¢,j). Omitting the
conjugate action of the unitary C' and discarding the V' system, we may further identify:

(N & M)( Z slalpUa

Hence, the associated classical channel (N @ M)# is defined by the probability vector
s = (so0, 51, 52, s3), meaning that

N BM)(i | j) = sia;- (3.28)

On the other hand, we have:

(N 8 M*)(a,b | u) ZN# a | T1(u,v)) M# (b ]| Ta(u,v))
= 1 Zpa®F1(u,v)qb@Fg(u,v)' (3.29)

Applying I'"! on the channel output, we may identify N#@M¥ to a channel with output
(a’,b") = T~Y(a,b), and transition probabilities given by:

(N# B M) (d,V | u) ZPFl bY@ T (u,) 2 (0! )BT (u,0)
=7 ZPn((aﬁb/)@(u,v»qrz((aﬂb/)@(u,v))
= Z Zpl"l (a/ Du,bt ®v) AT (o’ u,b' Bv)

1
- Z pr‘l (o’ ®u,v) 4T (o’ Bu,v)

1
= Z Z T(a'®u,w)
v

1
= Zsa/@u. (330)

We can then discard the b’ output, since the channel transition probabilities do not depend
on it, which gives a channel defined by transition probabilities:

N* B M*)(d | u) = swau. (3.31)

Finally, using (3.28) and (3.31), and noticing that omitting the conjugate action of the
unitary C' and discarding the V system in the derivation of (3.28) is equivalent to applying
I'~! on the channel output and discarding the b’ output in the derivation of (3.31), we
conclude that (M @ M)# = N# @ M¥.

Point (b). Similar to the derivations used for point (i), we get

NeM)(py)=C (Z?T(”)Uw (Puu ® pv) o) ) ol

1,7

1,J

—C (Z reg) (o @ 0)(@uw) (I @ o)) @ (ajpvcrj)) ch o (332)
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Omitting the conjugate action of the unitary C, and expressing (I ® 0;)(®pv) (I & O';»r )

in the Bell basis, {|7) }i=o,... 3 {‘00\7'1”, |01>\J/F§|10>, |01>\/§|10>, 100) ‘11 }, we get:
W@ M)(pv) =D rrgpi) il @ <ojpvo;f>.
2%

Let )\7; = Zj rF(i,j) and Sij = Tr(i7j)/)\i (With Sij = 0if )\z‘ = 0). Denoting by SZ the Pauli

channel defined by S(p); = 3_; si,jo; pvaT, we may rewrite:

(N ®M)(p Z)\! i@ Si(pv).

Hence, (N ® M) is the mixture of the channels Si# , with Si# being used with probability
Ai, whose transition probabilities are given by:

N @ M)#(i, 5 | k) = Nisijok = rrijok)- (3.33)
On the other hand, we have:

N# @ M*)(a,b,u | v) = i./\/'#(a | 01 (w, v)) M# (b | Ta(u,v))

1
= Zpa@fﬁ (u,0) Db@Ta (u,v) (334)

We apply I'! on the (a,b) output of the channel, which is equivalent to omitting the
conjugate action of the unitary C'in (3.32), and then identify A/ # ® M7 to a channel with
output (a/, ', u), where (a’, V') = I'"!(a,b), and transition probabilities:
1
(N# ® M#)(ala bla u | ’U) = ZpFl(a’,b’)@Fl(u,v)QFz(a’,b’)G}FQ(u,v)
1
= Zpl“l(a’@u,b’@v)QFg(a’GBu,b’@v)
1
= er(a’@u,b’@v)' (3.35)
We further perform a change of variable, replacing (a’, u) by (a’ & u, u), which makes the
above transition probability independent of u. We may then discard the » output, and
thus identify N'# ® M7 to a channel with output (a’, ') and transition probabilities:

WNF @& MF)(d', V' | ) = rr( you). (3.36)
Finally, using (3.33) and (3.36), we conclude that (N ® M)# = N'# @ M¥. O

A consequence of the above proposition is that a CMP channel polarizes under the recur-
sive application of the channel combining and splitting rules, if and only if its classical
counterpart does so. Moreover, processes of both quantum and classical polarization
yield the same set of indices for the good/bad channels. More precisely, we have the
following.

Corollary 79. Let W be a CMP channel, and W) be defined recursively as in (2.44),
Vn > 0, Viy---i, € {0,1}". Let W# be the classical counterpart of W, and (W#)(1in) pe
defined recursively, similar to (2.44), while replacing W by W¥#, and Clifford unitaries C;,...;,
by the corresponding permutations Ty,...;, = T'(Cy,..;,). Then (W("l"'i"))# = (W#)lin),
Vn, iy -« - in € {0,1}". In particular:

As we have already proven in Thereom 60 that as n goes to infinity, / (W(“"'in)) ap-

proaches to either —1 or 1, hence, I ((W#)(il'“in)) approaches to either 0 or 2. Therefore,
polarization also happens for the classical counterpart.

83



Chapter 3. Purely Quantum Polar Codes for Qubit Pauli Channels

3.2 Proof of Quantum Polarization Using the Classical Counter-
part Channel

In this section, we provide an alternative proof of quantum polarization for the Pauli
channel by proving classical polarization for the classical counterpart channel. The chan-
nel combining here is chosen randomly from the set of nine two-qubit Clifford uni-
taries £ given in Figure 2.4. The proof of polarization for the classical counterpart may
be obtained by verifying the conditions from Lemma 54, with the stochastic process
{T}, : n > 0} given by the Bhattacharyya parameters Z,, of the synthesized virtual chan-
nels. Note that we only need to prove the guaranteed improvement condition under the
set L as all the other conditions are already shown in [24].

We give below the definition of the Bhattacharyya parameter for a classical channel W
with non-binary input, as defined in [24]. We shall restrict our attention to classical chan-
nels with input alphabet ;.

Definition 80 (Bhattacharyya Parameter [24]). Let W be a classical channel, with input al-
phabet G, = ({0, 1,2, 3}, ®) and output alphabet Y. For u,u’,d € Gy, we define

Z(Wu,u’) = Z \/W(y‘u)W(y’ul) S [07 1]'
yey

Zg(W) = % > Z(Wyuea) € [0,1].
uEQ_1

In particular, note that Z(W,.,) = 1,Yu € Gy, and Zy(W) = 1. The Bhattacharyya parameter
of W, denoted Z (W), is then defined as

Z(W) = ;;)Zd(W) = % ;IZ(WH,U,) € [0,1].

In the following lemma, we show the guaranteed improvement for the Bhattacharyya
parameter, which implies the polarization of the classical counterpart.

Lemma 81. Let W be a CMP channel and W := W% its classical counterpart. Given two
instances of the channel W, we have that

Erer(cyZ (W &r W) = %Z(W) + §Z(W)2 < Z(W). (3.37)

where T'(L) denotes the set of permutations generated on the two-qubit Pauli group Go by the
conjugate action of Cliffords in L. Further, the inequality in the above equation is an equality if
and only if Z(W') € {0,1}.

Before proving Lemma 81, we will prove Lemmas 82 and 83.

Lemma 82. For any two classical channels N, M, with input alphabet G, = ({0,1,2,3}, ),
and any linear permutation T = (A, B) : G x G1 — G1 x G, the following equality holds for
any d € Gy:

Zg(N ®r M) = Z0,0)(N)Zp0,a)(M).
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3.2. Proof of Quantum Polarization Using the Classical Counterpart Channel

Proof. According to Definition 80, for the channel N & M, we have that

Z((N@rM)y,w)= Y VINer M)y, yz,u|v) (N @&r M)(y1,y2,u | )
U, Y1,Y2

:% > VN(yi [ A(u,v)) M(yz | B(u,v)) N(yr | A(u,v')) M(ya | B(u,v"))

u,Y1,Y2

23 > VN1 [ A(u,v)) N(yr | A(u,v')) M(yz | B(u,v)) M(ya | B(u,v"))

u,Y1,Y2

1
=72 Z (Na@ww. awe) Z (M), ) -
Therefore,

Zq (N ®r M) = EZZ((N ®r M)v,v@d)

1
~ 16 4 (NA(u,v),A(u,v@d)) Z (MB(u,v),B(u,vEBd))

u,v

1
=1 Z (NA(u,v),A(u,v)EBA(O,d)) A (M Bluw), B(uw)®B(O, d))
1
~ 16 Z (No, 0w A(0,4)) Z Z (My, o 50,0))
@ b

= Za0,a)(N)Zp(0,a) (M), (3.38)

where the third equality follows from the linearity of the permutation I' = (A, B), and
the fourth equality follows from the change of basis for the summation from (u,v) to
(a,b) == (A(u,v), B(u,v). O

We denote by u := [uy, us] the binary representation of a given u € G; = {0, 1,2, 3}, where
ur, uz € {0,1} and uy is the least significant bit.

Lemma 83. Let T j :=I'(L; ;) : G1 x G1 — G1 x G be the permutation defined by the conjugate
action OfLiyj € L. Then Fi,j = (A,L, Bj),Vl <i,7 <3, with Ai, Bj : Ql X Ql — Gl given by

Aq(u,v) = [ug @ v1,us), B (u,v) = [v1, us @ v
Ag(u,v) = [ug ® vy, u1 B v ® ug), Ba(u,v) = [v1 ® ug ® va, ug @ v9]
Asz(u,v) = [uz, v ® v1] Bs(u,v) = [ug ® vz, v1]

where inputs u and v are represented in binary form, uw = [uj,us] and v = [vy,vq], with

w1, ug,v1, vz € {0, 1} (I'; j permutations are also depicted in Fig. 3.2).
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ur, ug —(

uy D v1, uz

%
H

U D vy, un Ul,uQ—G

%
H

V1, V2 —a V1, U2 B U2 V1,02 —4@

:
]

v1 D uz O v2, uz O v

Ui, U2 —4g up @ vy, u; G v O ug Ui, U2 —4g
Toy: Too:
U1, V2 —4 V1, U2 D vV V1, V2 —¢

S

u1 D vy, u; S v D ug

S|

v1 D ug © vz, u2 D v

i
u1, ug —4g Ug, U1 D vy Uy, U2 —@ VY ug, u1 D1
F31Z F32 :
V1, V2 —— U1, U2 D Vg U1, V2 —— «/X V1 @ ug D v, us D v
u1, ug —4g up vy, U uy, u2 —6 N uy @ v1,u1 b vy S ug
T3¢ IPEE
V1, V2 —4 Uy O v, V1 V1,02 —4 \/y ug D ve, U1

BERNE

Kot
B

Ui, u —Q . /Y U9, U1 D v1
V1,02 —@ «/Y ug @ vg, V1

Figure 3.2: Elements of the set I'(L)

Proof. Recall from Section 2.4.2, that L, ; = (C' ® C")Cy—,1, where C' € {I,VZ, VY],
C" € {I,vX,VY}, and Cy_,; is the CNOT gate. Recall also that by identifying G; =
{0,1,2,3}, wehave ] =09 =20,Z =01 =21, X =09 22,Y = 03 = 3. The conjugate
action of v X on Gy, fixes I and X, and permutes Y and Z. Hence, the corresponding
permutation on G; = {0,1,2,3}, can be written as (0,3,2,1). Similarly, the conjugate
action of VY and v/Z induces the permutations (0,2,1,3) and (0, 1, 3,2), respectively.
Replacing u € {0, 1, 2, 3} by its binary representation [u1, uz], we may write:

\/)? : [ul,uQ] — [u1 D UQ,UQ]
VY Jug, ug] — [ug, u] (3.39)
\/Z : [’LLl,’LLQ] — [ul,ul D UQ]

Moreover, the permutation induced by the conjugate action of the C'>_,; gate is the linear
permutation on G; x G; such that:

Comr : (X, 1) = (X, 1), (I,X) = (X, X)
(Z,1)— (Z,2), (1,Z)— (1,2)
= (Co1 : ([ul,uQ], [Ul,UQD — ([u1 SV, ’U1,U2], [’Ul,UQ D ’Ug]). (3.40)

Finally, using (3.39) and (3.40), it can be easily verified that T; ; = (4;, B;),V1 <i,j < 3,
with A; and B; as given in the lemma. O

Proof of Lemma 81. Applying Lemma 82 and Lemma 83, we may express Zy(W ®r, ; W)
as a function of the parameters (Z1(W), Zo(W), Z3(W)), for any I'; ; € I'(£) and any
d =1,2,3 (recall that Zy(1W) = 1). The corresponding expressions are given in Table 3.1.
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3.3. Further Reducing the Channel Combining Set

(i,5) | Zi(W @r,;, W) | Zo(W @r,;, W) | Zs(W @r,; W)
(1,1) Z(W) Zy(W)? Zo(W)Z3(W)
(1,2) Z3(W) Zo(W)? Z(W)Zy(W)
(1,3) Zy(W) Zi(W)Zo(W) | Zo(W)Z3(W)
(2,1) Z(W) Zy(W)Z3(W) Z3(W)?

(2,2) Z3(W) Zo(W)Zs(W) | Z1(W)Z3(W)
(2,3) Zy(W) Z1(W)Zs(W) Z3(W)?

(3,1) Z(W) Z\(W)Zo(W) | Z1(W)Z3(W)
(3,2) Z3(W) Z\(W)Zy(W) Zi(W)?

(3,3) Zy(W) Zy(W)? 21 (W) Z3(W)

Table 3.1: Zy(W @r, ; W) as a function of (Z1(W'), Z2(W), Z3(W))

Hence,

Y zwerw)=2 Y sz (W &r W)

rer(L) rer(L) d=1

3 2
= Zi(W) + § (Z ZﬁW))
d= d=1
=3Z(W) +62Z(W)?, (3.41)

and therefore,

1
Erere)Z (W @r W) 9 Z (Wer W)
Ter(L)
= }Z(W) + 2Z(W)2
3 3

O]

Remark 84. It can be directly seen that ErcppyZ (W @&r W) = EpepenZ (W &@r W), where
the elements of the set L' is connected to the elements of L by the swap gate, as defined in Sec-
tion 2.4.2.

3.3 Further Reducing the Channel Combining Set

In this section, we first show polarization, when the channel combining operation is
randomly chosen from a set of three two-qubit Cliffords, namely Li 3, L2 2, L3 1. Then,
we attempt to completely derandomize the channel combining operation, with the help
of a numerical simulation. We plot the channel combining operation for two steps of
polarization for all the nine permutations, which suggests that polarization may happen
for L173, L272, L371 individually.
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Chapter 3. Purely Quantum Polar Codes for Qubit Pauli Channels

3.3.1 Polarization with a Set Containing Three Two-Qubit Clifford Unitaries

Let S denote the set containing the Clifford gates L3, L22, and L3 from Fig. 2.4, and
I'(S) denote the corresponding set of permutations, namely I'(L1,3), I'(L2,2) and I'(L3 1),
generated by the conjugate actions of L1 3, L2 2, and L3 ; on Go.

Lemma 85. Let W be a CMP channel and W := W% its classical counterpart. Given two
instances of the channel W, then

Z(W) + %Z(W)Z. (3.42)

Proof. Using Table 3.1, forI' € I'(S) = {I"1 3,22, I'3.1 }, we get

Erers)Z (W @r W) <

Lo =

1
Erer(s)Z (W er W) = - Y Z(WerW)
Ter(s)

2
ZaW)+5 > Za(W)Zay(W)
1<d<3 1<d'#d""<3

where, using Z(W) = (Z1(W)+Z3(W)+Z35(W))/3, it is easily seen that the last inequality
is equivalent to the following inequality,

ZI(W) Zo(W) + Zy(W) Zs(W) + Za(W) Z3(W) < Z1(W)* + Za(W)? + Zs(W)?. (3.43)

The above inequality follows from Z;(W)Z;(W) < (Z;(W)? + Z;(W)?) /2. O

3.3.2 Polarization with Only One Two-Qubit Clifford Unitary

We note that the main ingredient of proof of polarizations in Sections 3.2 and 3.3.1 is the
gauranteed improvement of the good channel. The following two observations are in
order,

1. Polarization happens if we have guaranteed degradation' instead of guaranteed
improvement as Lemma 54 holds with minor modifications for guaranteed degra-
dation.

2. Polarization also happens if guaranteed improvement or degradation happens for
a virtual channel after two polarization steps instead of one.

From Table 3.1, it can be verified that none of the permutations yield guaranteed im-
provement for the good channel after one polarization step. In the remaining section, we
investigate with the help of a computer program whether guaranteed improvement or
degradation happens after two polarization steps for any of the nine permutations.

We discretize the probability values defining the Pauli channels. In Figures 3.3-3.11 be-
low, each point in the black region corresponds to a different Pauli channel. In the figures,
we have plotted the Bhattacharyya parameter of the virtual channels obtained after two

'For guaranteed degradation, we have f(#) > 6, when B,41 = 0 (instead of f(6) < 0, when B, 41 = 1)
in condition (t.2) of Lemma 54.
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3.3. Further Reducing the Channel Combining Set

steps of polarization, that is, Z (W(“i?)), where W is a Pauli channel and i1,iy € {0,1},
with respect to Z(W), for all 9 permutations. For guaranteed improvement, we re-
quire the black region to be always strictly below the red line except at the end values
Z(W) = 0,1 and similarly, for guaranteed degradation, we require the black part to be
always strictly above the red line.

W™ channel )

zw™)

o 02 04 08 08 1
Z{W)

W'® channel i W' channel

06 0.8 1

02 04
Z(W)

Figure 3.3: Permutation I'y 1, no guaranteed improvement or degradation for any virtual channel.
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" channel

02 04 0e 08 1
ZiW)

W' channel

Z(W)

Figure 3.4: Permutation I'y o, no guaranteed improvement or degradation for any virtual channel.

W™ channel )

Z(W)

Figure 3.5: Permutation 'y 3, guaranteed improvement for the virtual channel W11,
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W™ channel w"' channel

zw™)

02 04

] 0e 08 1
ZiW)

W' channel

zZw'?)

Z{W)

Figure 3.6: Permutation I's 1, no guaranteed improvement or degradation for any virtual channel.

W™ channel i W channel

Zw"®)

zw'?)

Z{W)

Figure 3.7: Permutation Ty 5, guaranteed improvement for the virtual channel W'Y and guar-
anteed degradation for the virtual channel W (0,
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W™ channel

zw™)

zZw'?)

Z(W)

Figure 3.8: Permutation I'y 3, no guaranteed improvement or degradation for any virtual channel.

W™ channel

zZw™)

W'? channel ) W' channel

zw'?)

1 0 0.2 04 06 0.8 1
Z(W)

Figure 3.9: Permutation T's 1, guaranteed degradation for the virtual channel W (09,
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W™ channel

zw™)

02 04

] 0e 08 1
ZiW)

W' channel

zZw'?)

02 04 06 0.8 1
Z(W) Z{W)

Figure 3.10: Permutation I's 5, no guaranteed improvement or degradation for any virtual chan-
nel.

W™ channel

Zw™)

Z(W)

Figure 3.11: Permutation I's 3, no guaranteed improvement or degradation for any virtual chan-
nel.

To conclude, the numerical results suggest that polarization might happen for two-qubit
Cliffords I'y 3,I'2 2, I'3 1 individually. However, to prove polarization, we would need a
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rigorous proof of guaranteed improvement or degradation after two polarization steps
for CMP channels, which is left as an open problem. Finally, we note the following.

Remark 86. For permutation T's 3, we almost have the guaranteed degradation for W) and
the guaranteed improvement for W) as the black region touches the red line at only one point
Z(W) = %. We show in Chapter 4 that the recursive application of I's 3 yields a multilevel

polarization and a quantum polar code can be constructed using this multilevel polarization.

