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Abstract

Being attracted by the property of classical polar code, researchers are
trying to find its analogue in quantum fields, which is called quan-
tum polar code. The first step and the key to design quantum polar
code is to find out for the quantity which can measure the qual-
ity of quantum channels, whether there is a polarization phenomenon
which is similar to classical channel polarization. Coherent information
is believed to be the quantum analogue of classical mutual informa-
tion and the quantity to measure the capacity of quantum channel.
In this paper, we define a class of quantum channels called quantum
symmetric channels, and prove that for quantum symmetric channels,
under the similar channel combining and splitting process as in the
classical channel polarization, the maximum single letter coherent infor-
mation of the coordinate channels will polarize. That is to say, there
is a channel polarization phenomenon in quantum symmetric channels.
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1 Introduction

The potential to solve different problems more efficiently than the state-
of-the-art classical computing makes quantum computing attract worldwide
attention. To give full play to this potential, quantum computers should have
sufficient reliable qubits. However, at present, physical qubits are quite vul-
nerable, which restricts the development of large-scale fault-tolerant quantum
computing and exploiting the advantages of quantum computing. Fortunately,
quantum error correcting codes (QECCs) discovered by Shor and Steane
provide us with a solution to this problem|1, 2].

Similar to classical error correcting codes (CECCs), QECCs encoding n
(which is called code length) less reliable physical qubits (with error rate pg)
in a certain way to obtain k (k < n) more reliable logic qubits (with error rate
pr < po after decoding and recovery). The ratio k/n is called coding rate. The
higher it is, the more efficient the QECC is. No matter for CECCs or QECCs,
to improve the reliability of the logic bits/qubits, we often need to increase
the code length. Good CECCs have constant or increasing coding rate with
code length increasing, some[3-6] can even asymptotically achieve the channel
capacity which is a quantity measures the upper limit of coding rate. However,
for most QECC schemes, the larger the code length n is, the lower the coding
rate will be, which will results in excessive physical qubits overhead. This
makes reliable large-scale fault-tolerant quantum computing needs millions of
physical qubits, which is very difficult to realize for the current technology.
For Surface Code[7—24] which is the most promising QECC at present, and
the concatenated QECCs[25-27] which is the earliest and also a promising
method to realize fault-tolerant quantum computing, their coding rate tends
to 0 with the increase of its code length. For quantum low-density parity check
(QLDPC) codes[28-37], though their coding rate is constant with code length
increasing, whether their coding rate can achieve the channel capacity has not
been proven. In some cases, such as hyperbolic codes[33-37], which is a family
of QLDPC codes, have a constant coding rate, but their coding rate does not
seem to achieve the quantum channel capacity (we measure this capacity by
maximum single letter coherent information of the quantum channel, which is
explained in Subsection 2.4). For instance, in ref [36], the asymptotic coding
rate of 4D-hyperbolic code is 0.18, but the quantum channel capacity of the
independent X/Z-flip noise channel considered by the authors with error rate
p = 0.04 (i.e. a qubit undergoes independently an X error with probability
p or a Z error with probability p) is 0.5178, which is rather larger than its
asymptotic coding rate.

Classical polar code (CPC) is the only error correcting code whose cod-
ing rate has been proven that it can reach the classical channel capacity[6].
The high coding rate has attracted researchers’ attention. In the past decade,
researchers are trying to apply the channel polarization idea of CPC to quan-
tum channels and find the analogue of CPC in quantum fields, which is called
quantum polar code (QPC)[38-45].
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The first step and also the key to design QPC is to figure out whether
quantum channels will polarize which is similar to classical channel polariza-
tion discovered in [6]. Some previous studies[38-43, 45-48] have proved some
quantities of classical-quantum channels whose inputs are classical bits and
outputs are qubits, such as classical symmetric capacity[38], Bhattacharyya
parameter[38, 48], and classical symmetric Holevo information[46] will polar-
ize. Some studies[39, 40, 42, 47, 48] has referred to coherent information, which
is a quantum quantity of quantum channels and is believed to be a quan-
tity to measure the channel capacity of pure quantum channels[49-58], but
the coherent information of the classical-quantum channels is just the classical
mutual information. Based on the polarization of classical-quantum channels,
researchers have proposed some quantum polar coding schemes[38-43, 45-48].
Unfortunately, they cannot be applied to quantum computing whose quan-
tum channels are pure quantum channels. In 2019, Dupuis[44] prove that the
symmetric coherent information(the coherent information of quantum chan-
nel evaluated for Bell-state input[39]) of pure quantum channels will polarize.
However, unlike the classical symmetric capacity having been proved that it is
the channel capacity of classical symmetric channels, no one has proved that
the symmetric coherent information is the maximum single letter coherent
information of pure quantum channels.

In this paper, we focus on proving the polarization of pure quantum chan-
nels. We first define a class of quantum channels called quantum symmetric
channels (QSCs, this term has been used in [59], but in this paper, it has dif-
ferent meaning), and prove some basic properties of them. For QSC, we prove
that its maximum single letter coherent information (MSLCI) equals to its
symmetric coherent information. Then we prove the MSLCI will polarize in
two-dimensional-input QSC under the quantum channel combining and split-
ting process. Unlike the proof method used by Dupuis[44], our proof uses the
basis transition probability matrix proposed by us.

The rest of this paper is organized as follows. Some preliminary knowl-
edge, including coherent information, quantum symmetric channels, quantum
channel combing and splitting, will be introduced in Sect. 2. In Sect. 3, we
will prove that the combined channel is quantum symmetric channel and all
the coordinate channels are two-dimensional-input quasi quantum symmetric
channels. In Sect. 4, we will prove the MSLCI of the coordinate channels will
polarize. In Sect. 5, we conclude our work.

2 Preliminaries

2.1 Coherent information

Coherent information is proposed by Schumacher and Nielsen to measure
the amount of quantum information conveyed in the noisy channel[60]. It
is believed to be the analogue of classical mutual information in quantum
information theory[61].
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Fig. 1 System @ and its reference system R. System @ is subjected to a quantum channel
E. Notice that the reference system R is only subjected to an identity operator I, namely,
R = R. The solid line between system @ and its reference system R indicates @ and R are
in a maximally entangled state, which means in a certain basis, the measurement results
of @ and R have an one-to-one relationship. Once you get the measurement results of Q,
you know the state of R, and vice versa. Hence, we use solid line to represent this “strong”

relationship. The dashed line indicates there might be still some entanglement between Q/
’
and R and the one-to-one relationship might not exist.