3.4 Fast Polarization

Before discussing decoding of quantum polar codes over Pauli channels (Section 3.5
below), recall that classical polar codes are equipped with a decoding algorithm, known
as successive cancellation (SC) [2]. However, the effectiveness of the classical SC de-
coding, i.e., its capability of successfully decoding at rates close to the capacity, depends
on the speed of polarization. The Bhattacharyya parameter of the synthesized channels
plays an important role in determining the speed at which polarization takes place. First,
we note that for a classical channel W, the Bhattacharyya parameter upper bounds the
error probability of uncoded transmission. Precisely, given a classical channel W with
input alphabet X, the error probability of the maximum a posteriori estimate for a single
channel use, denoted F,, is upper-bounded as follows ([24, Proposition 2]):

P. < (|X|-1)Z(W).

Now, consider a polar code defined by the recursive application of n polarization steps
to the classical channel W := W# (the input alphabet is X := G, of size |Gi| = 4).
The construction is the same as the one in Section 2.5.1, while replacing the quantum
channel W by its classical counterpart W, and channel combining Clifford gates Cj,,...
by the corresponding permutations I'; ;,... := I'(Ci,4,...). Forany i = 0,...,N — 1, let
W@ = (W#)(1in) where i - - -1, is the binary decomposition of i. For the sake of
simplicity, we drop the channel combining permutations I'’s from the above notation.
LetZ c {0,1,..., N — 1} denote the set of good channels (i.e., channels used to transmit
information symbols, as opposed to bad channels, which are frozen to symbol values
known to both the encoder and decoder). Since the SC decoding proceeds by decoding
successively the synthesized good channels?, it can be easily seen that the block error
probability of the SC decoder, denoted by P.(N,Z), is upper-bounded by (see also [2,
Proposition 2]):

P.(N,T) <3)  Z(WW). (3.44)

(ISVA

If the Bhattacharyya parameters of the W) channels, with i € Z, converge sufficiently
fast to zero, one can use (3.44) to ensure that P.(N,Z) goes to zero. Since the number of

terms in the right hand side of (3.44) is linear in N, it is actually enough to prove that
Z(W@) < O(N~(49) i € T, for some 6 > 0.

The proof of fast polarization properties given in [25] (see also [24, Lemma 3]) exploits
the following two main ingredients:

An estimate of the input of each good channel is generated using the maximum a posteriori estimate,
according to the observed channel output and the previously decoded channels.
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3.4. Fast Polarization

(1) The quadratic improvement of the Bhattacharyya parameter, when taking the good
channel, i.e., Z (W(-in-1in)) < 7z (Wi-in-0)? Vi, .., i, € {0,1}", such that
in =1

(2) The linearly upper-bounded degradation of the Bhattacharyya parameter, when
taking the bad channel, ie., Z (W(il”'infli”)) < KkZ (W(“"'infl)), Yii - ip_1in €
{0, 1}", such that i,, = 0, for some constant x > 0.

Regarding the second condition, in our case we have the following lemma, where for a
classical channel W with input alphabet G; = {0, 1,2, 3}, we define

Z(W) = dr:nlzgfg Zg(W). (3.45)

Lemma 87. For any classical channel W with input alphabet Gy, and any linear permutation
[': G x G1 — G1 x G, the following inequalities hold:

(W).

Z(W E3jy W) 4
12Z(W).

<
Z(W @p W) <

Proof. According to Definition 80, for the channel N @ M, we have:

Z (N B M)y,w) = Z V(N Br M)(y1, 2 | w) (N Br M)(y1,y2 | o)

Y1,Y2
= % Do DNy | A(u,0) M(yz | B(u,0)) > Ny | A(w',v") M(ya | B(u!,0"))
Y1,Yy2 v V!
= %Z Z VN (y1 | A(u,v)) M(y2 | B(u,v)) N(y1 | A(w/,v")) M(y2 | B(u,v"))

v, Y1,Y2

= %Z Z \/N(y1 | A(u,v)) N(y1 | A(w/,v")) M(y2 | B(u,v)) M(y2 | B(u,v"))

v, Y1,Y2

1
=1 > Z (Naqu), aw ) Z (MBuw), )

v,

where the inequality above follows from /), x, < >, \/Zy. Therefore,

Zq (N E3)y) M) = %ZZ((N E3)y M)u,u@d)

1
< E Z (NA(u,v),A(uEBd,U’)) Z (MB(u,v),B(u@d,v’))

u,v,v’

1
16 Z Z (NA(u,v),A(uead,uead/)) Z (MB(u,v),B(uead,vEBd/))
u,v,d (d' :=vH ')
1
=16 Z (N s(uw), Auy@Add)) Z (MBuw), Buv)oBdd))

u,v,d’

1
16 ZZZ (Na, aGBA(d,d’)) E :Z (Mb, b@B(d,d/))
d a

b
= Za@ay(N) Zpg,ay(M), (3.46)
d/
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where the third to last equality follows from the linearity of the permutation I = (A, B),
and the second to last follows from the change of basis for the summation from (u, v) to
(a,b) := (A(u, v), B(u,v)).

Now, using (3.46), we have that

a(W @Er W) Z Z pa,ayW)Zp(a,ay(W).
d'eGy

Ford # 0, A(d,d’) and B(d, d') cannot be simultaneously zero (recall that Zo(W) = 1), and
therefore we get Z(q.a/)(W)Zp(a,a)(W) < Z(W). Hence, Zg(W ®r W) < 4Z(W),Vd =
1,2,3, which implies Z(W mr W) < 4Z(W), as desired. Finally, we have

ZW@Er W) < Z(WEpr W) <4Z(W) < 12Z(W),

which proves the second inequality of the lemma.
O

The condition (1) above — quadratic improvement of the Bhattacharyya parameter, when
taking the good channel - is more problematic, due to the linear term in the right hand
side of (3.37) and (3.42). In particular, we can not apply [24, Lemma 3] to derive fast
polarization properties in our case. Instead, we will prove fast polarization properties by
drawing upon arguments similar to those in the proof of [2, Theorem 2]. First, we need
the following definition.

Definition 88. Let W be a classical channel with input alphabet G, and T = {T,Ty,..;, | n > 0,
i1+ -in € {0,1}"} be an infinite sequence of permutations. For n > 0, let

W(ilminfl) Fi i W(ilminil)a lfln =0
1 n—1 (3.47)
Wliin) @ leine) g, =1

i1 i1

W iin) =

where, for n = 1, in the right hand side term of the above equality, we set by convention W(?) .=
W and 'y :=T'. We say that T is a polarizing sequence (or that polarization happens for '), if
forany § >0,

_ #H {1 ip) € {0,137 T (W) € (5,1 - 6)}

Note that contrary to Lemma 81 and Lemma 85, we consider here a given sequence of
permutations, instead of averaging over some set of sequences. If W = W% is the classi-
cal counterpart of a CMP channel W, by Lemma 85, we know that polarization happens
when averaging over all the sequences I' € I'(5)*. As a consequence, there exists a
subset I'(S );O | C I'(8)> of positive probability®, such that polarization happens for any

rer(s )p °1- We are now ready to state the following fast polarization result.

Proposition 89. Let W be a CMP channel, W := W# its classical counterpart, and S the set of
three Clifford gates from Section 3.3.1. Then the following fast polarization property holds for

almost all T sequences in F(S)pol

*Note that T'(S)* is the infinite product space of countable many copies of I'(S), and it is endowed with
the infinite product probability measure, taking the uniform probability measure on each copy of I'(S). See
[65] for infinite product probability measures.
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3.4. Fast Polarization

Forany @ > 0 and R < I(W), there exists a sequence of sets Iy C {0,...,N — 1},
N € {1,2,...,2",...}, such that |Iy| > NRand Z (W®) < O (N-U+9), Vi € Iy. In
particular, the block error probability of polar coding under SC decoding satisfies

P.(N,ZIy) < O (N_H) .

We proceed first with several lemmas, then prove the above proposition. In the following,
the notation z = z(- ) means that the value of = depends only on the list of variables ( - )
enclosed between parentheses.

Lemma 90. (i) For any permutation I' € I'(S), there exist 61 = §1(I"), d2 = 62(T"), 63 = 03(I"),
such that {01, 62,03} = {1,2,3}, and

Zi(Wer W) = Zs, (W)
Zo(W @r W) = Zs, (W) Zs,(W)
Zs(W @r W) = Zs, (W) Zs, (W),

and the above equalities hold for any channel W.
(i7) Forany d € {1,2, 3}, there exists exactly one permutation I' € T'(S), such that 6;(I") = d.

Proof. Follows from Table 3.1, wherein I'(S) = {I'1 3,22, I'3 1 }. Precisely, we have 6, (I'; 3)
2, (51 (FQVQ) = 3, 51 (F371) =1. O

Lemma 91. There exist a constant k > 1 and 6 = §(W') € {1, 2, 3}, such that forany T € T'(S)
and any d € {1,2, 3}, the following equality holds

ZyWaEr W) < sZs(W).

Proof. Follows from Lemma 87, for k = 4 and § = (W) := argmax Z;(W). O
d=1,2,3

We shall also use the following lemma (known as Hoeffding’s inequality) providing an
upper bound for the probability that the mean of » independent random variables falls
below its expected value mean by a positive number.

Lemma 92 ([66, Theorem 1]). Let X, Xo, ..., X, be independent random variables such that
0<X;, <1 foranyi=1,....n. Let X := 13" X; and p = E(X). Then, for any
0<t<y,

Pr{X <pu—t} <e .

Now, let I'(S)*° be the infinite Cartesian product of countable many copies of I'(S). It
is endowed with an infinite product probability measure [65], denoted by P, where the
uniform probability measure is taken on each copy of I'(S). For our purposes, an infinite
sequence I € I'(S)> should be written as I" := {I", T';,...;, | n > 0,41 -- -4, € {0,1}"} (this
is always possible, since the set of indices is countable). We further define a sequence
of independent and identically distributed (i.i.d) Bernoulli random variables on I'(S)*°,
denoted A%in, n > 0,4 ---iy, € {0,1}",

AT = Li50(Ts, i )E{2,3})

thatis, A" (T') isequal to 1, if §1(Ty,...;,) € {2,3}, and equal to 0, if §1(T;,...;,) = 1. Note
that A’ (T") does actually only depend on the I';,...;, element of T" (here, n and i1 - - - iy,
are fixed). From Lemma 90 (ii), it follows that E(A%») = 2/3,Yn > 0, Viy---i, €

{0, 1},
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Chapter 3. Purely Quantum Polar Codes for Qubit Pauli Channels

For 0 < v < 2/3 and m > 0, we define

I (7) := {r e I(8)> ‘ | > AT > <2 — 7> 2m1} (3.48)

M (y) = (] Tu(y) (349)
n>m
The sum in (3.48) comprises all the terms A% im-1m(T'), with iy - - - i,,—1 € {0,1} ! and
im = 1 (here, m is fixed). Thus, II,,,(v) is defined by requiring that at least a fraction
of (2/3 — 7) of Altim-1im variables are equal to 1, where i, = 1. In (3.49), the above
condition must hold for any n > m.

Lemma 93. Forany 0 <y < 2/3and m > 0,

— 1
P (In(v) > 2~ [T (3.50)
Proof. By Lemma 92, P (I1,,,(y)) > 1 — e~7*2" . Therefore, we have
P (ﬁm(’Y)) >1— Z V2"
n>m
=1- Z (@_"/22m)2n
n>0
>1-3 (e)"
n>1
1
- <1_m - 1)
1
R
O

Note that the right hand side term in (3.50) converges to 1 as m goes to infinity. Hence,
for € > 0, we denote by m(v, €) the smallest m value, such that 2 — %Z)m >1—-e It

l—e7
follows that P (IL,(, (7)) > 1 —e.

In the following, we fix once for all some 7 value, such that 0 < v < 2/3. The value of
~ will not matter for any of what we do here, we only need (2/3 — ~) to be positive. We
proceed now with the proof of Proposition 89.

Proof of Proposition 89. Let 2 := {0,1}*° denote the set of infinite binary sequences
w:= (wiwsz---) € {0,1}*. Hence, 2 can be endowed with an infinite product probability
measure, by taking the uniform probability measure on each w,, component. We denote
this probability measure by P (the notation is the same as for the probability measure on
I'(S)*°, but no confusion should arise, since the sample spaces are different).

Lete > Oand fixany I" € I'(S );f)l N 1IL,(.6)(7)- Given T, the polarization process can be
formally described as a random process on the probability space €2 [2]. Precisely, for any
w=(wwy---) € Qand n > 0, we define

AL (w) =2 (W(Wl'"wn))

25 w) = Zg (W) vd e {1,2,3)
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3.4. Fast Polarization

Note that W («1“n) is recursively defined as in (3.47), through the implicit assumption
of using the channel combining permutations in the given sequence I'. For n = 0, we set

Z0(w) := Z(W) and Z(w) := Zy(W).

For { > 0 and m > 0, we define
Ton(C) i= {w e Q| ZzMw) < ¢, ¥d=1,2,3Yn> m} .
Hence, for w € T,,(¢), d € {1,2,3}, and n > m, we may write

2wy 28 Vw2 w)

[n] 1 m41 [m]
Z; (w) = — — e — Zy (w), (3.51)
Z20 N 2w Zw)
where d,, := d, and d,,—1,...,d,, are defined as explained below. Recall that Zc[lk] (w) =

Zg(Wrw)) and for k € {n,n —1,...,m + 1}, we have

W(wl"'wk) _ W(wl...wk,ﬂ er”w]c_l W(w1---wk,1)7 lf Wi :0
W(wl""’-’k—l) ®Fw1'“wk,1 W(wl'“wk_l), if Wi = 1

Hence, if wy = 0, we set dj,_1 := & (W@1“s-1)) from Lemma 91, such that we have
k
Zy (@)

dip—1

<&k, ifw,=0. (3.52)

Ifw, =1, wesetd,_1:= 6 (Ly ., ) from Lemma 90, such that we have

Z¥(w)
Z[k:—l] (w)

dk—1

= 1, 1fwk =1land dk =1. (353)

Z¥(w)

di_1

< C, if wr =1 and dy € {2, 3}. (354)

Let Ay (w) :={k € {m+1,...,n} | wr = 1},and By, n(w) :={k € {m+1,...,n} |wr =1
and dj, € {2,3}}. Using (3.51), (3.52)—(3.54), for w € T, (¢) and n > m, we get:

Now, we want to upper-bound the right hand side term of the above inequality, by pro-
viding lower-bounds for the |A,, »(w)| and | B, ,(w)| values.

| A (w)] lower-bound: Let AFl(w) := wy, hence |A,, n(w)] = > el AFl(w). Fix any
a € (0,1/2), and let

Amn(a) == {w €N ‘ Z AM () > (; - a) (n— m)} .
k=m+1
Hence, for any w € A, n (),

Amn(@)] = (1/2 = @) (n—m). (3.56)

Moreover, by Lemma 92, P (A, n (@) > 1 — e~ 207 (0=m),
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Chapter 3. Purely Quantum Polar Codes for Qubit Pauli Channels

| By (w)| lower-bound: First, note that dj, is defined depending on wy,y; value. Hence, we
may write

Bpp(w)={ke{m+1,...,n} |w, =1land di € {2,3}}
O2{ke{m+1,...,n—1} |wgp = L,wgy1 = 1, and dy, € {2,3}}
={ke{m+1,...,n—1} |wp =1,wks1 =1, and 01 (T, ..,) € {2,3}}.

Let B[¥ be the Bernoulli random variable on 2, defined by
B[k] (w) = 1{wk+1:1}1{wk:1} 1{61(Fw1 e JEL2,3})

The expected value of Bl is given by

1
k
EBY = o D0 L=y M= 1oy, o el2an

11 il

Since T € IL,;,(, ) (7), for k > m > m(y,€), we get

172
[k] > — -

Let C(m,n) :={kem+1,...,n—1]|k=m+1 mod 2}, the set of integers m + 1, m +
3,... comprised between m + 1 and n — 1. Random variables B¥l, k € K(m,n), are
independent, and the expected value of their mean, denoted EBj(y, ) := WEB[’“},
satisfies EBy () > 70- Fixany 8 € (0,70), and let

kek(m,n)

Brnn(B):= {w €0 \ > BF(w) > (v - 5>/c<m,n>} :

Hence, for m > m(v,¢) and w € By, »(3), we have®

n—1

Brn@)|> 3 BHw) = S BMw) > (30— AIKm.n)| = (0 - B)

k=m+1 kekK(m,n)

n—m
-
(3.57)

Moreover, by applying Lemma 92, we have

P (Bmn(B)) = P ( Y BYw) = (EBxpnm - B)’C(mvn))

kek(m,n)
Z 1— 6_2/82|’C(m7n)|

n—

>1 —672’82 Ea

*The last inequality could be tighten, but we only need a non-zero fraction of n — m.
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3.4. Fast Polarization

We define Up, ,,(¢, o, ) := T, (¢) N Ay () N By o (B). Using (3.55), (3.56), and (3.57), for
n>m >m(y,€) and w € Up, »((, @, B), we have

76 < sl io-

=(reric )G

Note that «, 5, and v (thus, ) are some fixed constants. Hence, for any 6 > 0 (as in
5
the fast polarization property), we may choose ¢ > 0, such that /<;O‘+2C Mt < 9= (140),

Using ZI"(w) < maxg—; 23 Zc[l ]( ), we get the following inequality, that holds for any
n>m > m(y,€) and any w € U, (¢, o, B):

ZM(w) < 277040 = (N~ (140)
17—

where ¢ = ¢(m, a, 3,7,() == (k*T2(" 3 - ¢,and N = 2". Note that «, 5,7, and ¢ have
been fixed at this point, and only the value of m can still be varied.

To complete the proof, we need to show that U, ,((, @, 3) is sufficiently large (for some
m, and large enough n > m), so that we may find information sets Zy of size |Zy| > RN,
for R < I(WW). For this, we need the following lemma, which is essentially the same as
Lemma 1 in [2], and the proof follows using exactly the same arguments as in loc. cit.
(and also using the fact that I is a polarizing sequence).

Lemma 94. For any fixed ¢ > 0and any 0 < 6 < I(W), there exists an integer mg(¢,6), such
that

P (Tn(€) =2 I(W) — 6.

Therefore, P (7,,(¢)) can be made arbitrarily close to I(W), by taking m large enough,
and once we have made P (7,,,(¢)) as close as desired to I(W'), we can make P (A, »())
and P (B, (B)) arbitrarily close to 1, by taking n > m large enough. Hence, for any
R < I(W), we may find mo = mo(¢, R) and ng = ng(mo, o, 3,7) > mo, such that

( mo,n (ga 76))>R7 v77/2”07

and since we may assume that my > m(~, ), we also have
ZM(w) < eoN~UH9) ¥ > ng, Yw € Upyn (¢, a, B) (3.58)

where ¢y := co(mo, o, 8,7, C)~

Now, forn > 0, let V,, := {w € Q | AL (w) < coN*(”e)}. Using (3.58), we have that
Upno.n(C, a, B) C Vy, for any n > ng, and therefore P [V,] > R. On the other hand,

1 o
P[Vn] — Z 271 {Z(W(ZIZ")) < CON—(1+9)}
i1-in€{0,1}"

1
= —|7
N’ N’a

where Zy = {i € {0,...,N — 1} | Z(W®) < N~} 1t follows that [Zy| > RN, for
n > ng.

We have shown that, given ¢ > 0, the fast polarization property holds for any I' €
L(8)5e1 N (s, (7), with P (ILy(1,6)(7)) = 1 — . We then conclude that it holds for any

rer(s )po1 N (Ueso Miny,6) (7)), which is a measurable subset of F(S)pol, of same proba-
bility. O

101



Chapter 3. Purely Quantum Polar Codes for Qubit Pauli Channels

3.5 Decoding the Quantum Polar Code Using its Classical Coun-
terpart

Let W be a CMP channel and W its classical counterpart. Let Q y denote the unitary
operator corresponding to the quantum polar code (defined by the recursive application
of n polarization steps, see Section 2.5.1), and Py denote the linear transformation cor-
responding to the classical polar code. Let Z and J be the set of indices corresponding
to the good and bad channels, respectively, with |Z| + | 7| = N := 2". We shall use the
following notation from Section 2.5.1:

* pz denotes the original state of system Z,

* w177 =(QN®I1g)(pr® @jj/)(QR, ® I 7/) denotes the encoded state, where ® 7 7/
is a maximally entangled state, as defined in (2.45).

o Yrrp =W ®17)(prs5) denotes the channel output state.
Since W is a CMP channel, it follows that:

Vryy = (BrzQn @ I7)(pr @ ©77)(QNEL; @ I71).

for a random N-qubit Pauli error Ez7 € Gn. Hence, quantum polar code decoding can
be performed in the 4 steps described below.

Step 1: Apply the inverse quantum polar transform on the channel output state. Ap-
plying Q}[ on the output state ¢z 7 7/, leaves the Z7 J' system in the following state:

Wy = (QNEz7Qn @ 17)(pz ® @75)(QVEL ,Qn © I7)
= (Br7 © I7)(pr © Sg5)(E'S; © L.

where £} ; = QR,EIJQN. As Qy is a N qubit Clifford, we have that 7, € Gy ~ GY,
and thus write F/,, = Py' Ezz, or equivalently:

Erg = PyEz;.
Put differently, F77 is the classical polar encoded version of E7 ;.
Step 2: Quantum measurement.” Let 7, = ® E; ® Ej, with E}, E € G;. Measuring

i€l jeJ

X;Xjrand Z;Z; observables®, allows determining the value of E}, for any j € J, since
no errors occurred on the 7’ system.

Step 3: Decode the classical polar code counterpart. We note that the error £z 7 can be
seen as the output of the classical vector channel (W#)Y, when the “all-identity vector”
oY € GI is applied at the channel input. However, by the definition of the classical
channel W#, we have (W#)N(Ez7 | oY) = W#)N (oY | Ez7), meaning that we can
equivalently consider oY as being the observed channel output, and Fz 7 the (unknown)
channel input. Hence, we have given (i) the value of £, := ®;¢7 E, and (ii) a noisy ob-
servation (namely aév )of Ez7 = PnE) 7- We can then use classical polar code decoding
to recover the value of . := ®;c7 E.

Step 4: Error correction. Once we have recovered the £, (step 2) and E7 (step 3) values,
we can apply the E7 ; ® I 7 operator on ¢, ; ,,, thus leaving the Z7 7" system in the state
P @ L7

>Steps (1) and (2) together perform a set of measurements that are equivalent to measuring the elements
of the stabilizer set Sz 7 7/ defined in (2.49).
®Here, indices j and j’ indicate the j-th qubits of 7 and J’ systems.
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3.6 Purely Quantum vs. CSS-based Polarization

In this section, using a numerical simultion, we compare the speed of polarizations of
purely quantum construction presented in this chapter and the quantum CSS construc-
tion from Section 1.5.1, for a finite length code. We consider a quantum erasure channel
(Definition 47) W, with erasure probability e = 0.25. The symmetric coherent information
of W is given by,

IW) =1-2¢=0.5. (3.59)

In Figure 3.12 below, we plot the Bhattacharyya parameter of the synthesized virtual
channels, for n = 16 polarization steps, for both the purely quantum and the CSS-based
polarization. Almost noiseless virtual channels are those with Bhattacharyya parameter
approaching 0 , while almost noisy virtual channels are those with Bhattacharyya param-
eter approaching 1.

* For the purely quantum polarization (solid black curve), the Bhattacharyya param-
eter is given by Definition 80. The fraction of good channels is almost equal to
(14+1(W))/2 = 0.75 and the fraction of preshared EPR pairs is almost equal to
(1-1I(W))/2=0.25.

¢ For the CSS-based polarization (solid red curve), the Bhattacharyya parameter is
the sum of the two classical Bhattacharyya parameters obtained by polarizing in-
duced amplitude and phase channels W, and Wp. The fraction of good channels
approaches I(W) = 0.5.

As expected, our scheme achieves a higher communication rate than the CSS-based one,
since it uses entanglement. To compare the two schemes in terms of net rates, that is,
the rate minus the fraction of preshared EPR pairs, we shift the purely quantum polar-
ization curve to the left by (1 — I(W)) /2 = 0.25, thus obtaining the dashed black curve
in Figure 3.12, which is virtually superimposed on the CSS-based polarization curve. We
conclude that our construction and the CSS construction exhibit the same polarization
speed, which is given by the slope of the two curves.

1 T T

purely quantum [our work]
0.9 == =purely quantum [shifted] 4
— CSS-based

Bhattacharyya (Z) parameter
o o o o o o o
MW R B N

o
.
T
I

0 0.2 0.4 0.6 0.8 1
Normalized channel index (i/N, i=1,...,N)

Figure 3.12: Bhattacharyya parameter of the synthesized virtual channels (n = 16)
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Multilevel Polarization of Pauli Channels

Recall that in Chapter 3, for Pauli channels, we first show polarization, using the set of 9
two-qubit Cliffords £ from Figure 2.4 (see Section 3.2). We then show polarization, using
asubset S C £ containing three two-qubit Cliffords (see Section 3.3.1). For the proofs, we
rely on guaranteed improvement of the good channel after one polarization step. Further,
using a computer simulation, we look for guaranteed improvement or degradation after
two polarization steps in order to completely derandomize the channel combining oper-
ation. Moreover, we note that for L3 3 € £, we almost have the gauranteed improvement
for a virtual channel after two polarization steps (see Remark 86).

In this chapter, we consider the polarization construction, with the gate L3 3 € £, for Pauli
channels. We show a different polarization phenomenon, where polarization happens in
multi-levels instead of two levels in the sense of [67, 68]. More precisly, the synthesized
virtual channels also tend to be “half-noisy” except being completely noisy or noiseless.
The half-noisy channels need to be frozen by fixing their inputs in either the amplitude or
the phase basis, while preshared EPR pairs are required for the completely noisy channels
as before.

As some of the bad channels are frozen in either the amplitude or the phase basis, this re-
duces the number of preshared EPR pairs compared to the construction in Chapter 3. We
also give an upper bound on the number of preshared EPR pairs, which is an equality for
the quantum erasure channel. In particular, for a quantum erasure channel with erasure
probability ¢, the fraction of preshared EPR pairs is €2, while it is € for the construction
proposed in Chapter 3 (see Section 3.6). Therefore, the number of preshared EPR pairs is
significantly reduced, taking advantage of the multilevel nature of polarization. We con-
struct a quantum polar code based on the multilevel polarization for which the decoding
can also be efficiently performed by decoding the classical counterpart.

Finally, we present a slightly different construction utilizing a quantum circuit equiva-
lence, the goal of which is to improve the speed of multilevel polarization. For a quan-
tum erasure channel, we show with the help of a computer program that the speed of
multilevel polarization improves significantly for this alternative construction compared
to the first construction.
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4.1. Noiseless, Half-noisy and Noisy channels

4.1 Noiseless, Half-noisy and Noisy channels

Recall from Chapter 3 that quantum polarization on a Pauli channel happens if and
only if the classical polarization on its classical counterpart happens (see Proposition 78
and Corollary 79). This allowed us to prove the quantum polarization by showing po-
larization for the classical counterpart. In what follows, we prove multilevel polarization
for the CMP channel, using the polar code construction on its classical counterpart chan-
nel. In this section, using the Bhattacharyya parameter from Definition 80, we provide
conditions for the classical counterpart channel to be completely noiseless, half-noisy or
completely noisy. We shall use the following notation from Chapter 3.

1. Let Gy := Gn/{*£1, +i} be the Abelian group obtained by taking the quotient of the
N qubit Pauli group Gy by its centralizer.

2. For the classical counterpart of a CMP channel W, we shall use W := W# . Recall
that W is a classical channel with the input alphabet G, := G /{=+1, +i}.

3. We shall identify I = 00, Z = 01, X = 10, and Y = 11. Using this identification, we
may write G; = {00, 01, 10,11}, or sometimes G; = {0, 1,2, 3}, which will be clear
from the context.

For any z,2/,d € G, we first define two information measures I(W, /) and I,(W) as
follows

5w W) y W)

10¥e) = 3 (Wb oty e * ) 98 Ty + W
4.1)
Id(W) = i Z I(Wm,xEBd)' (42)

x

Note that I(W,, ;) is the symmetric mutual information of the binary-input channel (Def-
inition 2) obtained by restricting the input alphabet of W to {z,2'} C G;.

Further note that the parameter Z;(1V) from Definition 80 can be written as follows, for
/ /" >
z, 2’2", d e Gy,

Z(Wyw) =Y/ W(yle)W (y|2'), (4.3)
Y
ZaW) 1= 1 3 Z(Wee) (@4)
z€Gy
= %[Z(Wojd) + Z(quwuead)], for any x #0,d, (4.5)

where (4.5) follows from Z(W, ,/) = Z(Wy ;). Also recall from Definition 80 that the
Bhattacharyya parameter of W is given by,

Z(W) ::é S Zaw). (4.6)
deGr:d#£0

We now proceed with several lemmas. First, we give the following lemma for the sym-
metric mutual information I(1W) and the Bhattacharyya parameter Z (W) for the non-
binary input channel W, analogous to Lemma 4.
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Lemma 95 ([24]). For the classical counterpart channel W, we have

(W) > (4.7)

log,
821 3Zz(Wy
I(W) < 6(logye)y/1 — Z(W)2. (4.8)

The first inequality in the above Lemma implies that I(W') approaches to 2 if Z(W) ap-

proaches to 0, and the second inequality implies that I(W) approaches to 0 if Z(W) ap-
proaches to 1.

In the lemma below, we show that if any two parameters from the set
{Zi(W), Zy(W), Z3(W)}, defined in (4.5), approach 1, the remaining third parameter will
also approach 1.

Lemma 96. Forany {dy,ds,ds} ={1,2,3},if Zq,(W) > 1 — €1, and Zg,(W) > 1 — ey, then,

Zg,(W) > 1 — €3, where e3 = 4(\/€1 + \/€2)%. (4.9)
Proof. For x € Gy, consider a vector ff( ) such that A(z) = (/W y]m y € Y). It follows
that A(z)- A(2') = Z(W,) and |A(z) \/2 '), where |A(z) —

A(2')| is the Euclidean distance between the vectors A(z) and A( ) Using the triangle
inequality and d; @ d2 = d3, we have that

\/(1 - Z(Wm,m@dg)) < \/(1 — Z(Wy wEBCh + \/ 1- r®d1,x@d1€5dz)) (4.10)

For d € {di,d2}, we have that Z3(W) > 1 —¢ = (1 — Z(Wy4a4)) < 4€,Vz. Then,
from (4.10),

V(= Z(Wes4,) < 2(J@ + Ve), Ve
— Zg,(W) > 1—4(/e1 + @) O

We now introduce the partial channels of the non-binary input channel V.

Definition 97. (Partial channels). Consider x = z125 € Gi = {00,01, 10, 11} is given as the
channel input of W. We define the following three binary-input channels that are obtained by
randomizing one bit of information from z,

W (y|00) + W (y[01)

1 11
w2 =y wil(yo) = . , Whly[1) = W(yl10) ; Wiyl 4.11)
w 1 1)+ W(y|11
] - 11 - 1 1

2 2

In particular, the partial channel W takes z; as input and randomizes z», the partial
channel W2l takes z5 as input and randomizes x;, and the partial channel Wl takes
x1 @ z2 as input and randomizes both z; and x9, individually. For {d;, d2,ds} = {1,2, 3},
the above three definitions can be merged into the following

W (ylda2) + W (ylds)
: .

W (ylo) + W(yld1)
2

wihl(y|o) = , and WHl(y[1) = (4.14)

We now prove several bounds relating Zy(W), Z(W!) and 1(W).
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Lemma 98. Given {d;,d2,ds} = {1,2,3}, we have the following inequalities, which bear simi-
larities to Lemmas 9 and 10 from [67]:

(a) Z(Wh]) < Zg, (W) + Za,(W).
(b) Z(Wldly > 7, (W), where Zy, (W) = max(Zg,(W), Zg, (W)).
() I(W) < %Zde{l,z,:a} V1—Zg(W)?+3 Ddefizzy V1— zZ(wld)2,

Proof. Point (a): The Bhattacharyya parameter of the partial channel W41 is given by,

i) ZVWW (I0) W (y1)

=5 Z > W (y[)W (y|m)

Yy 1e{0,d1 }me{da,ds}
Yoo D VW)W (yim)
1€{0,d1 }me{d2,d3} ¥
= Zdz(W) + st(W)7

IN
DO | =

where the second equality follows from (4.14), the third inequality follows from /> a, <
> »Vaz, and the fourth equality follows from | @ m € {d2,d3},Vi,m as d3 = di @ da
and (4.5).

Point (b): For W4, we consider the following two-dimensional vectors:

Boly) = (VW (y]0), VW (yldr)).
Bi(y) = (VW (ylda), VW (y|di @ da)).
Ba(y) = (VW (yldi @ da), VW (ylda)).

Then, we have that

\/W (y[0) + W (yldy).

|Bo(y)| =

|Bi(y)| = |Ba(y)| = VW (yld2) + W (yldy & da).

Bo(y) - B1(y) = VW (yl0)v/W (yldz) + /W (yldr) /W (y|ds & dy).
Bo(y) - Ba(y) = /W (y|0)/W (yldr & d2) + /W (yldr) /W (y]da).

From the definitions of Z(W ) and Z4(W), it follows:

Z |Bo(y)]|Bi(y Z | Bo(y)|| Ba(y (4.15)

Za,(W) = B Z Bo(y)- Bi(y). (4.16)
Yy

Zas(W) = Zaywar(W) = % > Bo(y) Ba(y). (4.17)
Yy

Then, from the Cauchy-Schwartz inequality, we have that

ZaW) < Z(WlhD), for d = dy, ds. (4.18)
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Point (¢): I(W) can be written as following [67, Lemma 10],

4ZZWy\x log, P((l))

Y x€G;

Z Z (yl|z) log, P((y|;r) + W(yle ® d) logQW]

de{dy,d2,d3} =«

=

1
=12
y
_ L

W (ylz @ d)

W(y|z
Z Z W (y|z) log, wlz) + W(ylz @ d) log,

24 def{dy do,ds} @ W (ylz) + W(ylr @ d)]

3 W (yle) + W(yle & d)]
%

W (y|z) +W ylz & d) (W(ylz) + W(ylz © d)]
_ 1 Z Z A é Z Z W (y|0) + W(yl|d) log, 3 W (yl0) + W(yld)]

12 2 P(y)
de{dl da, dg} x Y dE{d1 da, d3}

ro Z Z Z W (ylx) + W(y\x @d) log 3 W (ylz) + W (ylz @ d)]

2
y de{di,ds,ds} r#0,d P(y)

1 1 yIO) J(yl1)
=3 Z Tq(W) + 5 Z Z [W[d] (y]0) log2 ( j 4 (y|1) logQT]

d#£0 de{dy,ds,d3} Y
1
- - [d]
=Ly Y 1),
d#0 de{1,2,3}

where the first equality follows from Definition 74, and parameters I(W, ,/), I4(W) are
defined in (4.1) and (4.2), respectively. Also, I(W[d]) is the symmetric mutual information
of the binary-input partial channel wld. Using I(W, V1= Z(Wy.)? from [2], and
concavity of the function f(z) = v/1 — 22, we have that

S VI ZWE 4 Y 12wl (4.19)

de{1,2,3} 1€{1,2,3}
O
Finally, we prove the following lemma that will be used to define half-noisy channels.

Lemma 99. Given Zg, (W) < ¢, Zg,(W) < ¢, and Zg,(W) > 1 — ¢, with ¢ > 0, and
{di,d2,ds} = {1,2,3}, then

(a) (W) € [1 - log,(1 + 2¢), 1].
(b) |T(W) — (W) < A, where A = /2e + log,(1 + 2¢).

Proof. Point (a): Since W% is a binary-input channel, I(W%]) < 1. From point (a) of
Lemma 98, we have that

0< Z(WIBsly < Z, (W) + Zgy (W) < 2. (4.20)

Using the inequality I(W}) > 1 — log,(1 + Z(W})) for any binary-input channel WV,
from [2], we can lower bound I(W%]) as follows
T(Wlsly > 1 — log, (1 + 2¢). (4.21)

Hence,
(W) € [1 - log, (1 + 2¢),1]. (4.22)
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4.1. Noiseless, Half-noisy and Noisy channels

Point (b): From Point (b) of Lemma 98, we have that
Z(Wly > 7, (W) > 1 —€,Vd; = dy, do. (4.23)
In point 3 of Lemma 98, substituting the lower bound on Z;(W), i.e., Zq, (W) = Z4,(W) =
0, Zg, (W) = 1 —¢, and the lower bound on Z (W) from (4.20) and (4.23), i.e., Z(Wh]) =
Z(Wldzly =1 — ¢, Z(Wldsl) = 0, we have the following upper bound on I(WV),
I(W) <14 V2 (4.24)

From inequality in (4.7), I(W) can also be lower bounded, as below

(W)= 10g22 j c
=1- log,(1+ %). (4.25)
From (4.24) and (4.25), we have that
(W) e[l 1og2(1+§),1+\/£]. (4.26)
From (4.22) and (4.26), we have that
T(W) — (W] < A, (4.27)
where A = max (v2e + log, (1 4 2¢), log, (1 + 5)) = V2¢ + log,(1 + 2¢). O

We are now in a position to define the noiseless, half-noisy, and noisy channels.
Definition 100. Given 6 > 0, a channel W is said to be:

(a) 6-noiseless if Z1 (W) < 6, Za(W) < 8, and Z3(W') < 4.

(b) 0-noisy if Z1(W) > 1—0,and Za(W) > 1 —4.

(¢) 0-half-noisy of type ds, if Zq, (W) < 8, Zg,(W) < 0,and Zgq, (W) > 1-6, with {dy,dz,ds} =
{1,2,3}.

Recall that W takes as input two bits zz2, where x1, z2, and 1 @ x are inputs to the
partial channels W W2, and W3, respectively.

If W is such that Z; (W) < 0,Z2(W) < 6, and Z3(W) < §, using (4.7), we have that
I(W) — 2 as § — 0. Therefore, we call W, §-noiseless.

If W is such that Z; (W) > 1 — 0, Zo(W) > 1 — 6, using (4.8) and Lemma 96, we have that
I(W) — 0as d — 0. Therefore, we call W, §-noisy.

If Wissuchthat Z;, (W) < 0, Zg,(W) < 0, and Zg, (W) > 1—6, with {d;, d2, d3} = {1, 2,3}
and § — 0, from point (a) of Lemma 99, the binary-input partial channel W%! tends to
be noiseless, that is, I(W[d3]) — 1. We may take d3 = 1, without the loss of generality.
Then, we can reliably transmit one bit of information, namely z1, the input to the partial
channel W, using . Moreover, from point (b) of Lemma 99, I(W¢l) — 1(W). Thus,
the remaining one bit from the input of W, namely x5, the input to the partial channel
W2, is completely randomized or erased. Therefore, we call W, “d-half-noisy of type
ds”.
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Chapter 4. Multilevel Polarization of Pauli Channels

4.2 Multilevel Polarization

In this section, we show that the CMP channel polarizes into completely noiseless,
half-noisy or completely noisy channels, under the recursive channel combining and
splitting procedure, using the two qubit Clifford L33 € L (see Figure 2.4) as the chan-
nel combining operation. We utilize the channel combining and splitting procedure on
the classical counterpart to prove the polarization, where the permutation corresponding
to L33, that is, I'3 3 from Figure 3.2, is taken as the channel combining operation. Since
the single qubit gate L 3 generates the same permutation on the set G; as the Hadamard
gate H by the conjugate action, for our purposes the following two-qubit Clifford L is
equivalent to L3 3.