As shown in Fig. 1, suppose the state of a quantum system @ is p®,
p? = pi]i?) (i (1)
i

where |i?) is the basis for Q. Suppose @ is subjected to a quantum channel £

which change system @ to Q' and maps the state to p% , namely,

P9 =E(p°) (2)

For system @), we can always introduce a reference system R which has the
same state space as @ to purify @, namely, map the mixed state p@ to a pure
state |QR). The state of system @ and R can be expressed as

QR) = 3 VB i) ™) Q)

where [i%) is the basis for R, which is the same as |i?).
Schumacher defined an intrinsic quantity to @ called entropy exchange
Se [62]7
S. = S(RQ) (4)
where S(RQ') is the von Neumann entropy of system RQ'.
Coherent information in the process shown in Fig. 1 is defined as

1(Q; Q)=5Q) - S. = S(Q) - S(RQ) (5)

where S (Q/) is the von Neumann entropy of system Q. It’s obvious that once
Q@ and & are given, @ is determined. Hence, we can also write I(Q; Q) as
I(p%,€).
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Assuming the operation elements of £ are {F}}, then S, can be calculated

by
Se =S(W) (6)
where W;; = tr (EZpQEJT)

It should be emphasized that in this paper, the coherent information
which we consider is the single letter coherent information (SLCI). Due to the
superadditivity[63] of quantum channel, single letter coherent information is
the lower bound of quantum channel capacity. Researchers[64, 65] believes the

quantum channel capacity should be more accurately measured by I (pQ, & ®”)
which is defined by

1
Q Qn) — ] — Q
I(p®,€ )_nlgn nI(p .€) (7)

Whether will I (pQ,€®") of the coordinate channels polarize has not been
proven in this paper.

2.2 Quantum symmetric channels

In classical information theory, there is a class of channels called classical
symmetrical channels (CSCs) whose properties have been well-studied, such as
binary symmetric channel (BSC). The behavior of a classical channel can be
depicted by a transition probability matrix (TPM). Assume the input variable

is A, which takes value from {a1,as, -+ ,ax}, and the output variable is B,
which takes value from {b1,ba, - ,br}, then we can write out its TRM as
follows.
B=10h B =bg,
A=a; [(p(B=blA=a1) -+ p(B=by|A=a1)

A=as | p(B=bi|A=as) -+ p(B=0by|A=as) ®

A=ag \p(B=bh|A=ak) -+ p(B=0>r|A=ax)

If each row of the TPM is a permutation of the first row, then this channel
is symmetric with respect to its input. If each column of the TPM is a permu-
tation of the first column, then this channel is symmetric with respect to its
output. If a channel is symmetric with respect to both of its input and output,
then this channel is called a symmetric channel. If a channel is symmetric with
respect to its input but might not to its output, and its TPM can be divided
into several submatrices by column, each of which satisfies that each column
of it is a permutation of the first column of it, then this channel is called a
quasi symmetric channel.

For some quantum channels, given certain basis of the input space and the
output space, we may also find a probability matrix similar to TRM of classical
channels. For example, for bit flip channel, if the input state |Q) is |0) (with
probability ¢) or |1) (with probability 1 — ¢), then the output state |Q) will
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also take value from |0) or \1{), and we can figure out p(1Q) =10)[|Q) = |0)),
p(lQ) = 11Q) =10)), p(1Q ) = |0} [|Q) = 1)), p(|Q ) = [1)]|Q) = [1}). Then

we can write out a probability matrix as follows.

Q) =10) @)=
=10 (p12)=I1Q =10} X9 =1 =00
Q) =10 \p(1Q) =0} 1Q) =1 #(1Q) = 1} @) = 1))

Here, we name matrix (9) basis transition probability matrix (BTPM),
for it shows the transition relationship between the basis of input and out-
put spaces. Different from TPM of classical channels, the above BTPM
doesn’t seem to fully depicted the behavior of bit flip channel, because quan-
tum mechanics allow the input state to be a superposition state, such as
% |0) + % |1). That is to say, the input state and the output state may take
value outside {|0), |1)}, which cannot be depicted by BTPM. However, using
BTPM (9), given arbitrary input state, we can always determine the out-
put. This is because we can write out the operator elements by matrix (9),
which will be proved later. And once the operator elements are determined,
the behavior of the quantum channel is determined. Hence, for the quantum
channels which have a BTPM, its behavior can be fully depicted by its BTPM.

There is a necessary and sufficient condition for a quantum channel having
a BTPM.

Theorem 1 (Necessary and sufficient condition for a quantum channel
having a BTPM) Given a quantum channel £, it has a BTPM if and only if there
is a certain basis Bip = {|1),|2), -+ ,|N)} of the input space, any two basis vectors
|i) and |7) in Biy satisfy that E(|i) (i|) commutes with E(|7) (j]), namely,

(1) G, E(17) GDY = €(1) GDE) (1) — E(1) (IDE(I7) (i) = 0 (10)

Proof (1)Sufficiency: If there is a certain basis B;, = {|1),|2),---,|N)} of the
input space, any two basis vectors i) and |j) in By, satisfy [£(]7) (¢]), E(|5) (j])] =0,
then for all £(J¢) (i]), they can be simultanecously diagonalized in a certain basis

Bout = {|1/> , \2,> S |M/>} of the output space. The result of diagonalization is
M ! !
(i) (i) = > pan |k ) (k| (11)
k=1

It is obvious that p;; forms the BPTM.
(2)Necessity: Assume quantum channel £ has a BTPM whose elements are A;j, (1 <
t < N,1 <k < M), and the corresponding basis for the input and output space

are Bip = {[1),]2),--+,|N)} and Bout = {[1'),]2'), - ,|M )}, respectively, then
E(|i) (i]) can be expressed as

M
E(liy (i) = A |k ) (k | (12)
k=1
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which means that all £(|¢) (i]) can be simultaneously diagonalized in Bout =
{11),]2),---,|M )}. Hence, any two basis vectors |¢) and |j) in B, satisfy
[E(I%) (i]), £(|7) (j])] = 0. The proof is completed. O

Next, we are going to prove that one can derive the channel operation
elements by BTPM.

Theorem 2 (Derive the channel operation elements from BTPM) For
a quantum channel which has BTPM, its BTPM determine a set of quantum
operations.

Proof Assume quantum channel £ has a BTPM A, for arbitrary input p =
N Ny . .
> i1 @i |%) (i, the corresponding output £(p) is

N N M , , M N

SUESWECITES o SNEIHES RN O AT E AT
i=1 i=1 k=1 k=1 =1

where {F},} are the operation elements of channel £, and Ey, i) = v/ A |k:/>, accord-

ing to which one can easily write out the matrix representation of Ej. This completes

the proof. O

According to the above proof, one can see that the number of independent
operation elements equals to the number of dimensions of the output space.

Similar to classical symmetric channels, we can define quantum symmetric
channels by BTPM.

Definition 1 (Quantum symmetric channels) For the quantum channels which
have BTPM, if each row of the BTPM is a permutation of the first row, then this
quantum channel is symmetric with respect to its input. If each column of the BTPM
is a permutation of the first column, then this quantum channel is symmetric with
respect to its output. If a quantum channel is symmetric with respect to both of its
input and output, then this channel is called quantum symmetric channel (QSC). If
a channel is symmetric with respect to its input but might not to its output, and
its BTPM can be divided into several submatrices by column, each of which satisfies
that each column of it is a permutation of the first column of it, then this channel is
called a quantum quasi symmetric channel (QQSC). Actually, a QSC can be regarded
as a special QQSC.

Theorem 3 (Operation elements of two-dimensional-input QQSC) For a
two-dimensional-input QQSC whose output space is M -dimensional, there is always
a set of operation elements {Ey} , 1 < k < M, which satisfies

By 0) = /By, [k ), Ex 1) = /By, (k) ) (14)

where T is a certain permutation, {|kl>} s a basis of the output space, 22/[:1 pr = 1.
Notice that |0) and |1) are only basis vectors of the input space, they are not necessary

to be the computational basis vectors ((1)) and <(1))
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» Bit Flip »
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Fig. 2 Bit flip channel

Proof We only need to determine the matrix representation of each Ej and prove
that >, E};Ek = I. Notice that the matrix representation of F), can be calculated by

By, = (| Ex i = 1) (15)

Here, the ket vector is |[¢ — 1) rather than |¢). This is because we use |0) and |1)

to represent the input basis rather than |1) and |2), so the index of the column of
the matrix starts from 1. Through Eq. (14) and Eq. (15), it’s easy to obtain

B, = /Prljk (16)
By = V/PrOjn(k) (17)

where 0 is the Kronecker Delta. Hence,

M
0
EiE, = ( 2k=1Pk =1 (18)
N G

which completes the proof. O

2.3 Two examples of QSC

Bit flip channel and phase flip channel are two typical QSCs, as shown in Fig.
2 and Fig. 3, respectively.

Bit flip channel flips |0) and |1) with the same probability p, and phase flip
channel flips |+) and |—) with the same probability p. It’s easy to write out the
operation elements[61] for them. The operation elements for bit flip channel is

Ey=/pl,Ey =+1-pX (19)

where X is the pauli X operator. And the operation elements for phase flip
channel is . .
Ey=/pl,E1=+/1—-pZ (20)

where Z is the pauli Z operator.
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Fig. 3 Phase flip channel

2.4 Symmetric coherent information and the MSLCI of
two-dimensional-input QQSC

The symmetric coherent information was first proposed in [40], which is similar
to the definition of symmetric capacity used by Arikan[6].

Definition 2 (Symmetric coherent information) For a quantum channel &,
the number of whose input qubits is n, its input state can be represented by
p= 2?21 g; |?) {i], its symmetric coherent information Iy is defined as the coherent
information I(p,£) when ¢ = g2 = -+ = gon = 1/2", namely,
A
r=1{p=3 L€ (21)
i=1

Arikan has proved that for a classical symmetric channel (actually, the
classical symmetric channel mentioned by Arikan in the Part A of Sec. I of
[6] means a classical binary quasi symmetric channel), the symmetric capacity
is its Shannon capacity. However, up to the present, none of the previous
studies[38-48] has proved that the symmetric coherent information of a pure
quantum channel is its MSLCI. Next, we will prove this theorem for two-
dimensional-input QQSC.

Theorem 4 (The MSLCI of two-dimensional-input QQSC) The MSLCI of
two-dimensional-input QQSC is its symmetric coherent information.

Proof Assume the input state of a two-dimensional-input QQSC €& is p = ¢0) (0] +
(1 =¢)|1) (1]. According to Theorem 3, there is a set of operation elements {Ej},
1<k < M. By Eq. (5) and Eq. (6), the coherent information of £ is

I(p,€) = S(E(p)) — Se = S(E(p)) — S(W) (22)



Springer Nature 2021 BTEX template

10 Channel Polarization of 2D-input Quantum Symmetric Channels

Using Eq. (15), one can easily obtain
Wij = tr (EipE] ) = tr (Ei(10) (0 + (1 - ) |1) (1D E] )
=g tr (ypp; |') (1) + (1= @) x tr (/pipj In(0)') (m(5)']) (23)
= pidij
where ¢ is the Kronecker Delta and 7 is a certain permutation.
Hence, S(W) = H (p;), where H (p;) is the Shannon entropy of the probability

distribution {p1,...,pprr}. It’s obviously that S(W) has nothing to do with q.
Next, we analyze the first term S(E(p)). Using Eq. (14), we get

M
S(E(p)) =S (Z Eka,i>
k=1

M ’ ’ 1\/1 ’ ’
S (Z apy [k) (k |+ D (1= a)py, Iw(k) ) (m(k) |>
k=1

k=1

(24)

M ! ’ M ’ ’
S (Z qPk |k > <k ‘ + Z (1 - Q)pﬂ'(m) |m > <m |>
k=1

m=1

M ’ ’ M ’ ’
=S (Z api [k ) (k| + > (1= @)prqy |k ) (K |>
k=1 k=1

The third equality in Eq. (24 )holds because 7(w(k)) = k. If one let w(k) = m,
then 7(m) = k. The last equality is obtained simply by renaming m.