Figure 4.1: Two-qubit Clifford gate L. Here H is the Hadamard gate.

The permutation generated by the conjugate action of L on G; x G; is depicted in the
following figure, which is the same as I's 3'.

Figure 4.2: The permutation I'(L). To avoid any possible confusion, two bits of the input and
output symbols are separated here by a comma.

From (3.24) and (3.25), the virtual channels obtained after the channel combining and
splitting procedure on two copies of W, using I'(L) as channel combining operation, are
given by

1
(W B W)(y1, yelur, uz) = > W(yilug, ur @ v)W (yalug © va,v1),  (4.28)

v1,V2

1
(W @ W)(y1, y2, ur, uzfor, v2) = 7 Wy |uz, wr @ v1)W (y2|uz & v, v1), (4.29)
where uy, U2, V1, V2 € {0, 1}.

4.2.1 Several Inequalities for the Good and Bad Channels

Here, we shall provide many inequalities for the good and bad channel synthesized after
one polarization step, which we shall use later for the proof of multilevel polarization.

Recall that 00 =1,01 = Z,10= X,11 =Y.
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4.2. Multilevel Polarization

Lemma 101. The following equalities hold for the good channel W & W,

ZI(W @ W) = Zy(W). (4.30)
Zo(W @ W) = Z1(W)2. (4.31)

Proof. Proof of (4.30): We have that

1
Zl(W@)W):E Z VW @ W) (y1, Y2, ur, ualvr, va) (W & W) (y1, Y2, ur, ualvy, va + 1)

Y1,Y2,u1,u2
v1,V2

= 16 Z W (y1|uz, ur + Ul)\/W(y2|U2 + w2, v1) W (y2|ug + v2 + 1,v1)

Y1,Y2,u1,u2
V1,02

1
= > VW (yalug + va, )W (y2lug + v + 1, v1)

Y2,u1,u2
V1,02

=1 3 W) = z0W). (4.32)

uy,u2

Proof of (4.31): We have that

1
Za(WeW) = 1 Z VW ® W) (y1, y2, ur, us|vr, v2) (W @ W) (y1, y2, u, uglvy + 1, v2)
Y1,Y2,u1,u2
V1,02
1
= 1
16 Z \/W(yﬂuz,m +v1)W(yt|uz, ur +v1 +1)

Y1,y2,u1,u2
V1,02

W (y2lus + va, v1) W (ya|ug + v2, v1 + 1)

1
= 2 VWnluz, u)W(nluz,ur +1)

Y1,u1,u2

: Z VW (y2lvz, v1) W (ya|vg, v1 + 1)

Y2,V1,V2
= Z,(W)>2. (4.33)
L]

Lemma 102. The following inequalities hold for the partial channels, (W @W )l and (W @W)l,
foralli e {1,2},

Z(waw)l) <2zwh) — zwh)2, (4.34)
Z(wew)Bh = zwh, (4.35)
Z(wew)ll) = zy(w)z(wh). (4.36)
zZ(w e W) < zwlil, (4.37)

Proof. The transition probabilities of the partial channels (see (4.11) and (4.12)) (W @ W) (2]
and (W ® W)l! for i, j € {1,2} is given by

W@ W)(y1,y2lu1,0) + (W B W)(y1, y2|ui, 1)
2

WEW) (g1, yoluy) =
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1
=3 D W (1[0, ur + v) W (yalva, v1) + W (ya |1, w1 + v1) W (galvg + 1,01))]

v1,V2

1
=3 D W0, ur +01) Y Wyalvz, v1) + W (|1 ur +v1) Y W(yalva + 1,v1)]
vy

v2 v2

1
=1 D W (1[0, us + o)W (galor) + W (|1, w1 + 1) WP (yavy)]
v1

1
=3 > W (yrur + v1) W (yo]0r). (4.38)

v1

WeEW 0 W W 1
(WW)[Q](yl,y2|u2)=( )(y1,y2|,u2)—;—( ) (Y1, y2[1, ug)

2 Z (y1]ug, v1)W (y2|uz + va, v1) + W(yi|ug, v1 + W (y2|uz + v2, v1)]

'U1 v2

1
=3 Z[W(y1|U2,’U1) D Wiyalug + vz, 01) + W (yrlug, v1 + 1) > W (yaluz + v, v1)]

V2 v2

*Z (y1fuz, v1) + W (g1 |uz, v1 + 1D)]WE (y2|or)

= §W[ ](Z'JIW2) ZW[ }(y2\v1)'

v1

(4.39)

W e w)ll ’ ,u,uv,0+W®W[1] yalvr, 1
(W®W)[1](y17y2,U1,uQ|vl):( ) (1, y2, ur, ugl 12) ( ) (Y1, yalvr, 1)

(W (y1|uz, ur +v1)W (y2luz, v1) + W (yi|ug, w1 + v1)W (ya|ug + 1, 01)]

= 0ol =

W (y1|ug, ur +v1) W3 (yo|vy).

(4.40)

(W @& W) (y1, yo, w1, us|va) = (W © W) (y1, yo, w1, uzl0, v2) + (W & W) (y1, |1, vo)

_ W (y1|uz, ur)W (y2|ug + v2,0) + W (y1|ug, us + 1)W(y2|u22 + 9, 1)
) (4.41)
Proof of (4.34): From (4.38), we have that
W @ W) (g, gel0) = IO 210) : W2 (52 [1) W (1)
(W W)m(yl, ya|1) = W[2}(y1\O)W[2] (y2/1) ‘; Wm(yl]l)W[Q] (y2]0)
Define a(y1) = W2 (11(0), B(y2) = W2 (3]0), 6(y1) = WE([1) and 7(y2) = W (g]1).

Then, the following equalities hold,

Z Va(y)sy) = Z VB(y2)7(y2) (4.42)
> aly 25 y) =Y Bly2) Z’y y2) (4.43)
Y2

Y1
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4.2. Multilevel Polarization

The Bhattacharyya parameter of the partial channel (W @ W)!! is given by

Z((Wa W)y = 37 (W @ W) (g1, 3210) (W @ W) (31, o] 1)

yl Y2

5 Z Va(n)By2) + 0(y)v(y2)vVely)v(ya) + 6(y1)B(y2)

yl Y2

12 a(y1) +6(y1) Z Y(y2) + 5 Z\/ a(y1)d(y1 Z (y2) +7(y2)]
—Z%a (y1)3(y1) yz)v(yz)

Y1,Y2

=2z2(WBh = zwl2h?,

where for the third inequality, we have used the following inequality from [2]

V(@B +87)(ay +68) < (VaB + 8)(Vay + V6B8) —2/aBys.  (4.44)

and the fourth equality follows from (4.42) and (4.43).

Proof of (4.35): The Bhattacharyya parameter of the partial channel (W @ W)? is given
by

2(W @W)2) = 2 3 /07 @ W), 1al0)/ 7 B )1, 1)

y1 Y2
1
=5 > \/W[”(yl\O)W“] (1) D> Wl (ysv)
Y1 Y2 U1

= z(wih),

where the second equality follows from (4.39).

Proof of (4.36): The Bhattacharyya parameter of the partial channel (W @ W)[! is given
by

Z(wew)l) = Z \/(W®W)[”(yl,yQ,ul,UﬂO)(W@?W)[l](yhyz,ul’uzm

Y1,Y2,u1,u2
1
=12 > VWuiluz, u)W(ytfuz,ur +1) ) \/W[Q] (42(0) W (y2[1)
Y1 ul,u2 Y2
= Z (W) Z(WP), (4.45)

where the second equality follows from (4.40).

Proof of (4.37): The Bhattacharyya parameter of the partial channel (W ® W)[? is given

113



Chapter 4. Multilevel Polarization of Pauli Channels

by

Z((W@W)m): Z \/(WC’BW)[Q](ylaQQaulau2‘O)(W®W)[2]<y17y27ulyu2|1)

Y1,Y2,u1,u2

< D> Do W e W) (yr, vz, u1,u200) > (W @ W) (y1, o, uf, ug|1)

Y1,Y2,u2 ul u’1
=S L (S Wus w) | Wgslus, 0) + 2 (S W (g fus, un + 1) ) Wigalua, 1)
—4y1y2u2 B — Y1|u2, u1 Ya2|Uu2, 5 — Y1|u2, ug Y2|Uu2,

1 1
N (Z W(ylu%u,l)) W (ya|uz +1,0) + 5 (Z W (y1|ug, uy + 1)) W (y2|uz +1,1)
uf

li
Uy

1 1 : -
D] Z Wi (y1|u2)\/W(y2’u2’O) ;r W (yz2|us, )\/W(yQ\Uz +1,0) J2r W (y2|ug + 1,0)

Y1,Y2,u2

1

= 5 30 VW (el Wl (5luz + 1)

Y2,u2

= z(wh,

—

where for the second inequality, consider vectors A(y1, y2, u2) = (v/(W & W) (y1, y2, u1, u2|0)).,
and B(y1,y2,u2) = (v/(W @ W)R(y1, y2, u1, u2|1))u,. Then, it follows from the Cauchy
-Schwartz inequalitYI |A(yla Y2, UQ) ’ B(ylv Y2, u2)| < |A(y17 Y2, UQ)HB(ylv Y2, U2)| The third
equality follows from (4.41). O

4.2.2 Proof of Multilevel Polarization

We define W(© := W m W and W) := W @ W, and consider the recursive application
of channel combining and splitting procedure, W + (W©) W), After two steps of
polarization, we have a set of four virtual channels, (W 1))(2) Vi iy € {0,1}2. Similarly,
after n polarization steps, we have the following set of 2" virtual channels,

P tiaein) (W(i1~"i"—1))(i"),Vi1 i € {0,137 (4.46)

We now state the multilevel polarization theorem.

Theorem 103. Let {W(1in)|jy . .4, € {0,1}"} be the set of virtual channels defined in (4.46),
when the permutation T'(L) is used as channel combining operation. Then, for any 0 < & < 3,

lim #{i1 i, € {0,1}" | W) s either 5-noiseless, 6-half-noisy of type 1 or 2, or 5-noisy} )

n—oo 277,

Remark 104. The end result of the multilevel polarization may appear to be similar to the quan-
tum CSS construction presented in Section 1.5.1. However, note that the multilevel polarization is
fundamentally different from the quantum CSS construction, as the synthesized virtual channels
here are quantum channels at every polarization step, which are identifiable to a classical channel
with non-binary input. However, for the CSS construction, we have two classical virtual channels
with binary input, obtained by two different classical polar code constructions (see Figure 1.10).

Remark 105. It is easily seen that the multilevel polarization does not happen when the channel
combining operation is fixed to the CNOT gate (without Hadamard afterward). Taking CNOT

114



4.2. Multilevel Polarization

gate as the channel combining operation, we have the following,

ZW(W e W) = Zy(W). (4.47)
Zo(W @ W) = Zo(W)2. (4.48)

Hence, from (4.47), the parameter Z, remains fixed, implying that the multilevel polarization into
completely noiseless, half-noisy, and completely noisy channels does not happen. Note that in
Lemma 101, where the channel combining operation is fixed to (H @ H)CNOT, Z;(W @ W)
depends on Zy(W') and Zy(W & W) depends on Z1(W). Hence, there is improvement for both
parameters Zy and Z,, when we take many good channels in succession, which is one of the key
arguments in the proof of multilevel polarization theorem, below.

Note that it is sufficient to prove the above theorem assuming that n goes to infinity
through even values 2, 4,6, .. .. Indeed if the above theorem holds for n going to infinity
through even values, we can set W = W) foralliy € {0,1}, and then it follows that it
also holds for n going to infinity through odd values. Therefore, from now on, we assume
that n = 2m.

In (4.34)-(4.37), the upper bound on Z(W(il)[d}), for any iy € {0,1} and d € {1,2}, is
a function of Z(WI%1), such that {d,d’} = {1,2}. Therefore, applying the transform
W — (WO, W) twice, we get an upper bound on Z(W(“”)[d}),wlig € {0,1}2, which
is a function of Z(W ). For this reason, it is convenient to consider even steps of polar-
ization, i.e., n = 2m, and use W — (W0 WO 'y (0) 1710y a5 our basic transform for
recursion. For any given sequence i; - - -4, € {0,1}", we write iy - - -4, = wy - - - Wy, such
that wy, = iop_1i0k € {0, 1}2,Vk‘ > 0.

To prove Theorem 103, we will express the limit therein as the probability of an event on a
probability space. Therefore, suppose that {B; : i = 0,1, ... 00} is a sequence of random
iid variables defined on a probability space (2, F, P), where each B; takes values in
{0,1}* with equal probability, meaning that P(B; = 00) = P(B; = 01) = P(B; = 10) =
P(B; = 11) = 1. Let 7y = {¢,Q} be the trivial o-algebra and F,,, m > 1 be the o-field

generated by (Bi,..., By,). Define a random sequence of channels {W,, : m > 0} on
the probability space, such that W, = W, and at any time m > 1, W,,, = W,>™,, where
Wi € {0,1}? is the value of B,,. Therefore, if B; = wy, By = ws, ..., By = wm, we have

that W,,, = W(wiwm)

Fora 0 < § < 3, we define the following events on probability space,

A =A{w € Q: Imgy,¥Ym > mgy, W,, is J-noiseless}. (4.49)
B = {w € Q: Img,Ym > mg, W, is §-half-noisy of type 1}. (4.50)
C ={w € Q: Imgy,Vm > mg, W, is 6-half-noisy of type 2}. (4.51)
D = {w € Q : 3mg, Ym > myg, W,, is 6-noisy}. (4.52)

The intersection of any two of the above sets is the null set. Note that the limit in Theo-
rem 103 is equal to P(AU BUC U D), hence, in other words, Theorem 103 states that one
of the events from A, B, C, D occurs with probability 1, as n goes to infinity.

We first prove the following Lemmas 106, 107 and 108, and then use them to prove the
above polarization theorem.

Lemma 106. Consider a stochastic process {T,, : m > 0} defined on (2, F, P) such that it
satisfies the following properties:

1. T, takes values in [0, 1] and is measurable with respect to F.,, that is, Ty is a constant and
T, is a function of (By, ..., Bny).
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2. Process {(Tyn, Fm) : m > 0} is a super-martingale, i.e., Ep, . [Tmt1 | T = tm, ..., 11 =
t1,To] < ty, for any m > 0 and all possible ti, . .., tp,.

3. Tpi1 = T2 with probability 1.
Then, the limit Ty, = limy, o0 Tpyy, exists with probability 1, and Ty takes values in {0,1}.
Proof. The proof is similar to [2, Proposition 9]. Since the process {(T,, F,) : m > 0} isa
super-martingale, T;,, converges with probability 1. This gives the proof of the first part,

which implies that lim,;, 0| Tin1 — Tim| = 0. As Ty, 1 = T2, with probability %, it follows
that T,,, takes values in {0, 1}. O

Lemma 107. Forall d =1, 2, the process {Z(W,g}) :m > 0} defined on (0, F, P), is a super-
martingale and there exist q1 = q1(d), g2 = ga(d) € {0,1}?, such that when By,+1 € {q1, ¢},
Z(Wl)) < Z(Wihy2.

Proof. For d = 1, using (4.34)-(4.37) with W = W,,,, we get

2wy < 22w - Z((WR)? = 22(Wll) - Zz(Wl)?, (4.53)
2wy < z (W) 2w O < z(wll2, (4.54)
2wy < 22w - 2w O < 2z(wll) - Zz(wll2, (4.55)
2wy = 2w 2w D)) < oW Z(W L), (4.56)

where the second inequality in (4.54) uses the inequality Z; (W) < Z(W© [2]) from
[Lemma 98, point 2], and second inequality in (4.56) uses Z1(W,\,) = Z2(W,,) from (4.30).
From (4.53)-(4.56) and Zo(W) < Z(W) [Lemma 98, point (b)], it follows,

Sz <az i), 4.57)
il,iQE{O,l}

Hence, the process {Z (Whhy : m > 0}isa super-martingale and also when B, 1 €
{01, 11}, we have that Z(WEL) < Z(WE])?

For d = 2, from (4.34)-(4.37) with W = W,,, we have that

2w _ zarolhy < ozqyi2y _ zapi2)2, (4.58)
2w < 2w Oy < 2z wi2) — Zz(wi2)2, (4.59)
2wy = 2w M) = z(Wi) Z(WI2). (4.60)
2wV < 2wy = z (W) Z(WI2). (4.61)

From (4.58)-(4.61) and using Z; (W) < Z(W'?) [Lemma 98, point (b)], we have that

Sz ) <azwl). (4.62)
i1,i2€{0,1}

Thus, process {Z (WE]) : m > 0} is a super-martingale, and also when B,,,; € {10,11},
we have that Z(WELl) < Z(Whe, O
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Lemma 108. Define the following events for d = 1,2,

S(5) ;= {w e Q: Fmg,Ym > mo, Z(WIH) < 5} (4.63)
T (6) := {w € Q: Img, Ym > mg, ZW) > 1 -6} (4.64)
Sq(9) :={w € Q: Img,Ym > mg, Zg(Wy,) < 9, Zg(W ) <o} (4.65)
Ty(6) :=={w € Q: Imo,Ym > mo, Zg(Wy,) > 1 — 6} (4.66)

Then,
(a) PSSy uT(8)=1,vd=1,2.
(b) Given {d,d'} = {1,2}, then

(i) S[(8) C Sy (9).
(i1) T'(8) C Ty(5) with probability 1.

Proof. Point (a): It follows directly from Lemmas 106 and 107. As a consequence, note
that any w € Q belongs to one of the sets, S!!1(§) N SPl(5), S (5) N TEI(5), T (5) N S (65)
and T (5) N T2 () with probability 1. This will be used in the proof of Theorem 103.

Point (b).(¢): From [lemma 98, point 2], we have that Zy (W,,) < Z(W,[g]) and Z3(Wp,) <
Z (WM), for {d,d'} = {1,2}. Then, it immediately follows by definitions of S'?(§) and
Sy (8) that S19(8) C Sy ().

Point (b).(ii)*: We assume T'4(5) ¢ T () with non-zero probability and disprove it by
contradiction. The above assumption implies that the following event,

E={weQ:weTW(),w¢Tii))}, (4.67)
occurs with non-zero probability, that is, P(E) > 0.

Define an event &, such that Zy(W,,) < 1 —§, thatis, given By = wi,..., By = wn,
we have Zy(W&1wm)) < 1 —§. Any w € E belongs to infinitely many &,, because if
there exists a mg such that Z; (W,,,) > 1 — 6, for all m > my, this would imply w € T, (6),
which is not true by assumption. Given w € E, consider M = {my,mg, ...} as the set of
instances such that for all m; € M, w € &,,,. Further, take m such that Bm+1 Bm+2 =11
happens, probability of such an event is glven by P(Bpmy1 = Bz = 11) = £ > 0, for
any m > 1, therefore, ) )/ P(Bm,+1 = Bm;+2 = 11) = oo. Since {By, : m > 1} are
ii.d. random variables, using Borel-Cantelli lemma, there are infinitely many m; € M for
which Bmi—&—l = Bmi_;,_g =11.