Notice that von Neumann entropy has a property which states that when p; have
support on orthogonal subspaces, the following equation holds.

S (szpz) = ZPz‘S (pi) + H (p;) (25)

K3

Using Eq. (25), we can further simplify Eq. (24).

M
SEP) =3 [amk+ (1 = Dprqiy| S (K) K1) + H (apk + (1 = v )
k=1

(26)
=0 (qpk +(1- Q)pﬂ(k))
Taking the derivative with respect to ¢, we obtain
M _
%q(p)) =- 1?::1 (pk —Pw(k)) logy [(Pk —Pw(k)) q +p7r(k)] + (pkhlp;(k))
M
= Z tr
= (27)
where 1 = - (pk *pw(k)) logy [(Pk *Pw(k)) q +pﬂ(k)] + (Pk *Pﬂ(k)) /In2.

Notice that there are M terms in the summation sign, which can be divided into
M /2 pairs, each of which can be represented by

Yk =tk +tr) (28)
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Fig. 4 (a) Two primal channel £ combines to form channel €. (b) Two primal £ combines
to form channel £4. (c)Two primal 5N/2 combines to form channel £y, Ry is the reverse
shuffle operator[6]. The blue gates are quantum CNOT gates and the pink gates are quantum
SWAP gates.

It’s easy to prove that for all y;, when ¢ € [0, %), yr < 0, when q € (%,1}7 Y >

0, and when ¢ = %7 yr = 0. Hence, when q € [0,%)’%;@) > 0, when q €

(%, 1} ,%q(p)) < 0,and q = %, %q(p)) = 0. Therefore, ¢ = % is the maximum

point of S(E(p)), which completes the proof. O

2.5 Quantum channel combining and splitting
2.5.1 Quantum channel combining

Quantum channel combing and splitting are two steps to polarize quantum
channels. The quantum channel combing is similar to classical channel comb-
ing. Assume the primal channel is £ : p® — p", which maps the state of
a qubit to another state. We denote the input by @, and the output by V.
As shown in Fig. 4, we use the same recursive manner as in classical channel
combining to combine N primal quantum channels. The difference is that we
replace XOR gates in classical channel combining by quantum CNOT gates,
and we use quantum SWAP gates to realize the reverse shuffle operator[6].
The channel combing process produces the channel Ey : p@1@n — pV1 Vi,
where the subscript ¢ (1 < ¢ < N) means the ith qubit. This paper follows
the Arikan’s rule to denote a row vector, namely, we use a% as a shorthand
for denoting (ay,--- ,a;), and the notation 0V is used to denote the all-zero

vector. According to this rule, Ex can be rewritten as Ey : inV — pVIN.
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2.5.2 Quantum channel splitting

Having combing N quantum channels £ to £y, the next step to polar-
ize quantum channels is splitting €y to N quantum coordinate channels
5](\;) CpQ ple’RTl, namely, SJ(\? c pQi = pVi VN B Ricawhere R; s
the reference system of @;, and 1 < i < N. The quantum coordinate chan-
nels we define is a little bit different from the classical coordinate channels. If
we follow the classical definition, the quantum coordinate channels should be
5](\;) : pQi — pVI Q1" However, due to quantum no-cloning theorem, p@i
and pvf—1 cannot appear at the same side. Moreover, according to the man-
ner of Eq. (3) we introduce the reference systems, R; and @; are in maximally
entangled states, which means that the state of R; is the same as @Q;. Hence,
& ](\? cpQi — ,ole’RT1 is a more reasonable definition.

According to Theorem 4, for a two-dimensional-input QSC, when the input
state is a completely mixed state, its SLCI takes maximum.

3 Symmetry of the quantum combined channel
and coordinate channels

In Sect. 2.5, quantum combined channel £y and coordinate channels {51(\?)}
have been defined. The main goal of this section is to prove that if the primal
channel € is a two-dimensional-input QSC with two-dimensional output, then

En is a QSC and {5](\?)} are two-dimensional-input QQSCs. We will refer to
the proof method which Arikan used to prove that if the primal binary-input
discrete memoryless channel W : X — ) is symmetric with input alphabet
X = {0,1} and output alphabet Y = {0’,1’}, classical combined channel

Wy : XY — YN and classical coordinate channels Wﬁ) X = YV x it
1 <1¢ < N, are symmetric.

3.1 Symmetry of the quantum combined channel &€y

If € is a two-dimensional-input QSC with two-dimensional output, the BTPM
of the channel £ can be expressed as

o) )
0) (Pr(103110)) Pr(11)110))

) , (29)
A\ pr(1031m) Pr(1)1m)

where Pr(|o’>\|o>) - Pr(\1/>||1>) and Pr (|1’>||o>) - Pr(|o’>\|1>).
According to Theorem 2, we can derive a set of quantum operations
{FEo, E1} of this channel &, which satisfy Fy|0) = +/Pr(]0")]|0))|0
E]0) = Pr(U) o)), Eoll) = Pr1)[H))[1) and Ei[l) =
VP (09 [11))07).
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Definition 3 (N-copy channel EON of the primal QSC &) We define a N-copy
channel €%V . le ®R...Q pQN — pvl R...0 pVN which is simply composed by
N independent copies of the primal £ : p® — p¥. The operation elements {Fy} of

EON s

F,=E}, QFEL ®--- @ B, (30)
where the subscript b; € {0,1}, 1 < j < N. The superscript ¢ of E};j means the
operation element Eéj only acts on the ith input state in, and the subscript k£ (0 <

<2V 1) of operation elements F}, is the decimal number of the binary sequence
bibg---by.

Assume that N uncorrelated pure input states of the channel 2V is
QY)Y = Q1) ® - ®|Qn), we have

FlQY)=FEp® - @EyN(1Q1)®- ®|Qn))

N
= [V VDTN (Vi) ©- - © Vi) (31)

= /Pry (V) 11QY) IV7)

where we let

V)@@ V) = [V}) (32)
and
N
Pry (V) 1QY)) = HPT‘(IW 11Q:)) (33)

for all V{¥ € YN, QF € XN. AV is the N-power extension alphabet of X and
YN is the N-power extension alphabet of V. Eq. (33) means Pry (|V{¥)||Q]))
is the transition probability when the input state of £V is |QY) and the
output state of &V is |VV).