The condition w € T!9(§) implies that Z (W,Lﬁl}) > 1—6, for all m > mg. Take am > my
such thatw € &,,, and By,;1 = By,+2 = 11. Then, we have the following forall d = 1,2,

Z(Wiﬂa) < Zd’(Werl)Z(Wy[rﬂ-l)

< Zyy(Win)? Zar (W) Zo(WD)
<(1-0P<(1-9),

where both the first and second inequalities use (4.56) and (4.61), the second inequality
also uses Zg(Win+1) = Zg(Wy,)? (from (4.30) and (4.31)), and the third inequality follows
from the assumption that Zy(W,,) < (1 — J). Hence, we have a contradiction with the
statement that Z( ,[,ff]) > 1 — ¢ for all m > myg. Therefore, T4 (5) C T(5) holds with
probability 1. O

2Note that T, (§) € T'%(5), by the same reasoning as in the proof of previous point (b).(i). Hence, point
(b).(44) actually implies that 7% (§) = T,/ (§) with probability 1.
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Proof of Theorem 103: We have the following by definition,

From point (ii).(a) of Lemma 108, we have that S!!11(§) N S12I(§) C S1(8) N S2(5), which
means w € SN S — & € () N So(5). Similarly, from point (ii).(a) and point
(77).(b) of Lemma 108, we have that

S N T (8) € Ty(8) N Sy (6).
T () N SP(8) c S1(6) N To(6).
TH(6) N TR(6) € T1(8) N T (6).

From point (i) of Lemma 108, we know that one of the events from S!!(§) n SI2(s),
S NTRI(5), TM(5) N S () and T (§)NT(5) happens with probability 1, therefore,
we have that

S (6) N SP(8) = $1(8) N Sy(6) = A, (4.68)
SU) N TRI(8) = Ty (6) N S2(6) = B, (4.69)
T () N SP(8) = 51(6) N Tu(8) = C, (4.70)
T () N TRI(8) = T1(6) N T»(5) = D, (4.71)
Hence, PFLAUBUCUD) = 1. O

4.3 Quantum Coding Scheme

Here, we take the same construction as in Section 2.5.1 on N = 2" copies of a Pauli
channel W, while using the same two-qubit Clifford L everywhere as channel combining
operation. We know that the construction yields 2" quantum virtual channels W),
that are CMP channels. Further, we also consider the classical polar code construction
on N copies of the classical counterpart channel W := W, using permutation I'(L)
as channel combining operation, which synthesizes 2" classical virtual channels W,
From Proposition 78 and Corollary 79, we know that the classical counterpart of the CMP
channel W1 n) is classically equivalent to W (1), that is, W1 in)# = 1y (1) in the
sense of Definition 76. Moreover, from Theorem 103, we know that W (1) tend to be
completely noisy, half-noisy, or completely noiseless. We now give the encoding and
decoding of the quantum polar code.

4.3.1 Encoding

Consider n steps of polarization with n > 0. The polar code construction synthesizes
N = 2" virtual channels corresponding to each ¢ € {0,1,...,N — 1}. We shall denote,
W@ = Wiin) where i; - - -1, is the binary representation of i € {0,1,...,N — 1}.
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Similar to Section 4.2, we define the following sets,

A={ie{0,1,...,N —1}: W is §-noiseless}. (4.72)
B={ie{0,1,...,N —1} : W@ is §-half-noisy of type 1}. (4.73)
C={ie{0,1,...,N —1}: W% is §-half-noisy of type 2}. (4.74)
D={ie{0,1,...,N =1} : W% is §-noisy}. (4.75)

From Theorem 103, it follows that for sufficiently large IV, all but a vanishing fraction of
elements from the set {0,1,..., N — 1} belong to one of the above sets. Let D denote the
complement of AU BUC. The inputs to the virtual channels W) are supplied as follows
foriin A, B,C and D,

e If a € A, the corresponding W@ is used for quantum communication.

e If b € B, the input of the corresponding W) is set to |+), the eigenvector of the
Pauli X operator with eigenvalue 1 (recall Z part of the input z 25 € {0, 1}2, that is
x9, is randomized by W(b)).

e If ¢ € C, the input of the corresponding W(©) is set to |0), the eigenvector of the Pauli
Z operator with eigenvalue 1 (recall X part of the input z122 € {0, 1}2, that is z1, is
completely randomized by W ().

e If d € D, the input of the corresponding W(?) is set to half of an EPR pair. The other
half of the EPR pair is given to the decoder.

We shall use the following notation similar to Section 1.5.3 and Section 2.5.1.

(1) With a slight abuse of notation, we shall denote A, B, C and D consisting of | A|, |B|, |C|
and |D| qubits, respectively.

(17) Let @55 be the maximally entangled state ®pp as follows,
Ppp = Qaep P (4.76)

where indices d and d’ indicate the d-th qubits of systems D and D', respectively,
and @4, is the density matrix corresponding to an EPR pair.

(iii) Let pf == @pep|+)(+|p and p2 := ®cec|0) (0.

(iv) Letalso @y denote the quantum polar transform, that is, the N-qubit Clifford uni-
tary obtained by applying the two-qubit Clifford unitary L for n levels of recursion
(see also Section 2.5.1).

Let a quantum state p 4 on the system A is encoded by supplying it as input to the virtual
channels corresponding to a € A. The encoded state, denoted by ¢ 4pcpp/, is obtained
by applying G, ® I;5 on the system ABCDD’ as follows

Y asenr = (Gq®Ip)(pa® pf ® pt @ Bpp ) (Gl @ Ip)). (4.77)
As no errors occur on the system D', the following is the channel output,
Yasepp = WEN @ In) (@ apepp)- (4.78)

Since W is a Pauli channel, we have that

Yusepn = (Eapep@n @ In)(pa ® pf @ p ® @pp ) (QNE! pop ® Ip), (4.79)

for a random N-qubit Pauli error E 4g05 € GN.
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4.3.2 Decoding

The decoding is similar to Section 1.2.3, and which is performed in the three steps given
below.

Step 1: Apply the inverse quantum polar transform on the channel output state. Ap-
plying Q}r\, on the output state ¢ 5.5, we have that

QMY aseop QN = (QNEusep@n © In)(pa @ pf @ p @ @pp ) (QNE oo nQn ® I)
= (Elypep @ Ip) (pa ® p @ pe @ @) (Elygep © ),

where Eypep = QR,E ascp@n. Since Qy is a N-qubit Clifford unitary, it follows that

, , .
Epep € Gy is also a Pauli error.

Step 2: Quantum measurement. Let £/, .5, = ®qcaE, ®pes By ®cec By ®ep By, where
E,E; E., E) € Gi. We know that any E] € G; can be written as X" 22, where ujuy €
{0,1}2. The decoder performs the Pauli X measurement on each b € B, which determines
the Z part (u2) corresponding to Ej, and the Pauli Z measurement on each ¢ € C, which
determines the X part (u;) corresponding to E.. Finally, the decoder performs the Bell
measurement, that is, the measurement corresponding to the Pauli operators X ® X and
Z ® Z, on the two-qubit system dd’ for each d € D, which determines both X and Z parts

(uquz) corresponding to E).

Step 3: Decode the classical counterpart polar code. Note that when the all-identity
vector IV € GV is input to the N instances of the classical counterpart W#, denoted
by W#Y  the error E iscp € Gn can be considered as an output of WY As W# is a
symmetric channel, we have that W#N(E agep | IY) = W#N(I N'| E sgcp), therefore,
we can equivalently consider IV as the observed channel output, and E 455 (unknown)
the channel input. Hence, we have been given,

* uy corresponding to E; for any b € B.
e u; corresponding to E! for any ¢ € C.
* ujus corresponding to E/, for any d € D.

* A noisy observation (namely %) of the error E 4505 = PNE pon BeD

= QN E:ABC@QR,, is the .linear t.ransformation corresponding to the quantum polar
transform ). Thus, E is classical polar code encoded version of E'.

where PNE:4

Based on the above, we can use classical polar decoding, namely the successive cancellation
decoding, to recover the value of ujuy corresponding to E, for all a € A, u; correspond-
ing to Ej for all b € B, and uy corresponding to E, for all ¢ € C.

4.3.3 Number of Preshared EPR Pairs

In this section, we give an upper bound on %, that is, the fraction of virtual channels

requiring preshared EPR pairs, and also a lower bound on L;{,‘C', that is, the fraction of
virtual channels frozen in either the Pauli X or Z basis.

Proposition 109. Following inequalities hold for sufficiently large N,

@) Bl < zwlthzmw),
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(b) “S‘Nﬂ > 2-1(W)—2Z(WH) Z(WPR), where 1(W) is the symmetric mutual information
of W.

Proof. Point (a): From (4.34)-(4.37), we have the following for any W,
2w O 2w OF) < (2 2(W) Z(vH) 2 ),

2w zwOP) < z,(w)Zw ) Z(w2),
Using the above two equations, we have that

> 2wz

i1€{0,1}

) < 22(WhZWE) — (Z(WB) - 2,(w)) 2w Z(WH2),

(4.80)
< 2Z(Wihzw, (4.81)

where the second inequality follows from Z(W ) > Z;(W). Applying (4.81) recursively,
for any W@ withiy---i, € {0, 1}" being the binary representation of i € {0,..., N —1},
we have that
N—
S 2wz @By < onzw it z(w2), (4.82)

1=

—_

We know from Theorem 103 that for sufficiently large N = 2", any ¢ € {0,...,N — 1}
belongs to one of the sets A, B3, C and D with probability 1. Further, we have that
0, otherwise.

Therefore, from (4.82), it follows that
D] < NZWIhZ(W),
Point (b): Recursively applying (3.26), we have that

N-1
> 1w = NI(W). (4.83)
1=0

We know from Section 4.1 that I(W®) — 2 fori € A, I(W®) — 1fori € BUC, and
I(W®) — 0 for i € D. Thus, we have that

2|Al + |B] + |C| = NI(W). (4.84)
Any i belongs to one of the sets A, B, C and D with probability 1, therefore,
AL+ 1B+ el + D]

N (4.85)
From the above two equations, we have that
|B|+|C|+2|D|~ N (2—-I(W)). (4.86)
Since |D| < NZ(W)Z(WP) from part (a), we have that
B +1¢] = N (2 1(W) — 22wl z(w)). O

The upper bounds in points (a) and (b) of the above lemma are not strict in general as
one can get a stronger bound by recursively applying (4.80) instead of (4.81) to evalu-

ate YN L Zzw® [1])ZQ(W(i) [2]) in (4.82). However, here it is not possible to apply (4.80)

recursively as we only have upper bound for Z (W (1) [2]) when iy = 1.
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4.3.4 Fast Polarization

As mentioned in Section 1.2.4 and Section 3.4, reliability of the successive cancellation de-
coding depends on the speed of polarization, that is, if polarization happens fast enough,
the block error probability of the successive cancellation decoding goes to zero. In this
section, using the results from [25], we give a fast polarization property, which ensures
reliable decoding of the quantum polar code constructed in the previous section.

Proposition 110. Let W := W be the classical counterpart of a CMP channel W, and consider
the quantum polar construction on W for n polarization steps, using the two-qubit Clifford gate L
as channel combining operation. If PP is the block error probability of the successive cancellation
decoding, then we have the following as n — oo,

PB =02, (4.87)

forany 0 < B < 1.

Proof. From (4.53)-(4.56) and (4.58)-(4.61), for all d = 1,2 and w; € {0, 1}2, we have that

d ; a1
Zw ey < 2Z(Wd), with probability
Z(Wd)2 | with probability

Note that these are the same two main ingredients required for fast polarization men-
tioned in Section 3.4. Therefore, from [25], we have the following,

For any sequence w = wj -+ Wy, with n = 2m, and wy € {0,1}?,Vk > 0, such that
Z(Ww) [d]) — 0 as m — oo, we have the following

am 1
Z(W(w)[d]) < 272" lasm — oo, forany 0 < a < > (4.88)

From (4.63), the condition Z (W(“’)[d]) — 0 as m — oo implies that w € SI%(§) with § — 0.
From (4.68)-(4.71), we know that S[U(§) = AU B and SP(§) = AU C. Therefore, the
above equation holds forw € AU B, whend =1,and w € AUC, whend = 2.

From [24, Proposition 2], the symbol error probability of the maximum likelihood de-
coder, denoted by P., is upper bounded as P.(W) < 3Z(W), and P.(Wl4) < z(wld),
Therefore, the block error probability of the successive cancellation decoding, PZ, can be
upper bounded for sufficiently large codelength 2" as follows

PP <N 3Z(W@) + ZZ(W(b)“]) n ZZ(W(C)D])

acA beB ceC
<> 2 [z Wy z(w@ [2])} + 3 2w £ 3 Zw @
a beB ceC
< (4)A] + [B| + |C])272"", as m — oo
S 2n+2272°‘m

where the second inequality uses [Lemma 98, Point (b)] and the third inequality follows
from (4.88). Therefore, P2 = 0(2_2'3") forany 0 < 8 < 1. O

The above proposition implies that PZ — 0 as N — oo, hence, the decoding is reliable
for sufficiently large N.
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4.4 An Alternative Construction

In this section, we introduce an alternative construction, the goal of which is to im-
prove the speed of multilevel polarization. For a quantum erasure channel, we show
in the next section with the help of a computer program that the multilevel polariza-
tion occurs significantly faster for the alternative construction compared to the previous
construction.

Firstly, we note the following circuit equivalence,

— 9 S 1 —w— W]
— b
—A
——{H] H W]
(a) (b)

Figure 4.3: (a) and (b) are equivalent quantum circuits.

In circuit (b), the CNOT gate is used in both the first and second polarization step, how-
ever, the control and target are interchanged after the first step. To make this clear, we
denote by L; and L, the CNOT gate in the first and second step, respectively. The quan-
tum circuits (a) and (b) are equivalent in the sense that given any 4-qubit quantum state
as input, the outputs of quantum circuits (a) and (b) are identical. Therefore, the virtual
channels obtained after two steps of channel combining and splitting are equal for both
circuits (a) and (b). Hence, the multilevel polarization theorem from the previous sec-
tion also holds when CNOT gates L; and L, are used as channel combining operation
alternatively for odd and even polarization steps, respectively. In other words, L; is used
to combine two copies of W, and then L is used to combine two copies of Wi for all
i1 € {0,1}, again L is used to combine two copies of W%, for all i1, € {0,1}, and so
on.

Here, we propose an alternative construction, where instead of using L; and Ls for odd
and even steps of polarization, an optimal choice is made at each polarization step, using
the classical counterpart viewpoint as follows.

Let I'y and I'y be the permutations asscoiated with L; and Ly, respectively. We define
T(D,W) = Z (W @r W)I) + Z (W @r W)P), where W is the classical counterpart of
W. For combining two copies of W, the permutation I € {I';, 'z} is selected as channel
combining operation if the following holds,

(D, W) = min{T(Fl, W), T(Ds, W)}. (4.89)

A similar selection process takes place at each polarization step, so that two copies of a
virtual channel W (1) are combined using the permutation T("1*%*) ¢ {T';,T5} mini-
mizing T/(T(1#) | P (in)),

We now give the following lemma for the Bhattacharya parameter of partial channels
associated with virtual channels, W @ W and W ® W, using permutations I'; and I's.

Lemma 111. Let WO .= W@ W and W) .= W @ W, and for x < a, y < b, we denote
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(,y) < (a,b). When Iy is used as channel combining operation, we have that

(Z(W(il)[l}) Z(W(il)[Q])) < (Z(W[l]),QZ(W[Q}) — Z(W[2])2) . when iy =0,
| (ZWH), Zy(w)z(WH)), when i = 1,

and when I'y is used as channel combining operation, we have that

(i)l (i) (2zWl) — Zzwih)2, Z(WP)), when iy = 0.
(Z(W ), Z(W )) < {(ZQ(W)Z(W[”),Z(W[Q])) 7 when i = 1,

Proof. We have omitted the proof of the lemma as it is basically the same proof as in
Lemma 102. ]

It can be verified from the above inequalities that (4.81), 7., -, < 1) Z(W(il)[ll)Z(W(il)[2])
< 2Z(WH)z(W), holds for both T’y and I'y. This implies that the upper bound on the
number of preshared EPR pairs from point (a) of Proposition 109 holds for the alternative
construction. It is also easy to verify that point (b) of Proposition 109 holds as well.

4.5 Multilevel Polarization for the Quantum Erasure Channel

In this section, using both the first and second construction, we construct quantum
polar codes for a quantum erasure channel with the help of a computer program, and
compare the two constructions in terms of their speeds of polarization.

4,5.1 Bit-level Erasure Channel

Recall from Definition 47 that the quantum erasure channel with erasure probability € > 0
acts as follows,

I
We(pa) = (1= 9|0)(0lF @ pa + e 1)(1]r © F-. (4.90)
The quantum erasure channel is a CMP channel as it can be written as,
Wi(pa) = (1= €)[0){0]r @ Wo(pa) + e[1)(1]r @ Wi(pa), (4.91)

where Wy(pa) = pa and Wi(pa) = i[ﬂA + XpaX +YpaY + ZpaZ] = %A for any p4,
are clearly Pauli channels. Therefore, the classical counterpart channel WZf is the clas-
sical mixture of Pauli channels Wg% and W1# with probabilities 1 — € and ¢, respectively.
Here, Wf is the identity channel as ng (i | j) = &;,Vi,7 € {0,1}%, and Wf completely
randomizes the two-bit input as W# (i | j) = 1,vi,j € {0,1}% Thus, Wﬁ can be consid-
ered as a classical erasure channel with two-bits z172 € {0,1}? as input and the erasure
probability Wg(?, ? | z1,x2) = €. Here, symbol 7 represents the erasure of a bit.

For the sake of clarity, we denote W := Wﬁ from now on. For W, the two bits of the input
x1, z2 is either transmitted perfectly with the probability 1 —¢, or both bits are erased with
the probability e. However, polarizing W yields virtual channels that may erase only one
bit either x; or =, (see also Lemma 114 below). For this reason, we define a more general
erasure channel W/, referred to as the bit-level erasure channel, as follows.
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Definition 112 (Bit-level erasure channel). A bit-level erasure channel is defined by the fol-
lowing transition probabilities,

W'(?, zo|z1,9) = €1, W' (21, 2|21, 22) = €2, W(?, 2|21, 22) = €3, V1,22 € {0,1}.

The erasure channel W is a special case of the bit-level erasure channel with ¢; = €3 =0,
and €3 = e. In the next lemma, we give Z(W'IL), Z(W'2), Z,(W') and Zo(W").
Lemma 113. The following equalities hold for a bit-level erasure channel W',

Z(W/[l]) = ZQ(W/) =€ + €3.

ZW) = Z,(W') = eg + e3.
Proof. Given z1z2 € {0, 1}? as input to W', the bits z; and x2 are inputs to the partial
channels W'l and W2, respectively. It is not very difficult to see that W[l and W%l are
binary-input erasure channels with erasure probabilities €; + €3 and ez + €3, respectively.

Since the Bhattacharyya parameter is equal to the erasure probability for a binary-input
erasure channel, it follows that Z(W'!) = ¢ + e3 and Z(W'?) = €5 + €3.

Moreover, Z;(W') = ez + €3 as for any 1, x2, \/W(y\xl,xg)W(y|x1, x2 @ 1) is non-zero
only when y = x1,? or y =7, 7. Similarly, Zo(W’) = €1 + €3. O

Taking advantage of the above lemma, we will only use quantities Z(W'Il) and Z(W'?])
from now on. Also, from (3.2) and Lemma 113, the symmetric mutual information of W’
is given by,

W' =2 - zw'y - zw'). (4.92)

4.5.2 Bhattacharyya Parameters for the First Construction

Here, we consider the quantum polar code construction given in Section 4.2. Firstly, we
prove the following lemma for the partial channels.

Lemma 114. Given W' is a bit-level erasure channel, let W'©) .= W' wp W’ and W) .=
W' ®@p W’ be the synthesized virtual channels for the channel combining operation I' = T'(L)
(Figure 4.2). Then, W' and W'®) are also bit-level erasure channels and the inequalities for
partial channels in (4.34)-(4.37) are equalities, that is,

Z(W/(O)[l]) =2Z2(W'2) — Zz(w'2)2, (4.93)
7 (W,(o)m) _ Z(W’Om). (4.94)
2w ) = Z(w)? (495)
Z(W/(l)m) _ Z(W/[l]) (4.96)

Proof. The erasure probabilities for W'(©),
6(1] = W/(O)(?,xg‘.%'l,l'g) = €9 + (1 — €1 — €9 — 63) X (62 + 63).
63 = WI(O)($1,7|$1,:L’2) = €1 X (1 — €9 — 63).

eg = W/(O)(?, Pz, 22) = €3+ €1 X (€2 + €3).
The erasure probabilities for W’ @,
€] = W,(l)(?,$2’$1,$2) = €9 X (62 + 63).