In Fig. 4, one can see that E2V is just the last layer of £y, which is to say, if
the recursive combining circuits are omitted, £y will become £®V. Intuitively,
it seems that the BTPM of £y should have some connections with that of
E®N  Next, we prove this intuition.

Proposition 5 (The BTPM of quantum combined channel Ey) If each input
state of the channel En is uncorrelated, the basis transition probabilities of the channel
EN can be obtained by the following equation

N
Pry (I 11@Y)) = T Pr vy lici)) (34)
=1

forall C; € X, V; € Y, ViV € YN, QY ¢ &N, where |QY) and |VN) are the
input basis vector and the output basis vector of channel En respectively. |C;) and
|Vi) are the ith input basis vector and the ith output basis vector of the channel goN
respectively, as shown in Fig. 4.
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Proof Assume that each uncorrelated input state in of the quantum combined
channel £y is p? = ¢|0) (0| + (1 — ) |1) (1]. Then we have

N
le :pQ1®.“®pQN

= (g10) (0] + (1 — q) 1) (1Y (35)
= > prlediel) e @b
QNexN

where alphabet X = {0,1} and XN is the N-power extension alphabet of X,
Pr (\Q{\f) (Q{V|) is the probability of |QY) (QY]. Since each input state p@' is
uncorrelated with other input states, we have

N
Pr (1) @1) = TT PrQ) (@i (36)
i=1

Since the process |QY) — |CV) which can be seen as an encoding process only
includes quantum CNOT gates and quantum SWAP gates, this process must be
unitary. As shown in Fig. 4, we use unitary operator Uy to denote this encoding
process, and obtain

N N
P = Unp® U

uv | X pr(lel) @) M) @l Uk

QNexnN
> prlet) @) 1eYen @Gyl

QY exN

= > pr(leM @) et el

CNexN

where CIV = QN Gy, and Gy is generator matrix[6].

CNOT gates can produce entanglement between its two input qubits while the
control qubit is in a superposition state in the computational basis. However, since
the input states |@Q;) will only take value from |0) or |1), CNOT gates will not produce
entanglement[66, 67]. Besides, SWAP gates will not produce entanglement between
its two inputs. Hence, all |C;) are uncorrelated. By Eq. (33), we have

N
Pry (Vi) llelhy) = TT Pravi) l1C:)) (38)
=1

Since |C) = QYN G ), once QY is determined, C¥¥ will be determined. Thus,
Pry (V) 1Q1)) = Prv (Vi) ll0Y G ) )

=Pry (\V1N> I\Cfv>) (39)

N
= [IPravariic)
i=1
which completes the proof. O
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Let £ : p% — pV is a two-dimensional-input QSC with two-dimensional
output. By definition, there is a permutation 7; on Y such that 1) 7r1_1 =m
and 2) Pr(|V)||1)) = Pr(jm(V))]]0)) for all V € ¥ = {0’,1'}. Let my be the
identity permutation on ). Using the compact notation mentioned by Arikan,
we denote mo(V) by @ -V, forall Q € ¥ ={0,1} and V € Y = {0/, 1'}.

Observe that Pr(|V)||Q®a)) = Pr(la-V)||Q)) for all a,Q € X =
{0,1} and V € Y = {0/,1'}. It’s easy to verify that Pr(|V)||Q ®a)) =
Pr(@ea)-V)I0) = Pr(lQ-(a-V))[|0) and Pr(V)[Q@a) =
Pr(]Q-V)||a)) since & is commutative operation on X.

For QY € XN, VN € YN let

QY - VN E(Q1- Vi, ,Qn - V) (40)

Next, we will prove the quantum combined channel £y is symmetric.

Theorem 6 (the quantum combined channel Ey is a QSC) If the primal
channel € is a two-dimensional-input QSC with two-dimensional output, then the
quantum combined channel En is QSC in the sense that

Pry (V) 11QD)) = Pryv (o' Gn - 1Y) @1 @ i) (41)

for allQ{V,a{VGXN (delNeyN.

The Eq. (41) means arbitrary row of the BTPM of £y is a permutation of
the first row, and arbitrary column of the BTPM of £y is a permutation of
the first column.

Proof By Proposition 5, we have

\
=8

Pry (VM) 11QY)) = TT Pr(va) lIca)

s
Il
-

(42)

\
:'12

&
Il
-

Pr(|C; - Vi) [|0))

Pry (je - Vi) o))

Let bY = oY Gy, we have

Pry (16 - Vi) 1@ @ o)) = Prov (IG @by - 1 - Vi) 10))
= pPry (e - vy o)) (43)

= Pry (M) l1@)))

which completes the proof. O
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3.2 Symmetry of the quantum coordinate channels
{e¥ :0<i< N}

In this part, we will prove that if the primal channel £ is a two-dimensional-
input QSC with two-dimensional output, the coordinate channels {8,(\;) 10 <

i < N} are QQSCs. The key of the proof is to find out the BTPMs of {EJ(\? :
0 <i < N}, and prove their arbitrary row is a permutation of another row.

Theorem 7 (the quantum coordinate channels {SJ(\Z[-) : 0 < ¢ < N}
are QQSCs) If the primal channel £ is a two-dimensional-input QSC with two-
dimensional output, and the input state p? = q|0) (0| + (1 = q)[1) (1], then the

. . (%) . Qi vN Ri! . .
arbitrary quantum coordinate channel £y : p* — p't "1 1 <i <N, is QQSC.

The density operator ple’Ri_1 of the joint system VIN, Ri_l can be written as
N
VN Ri—l -1 (Z) ’ ’ ’ (Z) ’ / ’
p T = 3T [aPel) (m ) 110)) Iy (| (1= @ Pr (1) 1) Im) ]
m=0
(44)
where [m') = ¥ g1 \/Pr (1 @7M) 1@ 0,08, ) G - VY, BITY, 0 <
1
=Ri"!
cxitt

m < 2N —1, form a set of basis {|m/)}m:0,,,_ o~ _1 which contains 2N basis vectors.
And the basis transition probabilities are

Priy (Im')11Q:))

=0 | > e (et @) (@00l ) e Y R )
Q
=Ri"!
exi—t

= > pr(leNo@Mal) Pry () 107 @i QM)

Qﬁ\lle_)(N—i

= pryy S rr(eihaer)

Qi '=R"texi-t

|(a‘i_17 1,(1?4/,1 2 Q§_17070£\4f»1) GN ) V1N7Rzi_1> HQZ 2] 1>)

_ _ (45)
for all VN € YN, Q; € X, (a7, 1,aly), (@71, Qi QN ) e XN, N=2" n>0,

1 < i < N, which means arbitrary row of the BTPM of 5](\?) is a permutation of
another row.

The proof of Theorem 7 is given in Appendix B.
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Since 5](\?) is two-dimensional-input QQSC, according to Theorem 4, the
MSLCI of 5](\?) is equal to its symmetric coherent information, namely, the SLCI
of £ takes the maximum when the input state is p@ = £10) (0] + 3 (1) (1,
therefore Eq. (44) and Eq. (45) are reduced to

2N—1 2N—1

PV R Z Pri? (jm) |[0)) |m) m|+ Z Prd) (Im) (1)) [m) (m|

(46)
and

Priy (jm) ]|Q))

= Pry) 3 L@ ,0,08,)) Gy - VY RN Q)
e
2i—1 i1
=ont > P (Vi) 1107,0,Q%)

N N—i
iy €N

; 1 i i

:PTJ(V) Z e ( e e Q! Ovoz+1)GN VR Qie )
Q!
=Ri7!
ext—l

A , (47)
where |m) = ZQiflzRiflexi—l 2,# 1(Q7,0,08,)Gn - ViV, R, 0<m <
2N 1.

4 Polarization of two-dimensional-input QSC

The goal of this section is to prove the MSLCI of coordinate channels {5](\})}
will polarize.

One can see that the quantum combined channel Ey corresponds to a clas-
sical combined channel Wy, which is obtained by simply replace the quantum
circuits in Fig. 4 to a classical ones, and the primal channel £ to a classical
channel W. Our proof in this section makes use of the connection between &y
and Wy.

If the BTPM of the primal QSC £ and the TPM of classical primal BSC W
are the same, first of all, we prove that the BTPM of the quantum combined
channel £y and the TPM of classical combined channel Wy are the same;
secondly, we prove the BTPM of quantum coordinate channel 51(3) can be

derived from the TPM of classical coordinate channel WJ(\,i) which reveals the

relationship between the BTPM of 51(\;) and the TPM of WI(Vi); finally we use
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this relationship to prove that the MSLCI of 5](\? numerically equals to the
Shannon capacity of WJ(\,i). Since the Shannon capacity of {WJ(\;)} will polarize,
the MSLCI of {81(\?)} will polarize as well. Moreover, due to the MSLCI of the
primal channel £ being equal to the Shannon capacity of the classical primal
channel W, the polarization rate of {51(\;)} equals to the MSLCI of &, which is
referred to Arikan’s method|6].

Proposition 8 (Relationship between the BTPM of £y and the TPM of
Wn) Assume that the BTPM of a two-dimensional-input QSC with two-dimensional
output & is

0) 1
0y [ Pr(1010))  Pr (1) 1I0))
i \ Pr(j0) 1) pr(n)l
where Pr (\0') |\0>) = Pr (\1’> ||1>) =W (0'\0) =W (1’\1) and Pr (|1’> |\0>) =
Pr (\O/> ||1)) =W (1/|0) =W (0/ \1) Then the BTPM of quantum combined chan-

nel En and the TPM of classical combined channel Wy are the same, that is to
say

(48)

Pry (MY 11@1)) = Wi (sl 1ud’) (49)

for all VlN = y{v e YV and Q{V = u{v € XN, where y,V € Y = {O/,l/} and
u,@Q € X ={0,1}.

Proof By Proposition 5, we have
Pry (V) 11QY)) = Pry (1Y) llod 6w))

= Pry (W) llc)) (50)

N
=TI Pravalic)
i=1
According to Arikan’s method[6], we have

Wy (y{\lhdv) =Wn (y{V|U{VGN)

=Wn y{VIx{V) (51)

N
= [Tw (vilzi)

where ul¥ Gy = #V. Since V¥ = y¥ and QY = u¥, then we have QVGy =
uN Gy = CF = 2. Thus, we have Pr (|V;)||C;)) = W (y;]z;), and obtain

N N
[1Praviylica) = [T W (Vilzi) (52)
i=1 i=1

which completes the proof. |
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Proposition 9 (Relationship between the BTPM of 51(\?) and the TPM of
WI(\;)) According to Eq. (46) and Eq. (47), when the input state in of the channel
51(\;) is p%i = % |0) (O] + % |1) (1], the output state |m) of the channel SJ(\;) is

1 i—1 N N pi—1
|m> = Z i—1 |( 21 70>Oi+1) GN . Vl >R11 > (53)
Qi'=Ri~lexi-1 2

and the basis transition probabilities are

P (jm) [1Qi) =

. 1 . i
Pr) $ L |( i 1,0,0ﬁ1) Gy VIV, R 1Qs)
Q=R texi-1 27 o4
21‘71 i
o Y Pov (W) 0 @ i)
Qi—lexi—l

We can derive Pr%) (Im) [|Q4)) from the TPM of classical coordinate channels W](\;)
Pri) (im) Q)
1 . -
= Z 2N—1 Z WN ((u11 1a070£\—[|-1)GN y:]lvluﬁ 11“757“'{\—[0—1)

ui_leXi_l uﬁleé\f”—i

21 Npi—1 N
= oN-1 Z Wn (yl |07 >Ui>ui+1)

uiI\ﬂrlexN—z‘

(55)

— 2w (o005 )

for all VN = 4V € YN and QY = ul¥ € XN, where y,V € Y = {0',1} and
u,Q € X ={0,1}.

The proof of Propositon 9 is given in Appendix C. '
The Proposition 9 means that arbitrary column of the BTPM of each 51(\;)
is the sum of some 2°~! columns of the TPM whose corresponding elements are

all equal, hence the TPM of each W](\,i) has 2V+i=1 columns while the BTPM
of each 51(\;) has 2V columns.