6% = W/(l)(ml,?]ml,mg) =€+ €3 X (1 — €9 — 63).

s = WA(2,2]21, 29) = €3 X (e + €3).
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Note that even when W’ is an erasure channel, that is, ¢; = €3 = 0, we have that 6(1) =

€3 = (1 —e€3)e3, which is non-zero except when €3 € {0, 1}. Therefore, the virtual channels

W' ©) and W’ are bit-level erasure channels in general. From Lemma 113, we have that

2w/ Oy Z 0 0 _ozqyr2y _ zw22,
ZWO) = &+ § = Z(w)

ZWON) = e + e = Z(W'E)y?

ZWO) = e} + e = Z(w)

U
Applying Lemma 114 recursively, we may compute (Z(W® [1])7 Z (W(i)m)) for any vir-
tual channel W fori € {0,..., N —1}.
4.5.3 Bhattacharyya Parameters for the Second construction

Here, we consider the alternative construction proposed in the Section 4.4. First of all,
we give the following Lemma for I'y and I'y, the permutations associated with the CNOT
gates L and Lo, respectively.

Lemma 115. Given a bit-level erasure channel W', let W) .= W' mp W’ and W) .=
W' @&r W'. Then, for ' = T'y as channel combining operation, we have that

i1 il (Z(W'H),22(W'E) — Z(W')?2) | when i = 0,
(Z(W/( DY Zz(wr) )) = {(Z(W/[l])vz(W/[Q])Q) 7 when i; = 1,

and for I' = T'y as channel combining operation, we have that
(Z (W/(z'l)[ll)’ p (W/m)[?l)) _ (2zw) — z(W'th2, Zz(W'2)) | when iy = 0.
(z(wh2, zw'2)) when i = 1.
Proof. The proof has been omitted as it is basically the same proof as in Lemma 114. [

Recall from Section 4.4 that I' € {I';,I's} is chosen as channel combining operation if it
satisfies (4.89). From Lemma 115, for a virtual channel W'i"% , we have that

M 4 Zwrt-in B2, (4.97)
Mo o Zewrti-in) ), (4.98)

T(Fl, W/(’L1Zk)) — Z(w/(lllk)
T(Ty, W’(ir--ik)) — Z(W/(il---ik)

Therefore, for a virtual channel W (1), we first determine the optimal permutation

[1])

from {I';, 'y} using the above two equations, and subsequently compute (Z (W (1 #k+1)
Z(Wiainikin) [2])) using Lemma 115.

4.5.4 A Comparison of the Speed of Polarization between the Two Construc-
tions

Here we will provide numerical results to compare the first and the second construction
in terms of their speed of polarization. First, we note the following property.

It follows from Lemmas 114 and 115 that for a bit-level erasure channel W/, (4.81) is an
equality for both the first and second construction, i.e., D, o (01} % (W) m)Z (W(“)[Q}) =
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2Z(W) Z(W2). Therefore, the upper bound on |D| and the lower bound on |B| + |C|
from Proposition 109 are also equalities for both first and second constructions. Hence,
as N — oo, we have that

|’Jif| L 2wz, (4.99)
BT iy zav) ozrtzov®), @i
B (1 2w - 22 4z zv2))., (4.101)

where the first equation follows from [Proposition 109, point (a)], the second equation
follows from [Proposition 109, point (b)] and (4.92), and the third equation is obtained by
using IAIHBI;\;\CHIDI 1.

We now consider a quantum erasure channel with erasure probability W (?, ?|z1,z2) =
0.1. From Lemma 113, Z(W) = Z(W!2) = 0.1. From above three equations, it follows
that % — 0.01, % — 0.18 and % — 0.81 as N — oo. Therefore, we have saved
9% of EPR pairs as compared to the construction from Chapter 3 (see also Section 3.6),
and are left with only 1% of preshared EPR pairs. For this erasure channel, we perform
a numerical simulation for n = 20 steps of polarization for both the first and second
construction, and compare their speeds of polarization.

In Figure 4.4, the parameter 7() := Z(W© [1]) + Z(W® [2]) is plotted for both first and

second constructions after n = 20 polarization steps.
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Figure 4.4: T values for a quantum erasure channel with erasure probability W (?, ?|x1, 22) =
0.1 after n = 20 polarization steps. The virtual channel indices i € {0,...,2" — 1} are sorted
according to increasing T™) values.

The multilevel polarization is evident in the above figure. In particular, we have the
following,

e When T — 0, that is, the plateau in the begining of the plot, i € A.

e When T — 1, that is, the plateau in the middle of the plot, i € BUC.

e When 7% —s 2, that is, the plateau in the end of the plot, i € D.
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Chapter 4. Multilevel Polarization of Pauli Channels

Further, it is clear from the slopes of the slopes of the two curves in Figure 4.4 that the
polarization happens faster for the second construction.

Finally, for § = 10~%, we compare the first and second construction in the following table,

1A |Bl+|C] 1Dl [A+]B[+[C]+|D|
N N N N
First construction 0.49438 | 0.03021 | 0.00046 0.52505
Second construction | 0.64493 | 0.07359 | 0.00071 0.71923

Table 4.1: Fraction of polarized channels for § = 1075.

Thus, we have w greater for the second construction meaning that more

fraction of virtual channels are polarized for the second construction.
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Towards Fault Tolerant Quantum Computing
using Quantum Polar Codes

In principle, quantum computers can solve certain problems much faster than any clas-
sical computer [69, 70, 71]. However, in real life, qubits are subject to noise and the
implementation of quantum gates are not perfect. This means that without error cor-
rection, noise will accumulate over time and render the computation useless. Therefore,
we need to encode quantum information using a quantum error correction code to be
able to perform any useful computation. However, having access to an efficient quantum
code does not in itself implies the ability to do fault tolerant quantum computation. It
must be complemented with several quantum procedures aimed at preparing encoded
(logical) states, operating on encoded states, and extracting information about the error
that has happened in the form of an error syndrome. Moreover, in order to be usable,
these procedures must themselves be fault tolerant. Roughly speaking, a procedure is
said to be fault tolerant if a component failure at any stage of the computation does not
spread on many qubits, thus ensuring that it remains correctable by the code (see Defini-
tion 116 below). Hence, fault tolerant quantum computing incorporates both a quantum
error correcting code and the above fault-tolerant procedures [72, 73, 74, 75, 76]. The
quantum fault-tolerance theorem (or quantum threshold theorem) [73] states that if the
physical error rate is below a threshold value, one can perform arbitrarily long quantum
computation reliably.

We now discuss in more detail the quantum procedures needed for fault-tolerant quan-
tum computing. First of all, we need to prepare encoded logical quantum states fault
tolerantly. Further, we should be able to protect the encoded logical states from noise
for arbitrarily long time. To do so, we need to perform error correction repeatedly af-
ter some time interval in order to prevent the accumulation of errors. For each round
of error correction, an error syndrome needs to be extracted. To this end, ancilla qubits
are first entangled with data qubits (i.e., qubits of the encoded quantum state) through a
syndrome extraction circuit, then quantum measurements are performed on ancilla qubits.
This is done in a way that error syndrome is extracted without collapsing the encoded
quantum information. These measurements also project the error to a Pauli error, that is
decoded by a classical algorithm processing the error syndrome. Subsequently, the error
may be corrected. Note that component failures that happen during syndrome extraction
can also introduce errors on the encoded block of qubits. Hence, we would need a fault
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tolerant procedure for the syndrome extraction [72, 77], so that we may hope to correct
the errors introduced during syndrome extraction in the next round of correction.

Once we can protect encoded qubits from noise for arbitrarily long time, we would like to
perform quantum algorithms on them. Here, we consider the circuit model of quantum
computation, where quantum gates chosen from a universal set (see Definition 43) are
applied sequentially. For fault-tolerant implementation of a quantum circuit, each qubit
in the original circuit is replaced by many physical qubits, which are encoding a logi-
cal qubit. Each quantum gate in the circuit is replaced by a procedure involving many
quantum gates on encoded logical qubits. We would require these procedures to be fault
tolerant. To summarize, we will need the following fault tolerant procedures:

1. Fault tolerant preparation of encoded states.
2. Fault tolerant procedures for every gate in a universal set of quantum gates.
3. A fault tolerant procedure for syndrome extraction.

As mentioned before, for a round of error correction, first an error syndrome is extracted.
This syndrome is a classical information that is processed by a classical decoding algo-
rithm to produce an estimate of the error. In the remaining of the chapter, the term “de-
coder” or “decoding” refers to the classical decoding. A low complexity decoding is an
essential ingredient for fault tolerance. Indeed, to keep up with the accumulating errors,
one needs to perform error correction rapidly meaning that the time interval between
two rounds of error correction needs to be small. Decoding must be faster than the syn-
drome generation rate, since otherwise the latency overhead becomes exponential in the
number of non-Clifford gates, which would hinder any quantum advantage [78]. Hence,
a low complexity decoder is needed.

Currently, quantum LDPC codes, and particularly their topological constructions, are one
of the most promising candidates for fault tolerant quantum computation [79, 80, 81, 82,
83]. The main property of quantum LDPC codes is that they have low-weight stabilizer
generators. Taking advantage of this property, logical state preparation and syndrome
extraction is done fault tolerantly by performing measurements corresponding to the
generators. However, high complexity decoding may be an obstacle in the implemen-
tation of quantum LDPC codes for fault tolerant quantum computing. For example, for
topological quantum LDPC codes, the minimum-weight perfect matching (MWPM) [84,
85] is currently the standard decoding, whose complexity scales as the cube in the num-
ber of physical qubits. Although this means MWPM decoding is efficient, complexity
needs to be further reduced for practical applications. To do so, many alternatives for
decoding topological quantum codes have also been proposed [86, 87, 88, 78]. For the
general class of LDPC codes, decoding algorithms have been proposed based on belief-
propogation [89, 90, 91, 92, 93]. Despite these efforts, further optimizations in decoding
are needed if quantum LDPC codes are to be used in practical devices for fault toler-
ance. This is an active field of research and a lot of efforts are currently being devoted to
develop new decoding algorithms [94, 95, 96, 97, 98, 99, 100].

Motivated by the fact that quantum polar codes are equipped with a decoding of log-
linear complexity (see Section 1.2.3), in this chapter, our goal is to investigate them in
the context of fault tolerant quantum computing. However, an obvious shortcoming of
quantum polar codes in the context of fault tolerant quantum computing is the entangle-
ment assistance, which is required for both CSS and purely quantum constructions of the
quantum polar code. However, we have that the entanglement assistance goes to zero
for CSS quantum polar codes if the low noise condition in Lemma 53 is satisfied. For
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this reason, we shall focus on CSS quantum polar codes instead of purely quantum polar
codes. Throughout this chapter, we shall assume that the low noise condition is satisfied,
so that the entanglement assistance is zero for CSS quantum polar codes.

In the following, for CSS quantum polar codes, we first provide a fault-tolerant procedure
for syndrome extraction, which is based on Steane’s technique [77]. This requires ancilla
qubits prepared in an encoded logical state, hence the problem of syndrome extraction
is basically reduced to logical state preparation. We then provide a procedure to prepare
the required encoded logical state based on repetition. While encoding one qubit per
polar block of length V = 27, we finally provide logical versions of Pauli, Hadamard and
CNOT gates on the encoded state. Hence, the only thing that is missing for universal fault
tolerant quantum computation is a fault-tolerant procedure for 7' gates (see Remark 44).

5.1 Quantum Circuits, Noise Model and Fault tolerant Proce-
dures

Quantum circuit model is a universal language to represent quantum computations.
A quantum circuit consists of qubits, unitary gates and quantum measurements. Gen-
erally, it is customary to start a quantum circuit on n qubits in an amplitude (computa-
tional) basis state |z1,...,zy), where z1,...,z, € {0,1}. Then, a sequence of quantum
gates chosen from a universal set are applied. A subset of qubits then are measured to
extract classical information and measured qubits are discarded. Here, we only consider
single qubit measurements as any joint measurement on n qubits is equivalent to apply-
ing a unitary on n qubits and then doing single qubit measurements.

For noisy quantum circuits, we consider the following noise model for quatum gates and
measurements [83].

1. Noise model for Quantum Gates: For any quantum gate U that entangles N-
qubits, we assume that noise affects all N qubits upon which the gate acts as fol-
lows. While attempting to perform U, one instead performs U followed by a Pauli
channel Wy on N qubits. An N qubit Pauli channel is a channel that randomly
applies a NV qubit Pauli on IV qubit input with some probability.

2. Noise model for Single Qubit Measurements: We consider that the outcome of
a single qubit measurement is reported incorrectly with some probability. For ex-
ample, for the measurement of Pauli-Z operator, the measurement wrongly reports
0 as the outcome, when actually the quantum state is projected into |1) state and
similarly 1 as the outcome, when it is projected into |0) state.

We have considered the above noise model for the sake of simplicity. Other related noise
models have also been investigated for fault tolerant quantum computation, e.g., adver-
sarial independent stochastic noise [101, 102, 103, 104], local stochastic noise [105], depo-
larizing noise [106, 107], and biased noise, where phase flips happens more often than bit
flips [108, 109].

As discussed before, for fault tolerant implementation of a quantum circuit, each qubit
in the original circuit is replaced by an encoded (logical) version containing many phys-
ical qubits. The qubit state initialization in the computational basis state is replaced by
a procedure of logical state preparation, and each gate in the original circuit is replaced
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by a procedure, which acts on encoded qubits. Based on the noise model defined above,
we say that a quantum gate or measurement on physical qubits fails if a Pauli error apart
from the identity occurs in the implementation. Note that a failure can cause a Pauli er-
ror that acts non-trivially on many qubits. The weight of a Pauli operator on N qubits
is defined as the number of positions, on which it acts non-trivially. For example, the
weight of the Pauli error X" @ --- ® X“~N-1 is equal to the number of 1s in the vector
(ug, - ..,un—1) € {0,1}. In the following definition, we give the condition for a proce-
dure to be fault tolerant.

Definition 116 (Fault tolerant procedures). A procedure acting on encoded qubits is said to be
fault tolerant if any n > 1 failures happened during the procedure (including both quantum gate
and measurment failures) cause a Pauli error of weight at most n in any one encoded qubit.

For example a procedure that has only single qubit gates is fault tolerant according to the
above definition. Further, a gate, which acts on only one qubit in each encoded quantum
state, generates only one error in each encoded quantum state if it fails. Hence, a pro-
cedure containing such quantum gates, which act in parallel, i.e., they don’t overlap, is
also fault tolerant. An example of such a procedure is transversal application of a gate on
qubits in encoded quantum states [72, 73] (see also Figures 5.1 and 5.2 below).

5.2 Fault Tolerant Syndrome Extraction

Recall from Section 1.5.1 that a CSS quantum polar code on a Pauli channel consists
of two classical polar codes on induced amplitude and phase channels W4 and Wp. For
a quantum polar code of length V = 2", we divide the set of N qubits denoted by indices
S :={0,1,...,N — 1} into four subsets A, B,C, D. The qubits in A are used for quantum
communication, each qubit B is set to the phase basis state |+), each qubit in C is set to
the amplitude basis state |0), and each qubut in D is set to half of an EPR pair that is
preshared between the sender and receiver. Finally, the quantum information is encoded
by applying the quantum polar transform @ . As discussed before, we assume the low
noise condition, so that no preshared EPR pair is required, hence, the set D is empty (see
also the Appendix).

We now briefly recall the decoding from Section 1.5.4. Consider that a Pauli error £
occurs on an encoded quantum state. We first apply the inverse of the quantum polar
transform @ on the error corrupted encoded state. Then, we measure the qubits in B
in the phase basis and the qubits in C in the amplitude basis. This gives the X and Z
components of the error £/ = QJE\,EQ ~ corresponding to the set C and B, respectively.
This information is then given as input to the classical successive cancellation decoder,
which outputs an estimate of the error E. The above decoding strategy is fine in a com-
munication scenario, where the goal is to transmit qubits from one place to another using
a noisy quantum channel. However, it does not work for computation due to the follow-
ing reason. After a round of error correction, one needs to encode qubits again in order to
perform the remaining computation. The errors that had occured during the time when
the quantum information was not encoded would not be corrected by the quantum polar
code. Therefore, one needs to perform the error correction in such a way that quantum
information remains encoded.

One way to do this is by performing X and Z type (stabilizer) generator measurements of
the CSS quantum polar codes. From Proposition 117 below, it can be seen that generator
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measurements also gives the X and Z components of the error £’ = QEVEQ N corre-
sponding to the set C and B, respectively. However, as we discuss below, this approach
is problematic as an error in the outcome of a generator measurement may propagate to
many qubits due to successive cancellation decoding.

Proposition 117. Let E' = X“0Z% @ --- @ X"N-1Z"N-1, Then, the measurement of X type
generators G x gives the values of vy for all b € B and the measurement of Z type generators Gz
gives the values of v, for all ¢ € C.

Proof. Recall from Section 1.5.3 that X type generating set Gy has elements of form g5 =
QN (Xp @pzp k)QjV, where b € B and Z type generating set Gz has elements of form
9% = QN (Ze @rte IC)Q;V, where ¢ € C. We first observe the following

9% E = QN (Xp @t 1) QN E
= QN (Xp Qpp Ik)E/Q}LV

= (1) QNE' (X, @ In)QY
= (1) Egk, G.1)
where third equality follows from X7, = —Z,X,. This means that gl}{ anticommutes

with the error E if v; = 1, otherwise commutes. Therefore, the measurement of the
stabilizer g% gives the value of vj. Similiarly for a Z type generator g%, we have that

95 E = (—1)“Eg5. (5.2)

Therefore, the measurement of ¢4, gives the value of v, O

Now, the first question is whether measurement of generators can be done fault toler-
antly. Indeed it can be accomplished using ancilla qubits prepared in a cat state [72]. The
cat state consists of the same number of qubits as the weight of the generator that we
want to measure, and it is a uniform superposition of computational basis states contain-
ing even number of 1. To extract the syndrome, first the (qubit-wise) transversal CNOT
gate is applied between the qubits in the encoded quantum state (at positions where the
generator does not have the identity) and the qubits in the cat state. Finally, the qubits
of the cat state are measured. One can see that a n number of failures occurred during
the generator measurement procedure (either while applying the transversal CNOT or
while measuring the ancilla qubits) can produce at most n errors in the encoded block of
quantum polar code. Hence, the procedure is fault tolerant.

The second question is if the decoding based on the error corrupted syndrome is fault
tolerant. As shown in Proposition 117, measurement of a generator of the quantum polar
code gives either X or Z component of E/ = QR,EQ ~ corresponding to some index i
in either C or B. Based on this information, the error E is estimated using successive
cancellation decoding. Failures during the generator measurement procedure may cause
error in the extracted syndrome. In other words, we get incorrect information about the
error E' corresponding to the position . The successive cancellation decoding based
on incorrect information about £’ even at one position may output an error £, that is
different from F at many positions. Hence, decoding is not fault tolerant as an error in
the procedure may spread on many qubits after error correction based on the successive
cancellation decoding.

Fault Tolerant Syndrome Extraction Using Steane’s Technique: We now show that us-
ing Steane’s syndrome extraction technique, a noisy version of some codeword for the
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classical polar codes on W4 and Wp can be extracted in a fault tolerant way. Based on
this information, we can further estimate the error E in a way that the error happened
during the syndrome extraction does not propagate uncontrollably after decoding, unlike
the syndrome decoding based on generator measurements as discussed before.

Consider an encoded quantum state |¢;)s (encoded version of a quantum state |¢) 4) on
which a Pauli error E occurs. Let E := Ex Eyz, such that the binary indicator vectors for
Exand Ezareex € {0,1}" and ez € {0, 1}, respectively. Let |0) 4 := ®ac.4|0)q, i.€., all
zero state on A, and |+) := Qpep|+) B, i.e., all plus state on B . Then, the error corrupted
encoded state E|¢,) can be written as follows in the amplitude basis,

Elor)s = EQn(|¢).al+)8]0)c)

1
= /o8 Z PuEQN|(u, x,0))s
2 uec{0,1}Al xc{0,1}I5I
1
Nz Z ¢uE|PN(U/,ZB,O)>S
Va2l ue{0,1}4l ze{0,1}I5l
1
=5 2 OuBzlex @ Py(ua0)s, 53)

ue{0,1}Al ze{0,1}I5!

where in the second equality, we have expanded |¢)4 and |+)3 in the amplitude basis
and the third equality follows from the fact that the quantum polar transform @ acts as
the classical polar transform Py in the amplitude basis.

We will now write E|¢1)s in the phase basis. For this, we will use the notation |0) := |+)
and |1) := |—) from Section 1.5.1.
Elpr)s = EQn(|¢).4l0)5l0)c)
1 -
= \/ﬁ Z ¢'TLEQN‘(U707Z)>S

we{0,1}141 ze{0,1}¢]

= \/;T Z ¢ﬁE‘W>S

ue{0,1}14l,z€{0,1}/Cl

1
- 2 ¢akx|ez ® Py (u,0,2))s, (5.4)
\/W ue{0,1}14l 2€{0,1}C] ’ >

where in the second equality, we have expanded |¢)4 and |0)¢ in the phase basis and
the third equality follows from the fact that the quantum polar transform @)y acts as the
reverse classical polar transform P} (see also (1.115)) in the phase basis.

Fault Tolerant Syndrome Extraction for E'x: For this, we need ancilla qubits prepared
in the encoded logical state |+7,). We denote by &’ = A"UB’'UC’ the ancilla system. Then,
we have the following in the amplitude basis,

l+r)s = Qn(+H)al+)sl0)c)

1
= T Z QN‘(ua &, O))S'
2k A8 ue{0,1}4l,ze{0,1}15
1
= Ja AT > [Py (u, x,0))s, (5.5)

ue{0,1}14 zc{0,1}15!

where in the second equality, we have expanded |+) 4 and |+)3 in the amplitude basis.
We now apply transversal CNOT gate Cs_, s between S and S’ such that qubits in S are
control and qubits in &’ are targets as illustrated in Figure 5.1.
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).

[+)a

[0)c

[+).4r

|+)'BF

[0)cr

Figure 5.1: Syndrome extraction for Ex. Here, wires in the left of quantum polar transform Qn
represent qubits corresponding to quantum systems A, B and C, and each wire in the right of QN
represents one qubit. My corresponds to the Pauli Z measurement.

We have the following,

0)ss' = Cs—s (Elor)s|+r)s)

1
e — puCss (Ezlex & Py(u,x,0))s|Py(u,2’,0))s)
JoPTE 2
2lA+2IB u,u’/€{0,1} Al &, x’c{0,1}I5I
1
NG > $uEzlex ® Py(u,x,0))s|lex ® Py(ud v,z ®',0))s

u,u’/€{0,1}|Al &, x’c{0,1}I5I

= El¢r)sEx|+1)s,
(5.6)

where the second equality follows from (5.3) and (5.5). Therefore, the CNOT gate Cs_, s/
simply copies the X part Ex onto the ancilla qubits S, while S and S’ remain sep-
arated. We now measure the ancilla qubits &’ in the amplitude basis, which yields
(ex ® Py(u,x,0)) for some u € {0,1} and = € {0,1}/Bl. Clearly, the syndrome ex-
traction is fault tolerant as it consists of the transversal CNOT gate and single qubit mea-
surements.

Note that the measurement outcome here is not a syndrome in the traditional sense, i.e.,
the value of parity checks of the error ex, but a noisy version of some random codeword.
In this case, the input of the noisy virtual channels (channels in the set C) are indeed
frozen to zero. This enables the use of the successive cancellation decoder in a fault
tolerant way, as explained later in more detail.

Fault Tolerant Syndrome Extraction for Ez: For this, we need ancilla qubits prepared

135



Chapter 5. Towards Fault Tolerant Quantum Computing using Quantum Polar Codes

in the encoded logical state |07,). We have the following in the phase basis,

02)s' = Qn(10).4|0)5|0)cr)

1 -
= — QN (U,U,Z)>s'
—— >
2MAI+C] uc{0,1}4l z€{0,1}ICl ‘
1 -
- S ‘P]’{,(u,O, z)>3/, (5.7)

ue{0,1}1Al z€{0,1}ICl

where in the second equality, we have expanded |0) 4 and |0)¢ in the phase basis. We now
apply the transversal CNOT gate Cs/_,s between qubits in S and &', such that qubits in
S’ are control and qubits in S are targets as illustrated in Figure 5.2.

L/

|®) .4
|+)z

[0)e

\J/

|
——

Figure 5.2: Syndrome extraction for Ez. Mx corresponds to the Pauli X measurement.

We have the following
0" )ss' = Csims (Elor)s|0L)s)

1
- DuCsi_ss (EX‘eZ @ P (u,0, z)>3‘P’" (u’,0, z’)>$/>

VoA 2[C Z N N
2lAl+2l Iu,u'€{0,1}|A‘,z,z'E{O,l}W

1

- —\/2W+2‘C| Z qbuEX‘eZ@P]Q(u,o,z)>3‘ez@P&(u@u’,O,z’@z»S,

w,u/€{0,1}IAl 2,2/ €{0,1}ICI

= FEl¢r)sEz|0L)s,
(5.8)

where the second equality follows from (5.4) and (5.7). Therefore, the qubit-wise CNOT
gate C's/_,s simply copies the Z part Ez onto the ancilla qubits §’, while S and &’ re-
main separated. We now measure the ancilla qubits S’ in the phase basis, which yields
(ez @ P (u,0, z)) for some u € {0, 1} and z € {0, 1}/, which is a noisy version of the
codeword Py (u,0, 2).

Decoding Based on the Extracted Error Syndrome: We first consider the decoding of X
part Ex of the total error E. Our goal is to guess the indicator vector ex corresponding
to Ex with high probability using (ex & Py(u,x,0)), which is a noisy version of the
encoded vector Py (u, z,0). Further, the components of the vector (u, x, 0) corresponding
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to C are all zero and known to both the encoder and decoder. Recall from Section 1.5.3
that the set C corresponds to the bad virtual channels for the classical polar code on the
induced amplitude channel W,. Therefore, using successive cancellation decoding, we
can reliably estimate the vectors w and x, hence, also the vector ex. Similarly, for £z, the
indicator vector ez is decoded using (noisy version of a codeword) (ez @ Py (u,0, 2)).

We now see what happens if there are errors in the extracted syndrome. Suppose be-
cause of failures during the syndrome extraction (either in CNOT gates or single qubit
measurements), one instead gets (eyx ® ex © Pn(u,x,0)) and (e’ ® ez & P} (u,0, 2))
for some ey, e’, € {0,1}" . Then, the successive cancellation decoding would output
e’y @ ex and e, & ez instead of ex and ez, respectively. Therefore, the error correction
procedure only leaves errors e’y and e’, (errors in the syndrome) on the encoded qubits.
This means that successive cancellation decoding is fault tolerant. The remaining errors
may be corrected in the next round of error correction.

5.3 Preparation of Encoded Logical States

We need logical polar code states corresponding to a computational basis state to ini-
tialize a fault tolerant quantum computation. Further, as discussed in Section 5.2, we
need ancilla qubits prepared in logical states |0z) and |+) to extract error syndromes
corresponding to X and Z errors, that have happened on the encoded quantum state.
First of all, note that to implement the circuit for quantum polar transform @ (see Sec-
tion 1.5.1), we must be able to apply non-local CNOT gates. Further, this circuit is not
fault tolerant as failure of a CNOT gate may cause an error of weight two in the prepared
encoded state. Further, these errors may propagate to many more qubits through the
CNOT gates that are applied afterwards. The propagation of errors may cause too many
errors on the encoded state to be correctable by the polar code. Further, these errors are
correlated, hence, polar codes may not be suitable as they have been designed to correct
independent errors. Hence, we need to use some other method to suppress the errors
that occurred during the execution of quantum polar transform circuit.

A construction to produce encoded states of CSS codes free of errors is based on verifi-
cation of the encoded state, that may have been prepared in a non fault tolerant way [72,
110, 101]. The prepared state is checked for errors using a fault-tolerant procedure. If
the errors are detected, it is discarded and the encoded state is prepared again. If no er-
rors are detected, the prepared encoded state is further used for computation. Another
construction that has been used for CSS codes is based on fault tolerant preparation of a
graph state [111].

Here, we will provide fault tolerant procedures to make the polar code state |0;,) free of
both X and Z errors. It is shown in Section 5.4 below that the Hadamard gate is transver-
sal up to a renumbering of qubits, when only one qubit is encoded per quantum polar
block. Hence, we can convert |0z) to |+) fault tolerantly, when one qubit is encoded.
However, in this section, we present things in general without imposing any constraint
on how many qubits are encoded per quantum polar block. Our approach to prepare
|0z,) is based on repetition. First, we prepare the encoded quantum state |0z) free of X
errors, using many independent copies of the corrupted logical state [07). Then, from
many independent copies of |07,), which are free of X errors, we prepare |0r,) free of both
X and Z errors. Using a numerical simulation, we also estimate the logical error rate of
producing the corrected polar code state for our method.
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5.3.1 Removing X errors from the polar code state |0,)

Let S = AUBUC be a N-qubit system, on which we want to prepare the polar code state
|0L). We start by preparing the N qubits of S in state |+), denoted by |+)s, which is the
equal superposition of all the computational basis states. We assume that this state can be
prepared fault tolerantly, and to simplify the analysis, we shall actually assume that no
errors occurred during the preparation of the |+)s state. Hence, we have the following in
the amplitude basis (throughout this section, we have omitted the normalization factor
for the sake of clarity):

[+)s = [H)al+H)sl+)e

=Y Y Y e

ue{0,1}Al £€{0,1}Bl z{0,1}I¢I

- Z Z Z PN (u,x, 2))s, (5.9)

ue{0,1} Al £€{0,1}IBI z{0,1}¢
where the last equality follows by a change of variable.

Now, consider an ancilla system S’ = .A’UB’UC’, on which we prepare the logical all-zero
state, denoted |01,) 4. Hence, if no error occurs during the state preparation, we have the
following in the amplitude basis,

00)s = Qn (10 [H)5[0)e) = > [Pxn(0,2,0)s. (5.10)
zc{0,1}18

However, since the polar encoding is faulty, there may be some Pauli error corrupting the
|01,)s state. We first deal with X-type errors, and thus denote the error operator by E,
with the corresponding indicator vector ex = (e1,...,en) € {0,1}". Then, we have the
following in the amplitude basis,

Ex|OL>3/ = Z ‘QX@PN(O,JHO»SH (5.11)
xc{0,1}18I

[Initial preparation] Applying the transversal CNOT gate Cs_,s' on |[+)sE|01,) s/, we get:

Csos|H)sE0L)s = > > Y Csus (IPn(u,@,2))slex & Py(0,2',0))s)
ue{0,1}Al 2,2’ €{0,1}I8| z€{0,1}I¢I

= Z Z Z [Py (u,x, 2))s|lex ® Py(u,z @, 2))s

ue{0,1}1Al z,2’€{0,1}18l ze{0,1}I¢l

- Z Z Z |PN(U,$,Z)>3’6XEBPN(’U,,:B',,ZDS/,

ue{0,1}Al z,2’€{0,1}18] ze{0,1}I¢I
(5.12)

We now measure the S’ system in the amplitude basis, giving the vector ex & Py (u, z’, z)
as measurement outcome, for some u € {0,1}), 2’ € {0,1}/®l and 2z € {0,1}°l. This
leaves the system S in the following state,

W)s:= > |Pn(uw,x,2))s = Qn (Ju)al+)sl2)c) - (5.13)

xe{0,1}15]

Note that |¥)s is the encoded logical state corresponding to |u) 4, while assuming that
the state of the C subsystem is frozen to |z)¢ rather than all-zero |0)c. Hence, we need to
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determine the vectors u € {0,1}/8l and z € {0, 1}/°l. Indeed, the fact that the state of C is
frozen to |z) rather than all-zero is not problematic, as long as we are able to determine
its value. Further, it’s also important to determine u, so that we may apply the logical X
operator (Given in Section 5.4 below) to obtain the |07,) 4.

To determine v and z, the only information we have is the measurement outcome, which
is the binary vector

m:=ex ® Py(u,’, 2). (5.14)

For a vector v € {0, 1}'5 |, we define its restriction to B C S, denoted by v|, as the vector
obtained by keeping only the coordinates of v corresponding to the set B. Since Ex
needs to be determined up to stabilizers, we may always assume that Py(ex)|s = 0.
Therefore, using Py(m) = (u,x’,z) ® Py(ex), it follows that ' = Py(m)|. Since
we can determine z’, we may add Py (0,z’,0) to the measurement result m, therefore
getting

m’ :=m @ Py(0,2’,0) = Py(u,0,2) & ex, (5.15)

with Py(ex)|s = 0. To resume, we get a noisy version of Py (u, 0, z), where the latter is
corrupted by an error ex, satisfying Py(ex)|s = 0.

[Repetition] Now, we prepare again the system &’ in the logical all-zero state (or we may
use another ancilla system S”, that can be prepared in parallel with the first preparation
of §’). Since the preparation is again faulty, we get a state

ExoL)s = > ek ® Py(0,2,0))s, (5.16)
x€{0,1}¥]

for some error E% with the indicator vector e} € {0,1}". Applying the transversal
CNOT gate Cs_,s' on |¥)sE%|0L) s, we get

Cg_>3/|\I/>5E}(]0L>S/ = Z |PN(u,m,z))5‘e§( @PN(u,w@w',z)>S,. (5.17)
x,x’€{0,1}I5I

Hence, S and S’ systems are still separated, thus measuring the S’ system in the am-
plitude basis leaves the S system in the same state |¥)s, with measurement outcome
el @ Py(u,x’,z) for some x’ € {0,1}5]. Similarly to the above, we may determine a
noisy version of Py (u,0, z),

m) = Py(u,0,2) ®ek (5.18)

with P(eX)|s = 0. We repeat the above procedure many times, and use a majority vote
for each position i € {0, ..., N —1} to determine the value of Py(u, 0, z). For the majority
voting decoding to be reliable, Pr(e; = 1), i.e., the probability of the ith component e;
to be 1 for a random error vector ex, needs to be small for all i € {0,...,N — 1}. In
Section 5.3.3 below, based on a numerical simulation, we estimate the logical error rate
pr, that is, probability that the majority voting decoding provides wrong prediction for
Py (u,0, z).

!Since we may replace ex by the equivalent error e’x := ex ® Pn(0, Px(ex)|s,0), which satisfies
Pn(e’x) = Pn(ex) ® (0, Pv(ex)|s,0), and therefore P (e’x)|s = 0.
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Remark 118. So far, we have considered that errors occur when preparing the logical all-zero
state on system S’, but we have neglected the errors that might be introduced when applying the
the transversal CNOT gate Cs_,s/. Errors introduced by the Cs_, s/ gates on the S’ system do not
propagate and do not accumulate during the repetition process, hence, they will have a negligible
impact on the majority vote. Errors introduced by the Cs_, s gates on the S system will propagate
to the S’ system during the next repetitions. However, an error on the S system will propagate to
only one error in S', thus we expect their impact on the majority vote to be limited. Once we have
determined the z and w values, it should be also possible to correct the S system.

5.3.2 Removing Z errors from the polar code state |0,)

Here, we will use many independent copies of the encoded state |07,), which is corrupted
only by Z errors and free of X errors, to produce the encoded state |01,) free of both X
and Z errors. The approach here is similar to the preparation of |0;) free of X errors
given above.

[Initial Preparation] We first start by preparing the N qubits of S in state |0), denoted by
|0)s. We have the following in the phase basis

0)s = 10).4/0)8|0)c (5.19)

= > > > ‘m% (5.20)

u€{0,1}4l £€{0,1}1BI z{0,1}I¢l

- > Y Y R (5.21)

ue{0,1}Al £€{0,1}1BI z€{0,1} /€I

where the last equality follows by a change of variable.

Now, consider an ancilla system S’ = A" U B’ U/, prepared in the logical all-zero state
|01)s/, which is free of X errors. Let Ez, with the corresponding indicator vector ez €
{0,1}", be the Z type error that had occurred on |0)s during preparation. This error is
the composition of Z errors occurred during the implementation of the polar transform
circuit on &', and during the procedure to make free of X errors. Hence, we have the
following in the phase basis, using the notation |0) := |+) and |1) := |—)

Ez|01)s = BzQn (10)0(0)m|0)cr) = > ‘ez & P]{z(u,O,z)>&. (5.22)
ue{0,1}Ml z€{o,1}/Cl

We now apply the transversal CNOT gate Cs/_,s on |0)sEz|0r)s. Then, we have the
following in the phase basis

Css|0)sEZ|0L)s

- Z Z Z CS’HS(‘P;[(uyva)>S‘6ZEBP]TV('U,/,O,Z/)>5/>

u,u’ €{0,1}Al £€{0,1}I8! z,2’€{0,1}/¢I

- Z Z Z ‘PK/(%%Z»S‘&’Z@P]’{,(U@u’7m,z@z’)>s,

w,u/€{0,1}4 2€{0,1}181 2,2/ €{0,1}/€]

- Z Z Z ’Pﬁ(uv%z»s‘ez@P]’{,(u’,w,z’)>s/.

w,u’ €{0,1HAl £€{0,1}I8! 2,2/ €{0,1} /€l

(5.23)
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We measure the S’ system in the phase basis, giving the vector ez @ Py (u/, z, 2') as the
measurement outcome, for some u’ € {0,1}], 2 € {0,1}/Bl and 2’ € {0, 1}/°l. This leaves
the system S in the following state,

ws= Y Y ‘P]\’,(u,w,z)>5:QN(\OM\E)B]O)C). (5.24)

u€{0,1}4l ze{0,1}I€l

Note that it is the encoded logical state corresponding to |0) 4, where the state of the B
subsystem is frozen to |Z)g rather than all-plus |0)g = |+)g. We must determine the
vector x.

To determine «, the only information we have is the measurement outcome, which is the
binary vector
m:=ez ® Py(u,x,2). (5.25)

Since E7 needs to be determined up to stabilizers, we may always assume that Py (ez)|4 =
Pn(ez)|lc = 0, similar to what we have done in the case of X error. Therefore, using
Pl (m) = (v, x,2')® Py (ez), it follows that u’ = P (m)| 4 and 2’ = P}, (m)|c. Since we
can determine v’ and 2/, we may add P} (v/, 0, 2’) to the measurement result m, therefore
getting

m’ :=m® Py (v/,0,2) = P(0,z,0) ® ez, (5.26)
with P} (ez)|4 = 0 and P (ez)|c = 0. Observe that m/ is a noisy version of P} (0, x, 0),

corrupted by an error ez. Similarly to Section 5.3.1, we obtain many noisy versions of
P%(0,2,0) and, do a majority voting decoding to produce an estimate for x € {0, 1}/5l.

5.3.3 Numerical Results

As the procedures presented above for removing X and Z errors from the polar code
state |0y,) are almost identical, we consider only X errors in this section, and using a
numerical simulation, we compute the logical error rate p;, for preparing |0;) free of X
errors. We consider a fault model for the CNOT gate, where each possible error I ® X,
X ® I, and X ® X occurs after a CNOT gate with probability p/3 (hence, the total error
probability is p).