Theorem 10 (the polarization of quantum coordinate channels {5](\?)}) If the
BTPM of the primal QSC E and the TPM of classical primal BSC W are the same,

the MSLCI I (pQ'i , 55@) of the quantum coordinate channel S](\?) is numerically equal

to the Shannon capacity I (W](\;)) of classical coordinate channel W(i), namely,
P ; VN7R1'—1 VN,Ri .
1) () <5 () < ()

=H (yfvulfl) - H (yfVU’i) + H (u;) o
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where p (u; = 0) = p(u; = 1) = 5 and the density operator p%i = 210 (0] + & |1) (1]
is the input of the quantum coordinate channel 5(1), which is also the ith input of
the quantum combined channel En. S(-) is von Neumann entropy, and H(-) is Shan-

non entropy. Since classical coordinate channels {WI(\;)} polarize, quantum coordinate

channels {51(\?)} polarize as well.

Proof For W(i), its Shannon capacity is [ (WJ(\;)) =H (y{VuTl) - H (y{vuzl) +
)

H (u;). To calculate the Shannon capacity of W(i, we should first calculate

H (y{vuzi*l) which is the the Shannon entropy of the output y{vuzfl of W](\?)
N i—1 N -1 N i1
H (y1 uy ) = X —p (y1 ,uf )10g2p(y1 Sy ) (57)
y{Vui*IEyNXXi—l
where p (y{v,ui_l) = %W](\;) (y{v,ui_l | u; = O) + %W](\;) (y{v,ui_l | u; = 1).

Notice that by Proposition 9, we have WJ(Vi) (y{v, 03_1 | Uz‘) =
W](Vi) ((u’fl,o,ﬂﬁl) GnN ~y{V,OZfl &) ulfl | ui) for all ulfl S Xi_l, hence

N, i—1 i—1 N qi—1 N qi—1
H (y1 uy ) =270 > —p (y1 07 )logzp (yl 07 ) (58)
yNeynN
and
N 1—1 i —1 N i—1
> p(ylwﬁ )=2Z > p(yl,Ozl )21 (59)
N, =1 N i—1 N N
Yy uy €YV xX Yy €Y

N 1—1
Now, we calculate S (pvl gt ), the von Neumann entropy of the ouput state

,onN’RT1 of 5](\?). By Eq. (46), we have

N i—1
S (o7 HT) = =3 p(m)) loga p (Im) (60)
where p (Jm)) = %Pr%) (Jmy)1]0)) + %Pr%) (Jmy) ||1)). By Proposition 9, we have

i i 1 i i
Pri (my Q) = Priy | 32 =@ 0.0t) G Vi R 11Q)

— 2w (o0 )
(61)
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i—1

for all yI¥ = VN € YV and QY = u) € &N, Thus S (pVIN’Rl ) can be rewritten
as

N i—1 . . . .
S (pvl g ) =— > 27 (yfvﬁﬁ_l) log, [2’_119 (yfvﬂzfl)]
yNeyN
=271 3 p (w07 ) logep (v, 07 ) G- x 27t 3D (v 00)
yNeynN yNeynN

=H (s ) - (- 1)

(62)

Using the same method, we have S (ple’R]i) =H (y{vuzl) —14. Thus I (in , 81(\;)) =

S (leN’Riil) -S (ple’Ri) =H (y{vuzfl) —H (y{vuﬁ) + 1. Notice that H (u;) =
H (%) = 1, thus we have

I (in,gl@) - H (y{Vqul) —H (y{Vui) Y H () =1 (W}V’)) (63)

which completes the proof. O

5 Conclusion

The core of this paper is to prove that there is a polarization phenomenon
in quantum channels similar to classical channel polarization. To prove this,
we first define BTPM, and show how to use BTPM to determine a set of
operation elements of a quantum channel. Then we use BTPM to define QSC
and QQSC, and prove that the MSLCI of two-dimensional-input QQSC is its
symmetric coherent information, which was not proved before our work. After
this, we introduce the quantum channel combining and splitting, and obtain
the quantum combined channel £y and coordinate channels {5](\;) }. It has been
proved in Sect. 3 that if the primal channel £ is a two-dimensional-input QSC,
then &y is a two-dimensional-input QSC and {51(\?)} are two-dimensional-input
QQSCs. Based on the above work, we prove that the MSLCI of the coordinate
channels will polarize — some of them tend to 1 while the others tend to 0 with
the increase of N, and the ratio of the former to NV equals to the MSLCI of
the primal channel £, which completes the proof that there is a polarization
phenomenon in quantum channels.

However, whether we can make use of this polarization phenomenon of

quantum channels to design a quantum error correcting code which can achieve
the MSLCI of QSC is still unknow.
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Appendix A A Particular Rule

Before proving Theorem 7, we make a particular rule which will be used in the
second step of the proof.

This rule is used to label the operator elements of a channel through a
one-to-one relationship between operator elements and output states. First,
we fixed the input state |Q) of the quantum combined channel £y to |[0V),
then arbitrary operator element F} € {Fk}kzo,»-- aN of the N-copy channel

E®N uniquely corresponds to a output state [V{V), ViV € YV namely,

Fi |0) G) = \/Pry (V) 1101)) V) (A1)
By Definition 3, we have
Fy=E), ®Ep, ® - @ Ej, (A2)

the subscript k of F} is the decimal number of the binary sequence b1by - - - by .

To further understanding this rule, we take 2-copy channel £2? for example,
and primal channel £ is Bit flip channel whose operator elements are {Ey =
VDX, Ey = \/T=pI}. It’s easy to obtain that four operator elements of £%2
are [y = pX' @ X2, F) = /p(1 —p) X' @ I?, F, = /p(1 —p)I' ® X? and

F3 = (1 — p)I' ® I?, respectively. Assume that the input state of primal
channel £ will only take value from |0) = (é) or |1) = (?) Then the

input space {|@Q?)} of the quantum combined channel £ must be {|Q?)} =
{|00),]01),]10), |11)}, and the output space {|V;?)} of the quantum combined
channel & must be {|VZ)} = {|00),]01),]10),|11)}, which means different
operator element F,, 0 < k < 3, will map the input space {|Q%)} to the same
output space {|V;?)}. Thus we fixed the input state to |00), and a one-to-one
relationship between operator element Fj(0 < k < 3) and output state |V;2) of
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the channel £%? is established, namely, F}, corresponds to |11), F} corresponds
to |10), F» corresponds to [01) and F3 corresponds to |00).
By using Theorem 6 and Eq. (A1), we have

Fe|QYGr) = \/Pry (1QF Gy - V) IQN)) (@Y Gy - VY)  (A3)
for all Q¥ € AN and VN € YV,

Appendix B Proof of Theorem 7

In this section, we prove Theorem 7 that the quantum coordinate channels
{5](\1,)} are QQSCs. At the second step of the proof, we use the particular rule
that we make in Appendix A.