We consider that two qubits are encoded per polar block, i.e., |A| = 2, for the reasons
explained below in Section 5.4. We first evaluate Pr(e; = 1),Vi € {1,..., N}, that is, the
probability for ith component e; of a random error vector ex to be 1. Then, using this
probability, we evaluate the error probability of the majority voting decoding p?,,Vi €
{1,..., N}, depending on the number of repetitions R. Note that for an odd number of
independent repetitions R, pi, is equal to the probability that at least £ times out of R

repititions the component e; is equal to 1, that is,

R
p= Y C(R.E)Pr(e; = 1)F (1 —Pr(e; = 1)), (5.27)

_R+41
k= 2

where C(R, k) = %. Finally, under the assumption that the majority voting decod-
ing holds independently on each position, we compute the logical error rate p;, (proba-
bility of failing to recover Py (z,0,u) value) as below,

N-1

pr=1-J]@-p). (5.28)
1=0

To evaluate Pr(e; = 1),Vi € {0,..., N — 1}, we proceed as follows:
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1. We apply the polar transform on the all-zero vector, using the above fault model to
implement CNOT gates, and generate a random error vector ex.

2. We replace ex + ex @ Py (0, Py(ex)|s,0), such that we get an equivalent error
(still denoted by e x here) for which Py(ex )|z = 0.

3. We repeat the steps 1 and 2 several times and update Pr(e; = 1) according to the
positions of 1s in ex.

Figure 5.3 below shows the logical error rate py, as a function of the CNOT fault proba-
bility p for different values of IV, where each curve corresponds to a different number of
repetitions R.
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Figure 5.3: Logical error rate py, as a function of the CNOT fault probability p. Number of
physical qubits N = 64,128, 256, 1024, encoding |A| = 2 logical qubits.

It can be observed that the logical error rate increases p;, increases with the CNOT fault
probability p. Further, it also increases with increasing number of physical qubits — this is
not surprising, since our approach is based on repetition and does not use error correcting
capability of the polar code, hence it is easier to prepare a shorter code state. This means
that this approach can not be used to prepare a code state of arbitrary large NV for a
constant p. However, it may work for a given NV if p is small enough and if use a sufficient
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number of repetitions. For example, for N = 64 and p = 1074, the logical error rate is
equal to 1071 for R = 11 repetitions. For a given p, preparation of an encoded state of
arbitrarily large code length N is still an open problem.

5.4 Fault Tolerant Logical Gates on Encoded Quantum States

In this section, we discuss the fault tolerant procedures for logical gates on encoded
quantum states. While encoding one qubit per quantum polar block, we provide fault
tolerant procedures to implement logical Paulis X and Z, CNOT, and Hadamard gates.

We consider a quantum polar code on a Pauli channel such that its induced amplitude
and phase channels are equivalent, i.e., W4 = Wp. Then, from the definitions of B and C
in Section 1.5.3, we have the following for sets 5 and C (see also the Appendix).

beB < N-b—-1€C. (5.29)

Here, we take |B| = |C| = YF2. This implies that |A| = 2, such that A = {a,N —a — 1},
for some a € {0,..., N — 1}. We will further freeze one qubit of A in either |0) or, |+)
state, and use the remaining qubit to encode quantum information. Hence, we have two
degrees of freedom associated with freezing a qubit in A, the first is the choice of the qubit
that is frozen and the second is the chosen quantum state in which it is frozen (either |0)
or |[+)). We exploit these degrees of freedoms to implement the logical Hadamard gate
transversally (up to a renumbering of the qubits). Finally, for logical X, Z, CNOT gates,
it does not make any difference the specific way the qubit in A is frozen.

To implement an arbitrary unitary gate, we need fault tolerant procedures for a universal
set. A standard universal setis {C, H, T}, where C is the CNOT gate, H is the Hadamard
gate, and T'is phase gate Rz (see Section 1.3.8 for the definitions of these quantum gates).
Hence, the fault tolerant procedure for 7' gate is the only procedure that we need for
universal fault-tolerant quantum computation with quantum polar codes. Finally, We
would also like to point out that transversal procedures alone can not be used to imple-
ment a universal set according to the Eastin-Knill no go theorem [112]. However, given
our implementation of the Hadamard gate, Eastin-Knill theorem does not directly imply
the impossibility of having a transversal 7' gate. In any case, there are different ways
to circumvent Eastin-Knill theorem such as quantum gate teleportation [113], magic state
distillation [114], gauge fixing [115], concatenated schemes [116], code deformation [117],
and lattice surgery [118].

We first give the definition of encoded logical gates.

Definition 119 (Encoded Logical Gates). Let U be a unitary gate acting on n qubits, and |¢y,)
be the encoded version of a n qubit quantum state |¢). Then, for any |¢), the encoded version of
U, denoted by L(U), acts as follows on |¢r,),

LU)lor) = [(Ud)r), (5.30)
where |(U@)1,) is the encoded version of U|¢).
It can be seen that for any unitary gate U, there always exists an encoded version L(U),

however, we need a fault tolerant way to implement it. We now proceed with fault toler-
ant procedures for Pauli, Hadamard and CNOT gates.

143



Chapter 5. Towards Fault Tolerant Quantum Computing using Quantum Polar Codes

5.4.1 Fault Tolerant Procedure for encoded Pauli X and Z Gates

Let i € A be the position corresponding to the information qubit in the polar block 2.
Then, using Definition 119, for a single qubit unitary U; acting on the uncoded informa-
tion qubit, its logical version L(Uj;) is given by,

L(U) = QnUYQL, (5.31)

where U = U; ®;.; I; and recall that Q is the quantum polar transform. Let X% :=
X0 @...0 XU-1and Z% = Z% @ --- ® Z"N-1, where u = (u,...,uny_1) € {0,1}V.
Further, let u; € {0,1}" be a vector such that it has 1 at ith position and 0 everywhere
else. Then, from (5.31), encoded gates corresponding to Pauli gates X; and Z; for the
information qubit i € A are given by,

L(X;) = QnX"Ql = X, (5.32)
L(Z) = QnZ%QY, = ZThw, (5.33)

where the second equalities of (5.32) and (5.33) follow from (1.138)-(1.141). Therefore,
encoded Pauli gates L(X™¢) corresponds to applying Pauli X on physical qubits at posi-
tions, where the vector Pyu; € {0,1}" has 1. Similarly, L(Z%#) corresponds to applying
Pauli Z on physical qubits at positions, where the vector PLu; € {0,1}" has 1. As we are
only applying single qubit gates on physical qubits, these procedures are fault tolerant.

5.4.2 Fault Tolerant Procedure for the encoded CNOT Gate

Let the first qubit encoded into S and the second qubit encoded into S’. Then, the
transversal CNOT gate Cs_, s/ (see Figure 5.1) is equal to the encoded C_.2. This follows
from the fact that setting n = 2 and U = (1,2, Cs_, s satisfies (5.30) for computational
basis states, as shown below in (5.34). Note that it’s sufficient that (5.30) holds for a basis,
as then it extends to arbitrary quantum states by linearity.

For any u, v’ € {0, 1}, we have that,

1
Csosilur)slur)s = 5 > Csus (I1Pn(u,2,0))s|Py(u,@’,0))s)
z,z’€{0,1}BI

1
=55 > (Pv(we0)s|Pywed.z@a,0)s)
x,x’€{0,1}5l

= lur)s|(u@u')L)s, (5.34)

where in the first equality, we have expanded |ur)s and |uz,) s in the computational basis.

5.4.3 Fault Tolerant Procedure for the encoded Hadamard Gate

Here we take a different approach, using the stabilizer group of the quantum polar code
rather than using Definition 119 directly. We first give the following proposition.

Proposition 120. If a unitary U on physical qubits preserves the stabilizer group of the code via
conjugation, i.e., it maps the stabilizer group onto itself via conjugation, then U corresponds to
an encoded logical gate.

?Recall that we are encoding only one qubit per quantum polar block.
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Proof. First of all, we note that if a encoded quantum state |¢y,) is stabilized by an operator
A, then U|¢y) is stabilized by U AUT. It is easily seen as follows,

Ulgr) = UAlor) (5.35)
= UAU' (U|¢r)). (5.36)
Therefore, the fact that U preserves the stabilizer group of the code via conjugation im-

plies that for any encoded state |¢1,), U|¢r) also belongs to the codespace. Hence, it can
be written as,

Ulgr) = |(U'$)L), (5.37)

for some U’ acting on the uncoded state |¢). This completes the proof. O

We now prove the following lemma.

Lemma 121. For a CSS quantum polar code, such that frozen sets B and C satisfy the condition
beB < N —b—1 € Cgivenin (529). Then, the gate R H is an encoded logical gate,
where H is the transversal Hadamard gate on physical qubits and R, is the quantum gate that
permutes qubits according to the permutation R defined in (1.114), that is, it acts as follows in
the computational basis

Rq‘u07 sy Ugyen e 7uN—1> = ‘UN—17 sy UN—T1—iy - - - 7'U,0>, (538)
where (ug, . .., u;, ..., uxy_1) € {0,1}V,

Proof. To prove the lemma, we show that given the condition in (5.29), the gate R,H
preserves the stabilizer group under conjugation.
Similarly to (5.32) and (5.33), the set of X and Z type stabilizer generators of the quantum
polar code (Section 1.5.3) can be written as follows.
Gx = {XPNu | p e BY, (5.39)
Gy = {ZPvve | ce Y, (5.40)
where up, € {0,1}" is a vector such that it has 1 at position b € B and 0 everywhere else
and similarly u. € {0,1}" has 1 at position ¢ € C and 0 everywhere else. Further, using
HXH'=Zand HZH' = X and the definition of R,, we have the following,
RHXN“ HIR] = ZRPvve, (5.41)
R HZPNU HTRY = XRPhue, (5.42)
We now show that ZiPv% ¢ G, and X PNt € Gx. Frombe B < N —-b—1€(,it
follows that
Rup =uy fordc =N -b—-1¢€C. (5.43)
Ru. = uy fort =N —c— 1€ B. (5.44)

Using (5.43)-(5.44), we have that

XRP]([’U'C — XRPK]RRUC — XPNub/ c GX (546)

Hence, R,H fixes the stabilizer group via conjugation. Finally, from Proposition 120, it
follows that R, H is an encoded logical gate. O
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Turning R,H into the Logical Hadamard Gate: For the encoded Hadamard gate L(H),
we need a procedure on physical qubits that satisfies the following,

¢ Itis an encoded logical gate (see Proposition 120).

* It exchanges the logical L(X') and L(Z) via conjugation.

As shown in Lemma 121, the first property from the above is satisfied for R,H. For the
second property, we first consider that two information qubits are encoded correspond-
ing to positions a and N — a — 1 in A. From (5.32)-(5.33), (5.41)-(5.42) and(5.45)-(5.46),
logical Pauli X and Z gates corresponding to a and N — a — 1 are mapped as follows via
conjugation with R, H.

This means R, H on physical qubits is equivalent to applying L(S(H ® H)), i.e., the en-
coded version of S(H ® H), where S is the swap gate. Finally, we freeze one of the qubits
in A by setting it’s quantum state to either |0) or |+), and encode only one qubit per
quantum polar block. Then, L(S(H ® H)) basically corresponds to applying encoded
Hadamard on the information qubit, and changing the basis of the ancilla qubit and then
swapping the frozen and information qubits with each other. Hence, we succesfully man-
aged to apply the encoded Hadamard gate. However, the information qubit changed its
position in the polar block from a to N — a — 1 if ath qubit is used to encode information,
or from N —a — 1to aif N — a — 1th qubit is used and the frozen qubit in A changes its
value from |0) to |+), or from |+) to |0).
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Conclusion and Perspectives

The goal of this thesis has been to investigate polar coding in the context of quan-
tum communication and computation. We have introduced purely quantum polar codes,
which achieve the symmetric channel capacity with entanglement assistance. Purely
quantum polar codes make effective use of a quantum polarization phenomenon, where
polarization happens at the quantum level, so that the synthesized virtual channels tend
to be completely noisy or noiseless as quantum channels. This quantum polarization
relies on a channel combining and splitting procedure, using randomized Clifford uni-
tary as the channel combining operation. We have introduced the necessary definitions
and worked out the proof of quantum polarization for general quantum channels with
qudit input. Further, for qubit Pauli channels, we provide an alternative proof of quan-
tum polarization, and also a decoding algorithm. Moreover, for Pauli channels, we show
another polarization phenomenon, namely, multilevel polarization, which uses a fixed
channel combining operation and allows to reduce the number of preshared EPR pair
compared to the first construction. Finally, we have investigated CSS quantum polar
codes for fault tolerant quantum computing. For CSS quantum polar codes, we have
provided fault tolerant procedures to (i) prepare a polar code state, (ii) perform logical
Pauli, Hadamard, and CNOT gates, and (iii) extract error syndrome.

We now discuss some important open problems arising from this thesis. First of all, we
believe that two-level purely quantum polarization may also happen while using one
single specific Clifford gate throughout the polarization process. For this, we need guar-
anteed improvement or degradation of a virtual channel after two steps of polarization as
discussed in Section 3.3.2, wherein we have provided numerical evidence in this regard.
However, a rigorous proof of guaranteed improvement or degradation is still missing.

For Pauli channels, we have an efficient decoding algorithm. For non-Pauli quantum
channels, there are two approaches to deal with the problem. The first approach is based
on syndrome measurement, i.e., measuring a generating set of the stabilizer group, which
projects the error to a Pauli error. This is the standard way to deal with general quantum
noise, and it has been discussed in Section 2.5.2. However, this approach does not achieve
symmetric mutual information in general due to the loss of information incurred during
the syndrome measurement. The second approach is the twirling of a general quantum
channel, with respect to the group of Pauli operators (see Section 1.3.5, for a definition
of channel twirling). This operation projects the original quantum channel into a Pauli
channel [61](see also Lemma 63), and one may reduce the decoding problem to decod-
ing the latter. This approach is also suboptimal, since channel twirling induces a loss
of information. Hence, a decoding algorithm for non-Pauli channels, allowing reliable
communication at rates close to the symmetric coherent information remains an open
problem.
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For fault tolerant quantum computation with CSS quantum polar codes, our procedure
to prepare a polar code state (see Section 5.3) works, if the code length is not too large for
a constant CNOT gate fault probability p. Larger code lengths imply smaller logical error
rate for the quantum polar code, hence one may want to prepare a larger code state. It
may be possible to prepare a larger polar code state by better exploiting the structure of
the quantum polar code or using concatenation [73]. The other procedures for preparing
encoded quantum state for CSS codes such as fast filtering [110] and preparation based
on a graph state [111] may also be investigated in this regard.

Finally, we have provided fault tolerant procedures to implent the logical CNOT and
Hadamard gates, and we are missing a fault tolerant procedure for logical 7" gate to have
a universal fault tolerant quantum computation with CSS quantum polar codes. Given
that our procedure to implement the Hadamard gate is not exactly transversal, Eastin-
Knill no go theorem does not directly apply. This means that a transversal (or local)
procedure for logical 7" gate could be possible. This intuition is further strengthened by
the fact that some Reed-Muller codes allows tranversal implementation of the 7" gate [119,
114, 111], since polar codes are very close to Reed-Muller codes. Moreover, there are
several ways to get round Eastin-Knill theorem (see Section 5.4), out of which a widely
used fault tolerant construction is based on magic state distillation. In this context, it is
also worth noticing that polar codes can be used for magic state distillation as shown
in [120].
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Appendix

Here we consider a Pauli channel WV, such that both its amplitude and phase channels
W4 and Wp are equivalent, and are given by a BSC W. Alternatively, we may consider
that X and Z errors are corrected independently, without taking into account the correla-
tion between them (in this case, if we take for instance )V to be the depolarizing channel,
W4 and Wp are equivalent BSCs). Hence, a CSS quantum polar code on W relies on a
classical polar code on W to correct both X and Z errors. Using a numerical simulation,
we show that one can construct entanglement free polar codes, without sacrificing the
error correction performance. We will use the sets A, B,C and D defined in Section 1.5.3.
We first note the following property.

Proposition 122. Let 7 C {0, ..., N — 1} be the frozen set for a classical polar code on W, i.e.,
the set of indices corresponding to the bad virtual channels. Then, the entanglement free condition
(the frozen set D is empty) holds for the CSS quantum polar code on W, constructed using this
classical polar code on W, if and only if the following holds

JNnm(T) =10, (5.47)
wheren(J) ={j€{0,..., N=-1} | N—-j—-1€J}.

Proof. As the polar transform on W4 = W is Py (not reversed), it directly follows that
J = C UD. From the definitions of B and C, it can be seen that if W4 and Wp are
equivalent, we have the following

jeC < N—-j—1€B. (5.48)
Further, using the fact that if j € D, both W) and W "=~ are bad, we have that
jED < N—-j—1€D. (5.49)

From (5.48) and (5.49), we have that 7(J) = BUD. Since, the sets B, C and D are disjoint,
it follows that

JNx(J)=D. (5.50)

Hence, the entanglement free condition holds if and only if 7 N7 (J) = 0. O

Corollary 123. For the entanglement free condition, the rate R of the classical polar code on W
must satisfy,

R:1—|N‘7|2 . (5.51)

N

Note that (5.51) is not sufficient for the entanglement free condition.
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Numerical Results

To construct a classical polar code on W, with rate R > 1/2 and code length N, we
estimate the error probability of each virtual channel, based on the density evolution
technique [121]. Then we consider two different constructions, as follows.

1. The first construction is simply the conventional construction of a Polar code, in
which the frozen set J consists of the (1 — R)N virtual channels with highest error
probabilities. We note that 7 N 7(J) may be non empty, thus the CSS code based
on this classical polar code may need entanglement assistance.

2. For the second construction, we impoose the condition that J N7 (J) = () to make it
“entanglement free”. Precisely, we freeze virtual channels, starting again from the
worst (highest probability value) to the best one (lowest probability value). How-
ever, each time a virtual channel, say of index j, is frozen (that is, we add j to J),
we declare the the virtual channel of index N — 1 — j as being “unfreezable”. Un-
freezable channels are skipped (not added to ) as the freezing process continues,
and the latter stops when | 7| = (1 — R)N. This way, we make sure that the set
of frozen virtual channels satisfies 7 N 7(J) = 0, thus the CSS code based on this
construction does not need entanglement assistance.

Once we have fixed the frozen set, we may get an upper-bound of the word error rate
(that is, the rate at which the successive cancellation decoder fails), based on the es-
timated error probabilities of the unfrozen virtual channels [121]. Moreover, this up-
erbound is known to be tight, especially in the low word error rate region. In Fig-
ures 5.4, 5.5, and 5.6 below, we plot this upper-bound for the two constructions, for
various rate R and code length N values. Blue curves correspond to the conventional
construction (first construction), while the red markers correspond to the entanglement-
free construction (second construction). One can observe that both constructions exhibit
the same word error rate performance, which, based on a careful analysis of our numer-
ical results, can be explained as follows. First, the entanglement assistance requirement
for the conventional construction (that is, |7 N 7(J)|) is low. Second, in the entange-
ment free construction, virtual channels declared as “unfreezable” will not be freezed,
but instead some other virtual channels will be added to J. Practically, this amounts
to replacing a small amount of the channels frozen by the conventional construction, by
some others which were not frozen before. It turns out that this replacement operates an
exchange between virtual chanels with almost the same error probability.
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Figure 5.4: Word error rate performance of the conventional and entanglement-free constructions,
for R =0.5.
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Figure 5.5: Word error rate performance of the conventional and entanglement-free constructions,
for R = 0.55.
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Figure 5.6: Word error rate performance of the conventional and entanglement-free constructions,
for R =0.6.
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