Proof In subsection 2.5, we define quantum coordinate channel 5](\?), 1 <i<N,
whose input is pQ" and output is ple’Riil.

1. The first step of the proof: obtain the general form of density
operator pVIN’lel of quantum joint system VIN,lel.
Assume that each input state in of the quantum combined channel &y is in =

q10) (0] + (1 — q) |1) (1]. Then we have

N
le :pQ1®...®pQN

= (g10) (0] + (1 — q) 1) (A=Y (B4)
= 3 pr(lee) et @l
QY exN

where Pr (|Q{V)< {V|) = Hi\il Pr(|Q;) (Qi]), alphabet X = {0,1} and XY is the

N
N-power extension alphabet of X. Introduce reference system pR1 = pR1 ®-- '®pRN

N
to purify in , where pR1 == pRN = le == pQN. We have

logy my) = D Pr(lQl) @) lQt', rRY) (B5)
Q=R ex
Then the density operator inv’Rf] of the joint system Q{V, R{V is
p@1 R
= |¢Q{V,R{V> <<PQ§V,R§V|
S yrr(en @niel, ml) /P (1o @) @, /Y]

QY =RYex
QY =RYex™

(B6)
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We use a unitary operator Uy which only acts on system Q{V to represent the
encoding process |QY) — |CV), and we have

oMY

_ UNinVR{V UJTV

=un| > yprey@yieY.rY) /e (10N @) @ &Y | Uk

QN =RNex®
QY =Ry'ex™

= > rr@e@ynieNey. mY) [pr (108 @) @Y e, Y|

oy —rYex”

QN=RNecxN
= > yrrem@niet mY)y S\ Pr(1e) @) el &Y
RNexnN RNexN

(B7)

where CFY = QY Gy, CN = QN Gy and G is generator matrix.
The channel €9V, whose operator elements are {Fk}=0,... 2v_1, follows the
VlNﬁRN

encoding process |QYV) — |CV). Then the density operator p 1 of the output

of the channel £®V is
VN RpN 201 CN RN _t
p171:Zka171Fk
k=0

=3 FB Y Pr(QY)y@Y) QY Gy, RY)  (BS)

k=0 QN=RNexN

x> /(1o @) @Y, BY| B

QY =R exN

Notice that the channel £2V is the last layer of the channel &y, so the density
V¥ Ry

operator p is also the output of the channel £y. Then we perform partial
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trace over the system RlN and obtain
PV RY

oN _1
=Ry [Z Fe Y Pr(|QM)(QN)) 1Q1 Gn. RY)

k=0 Q{V:Rive)(N

(]

Pr(1QY) @1) @V G, RY| F

|
5
'z
S
7
e
]

k=0 QN=RNexN-i+1

VP (e @) Pr(@d) @) @i on i RY)

(]

QiT'=Ri"texi-1

X

S (@) erie @) @ en /Y ]

Girl—Ritexiot

- szk [ > pr(eM @)
k=0

QNexN-i+1

X

S er(eirhe ) elon s

Qi '=Ri"texi-t

X er(erha@ ) @Ven B
QiT'=Ri"texi-t
(B9)
Eq. (B9) guarantees that

> rlerher)elona

QiT'=Ri"lexi-1

. . . . . 1 —1 1 —1
must be a unit vector, since it is easy to verify ZQTleX@v,l Pr (|Qz1 ) {(Q] |) =1.
Divide the Eq. (B9) into two parts: Q; = 0 and Q; = 1, we have

ViV RN (0) (1)
o= ple,RTl +p (B11)

P VN Ri~1
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where
PVN R =4 Z Fy > pr (|Qf\-f+1> <Qﬁ1\)

k=0 Qﬁle/’\{N—i

<Y (e e e eeyon B

Qi '=Ri"texi-1

S ¢Pr(\@’fl><©§*1|)<<@§—1,0,Qﬁ1>eN,R§—H F

R

(B12)
and
) £
N N
Py gic1 = (1-q) > Fp > pr (|Qi+1> <Qi+1\)
k=0 N, exnN—i
i+1
<Y er(erh e et Le ey /Y
QiIT'=Ri"lcxi-1
D \/Pr (187 @) (@ LN )G, BT | F
Qi '=Ri"texi-1
(B13)
For p( ) .1 and p(ll)\, i1, we exchange summation order, and obtain
N Rl VN Rl
0
VN Ry
¢ Y pr(eM) @)
Qﬁ\jrle_xN—i
2V 1
o - o N -
x Y Fy > \/PT <|Ql1 h(@i 1|) (@Q171,0,Q%1)Gn, R1TH)
k=0

T

X (e @) e ool e Y| £
S A
(B14)
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and

(1)
pVIN,lel

(-0 > PrleNy@il)

Qi\jrle‘)(N—i

2N 1
YRl Y er(erhert) e e e B
k=0

Qi '=Ri"Texi-1

<Y er(erha@ ) et et e | A

Qi =Ri"tcxi-t

(B15)
2. The second step of the proof: prove that the density oper-
N i—1
ator le il can be diagonalized with respect to a set of basis

!
{lm >}m:0,-~ 2N —1-

We will prove that density operators p(o) 1)

V¥R ViR
’
with respect to a same set of basis {|m ) }m=o0,... 2N _1, namely,

and p can be diagonalized

Pow gt = Z el (Im) 10)) 1) | (B16)

2N 1

Py = 0= 0 30 o (Im) i) ') ' (B17)

(0)
VN, R

(1)
VN,RITY

that of pi/l)v RiC1 We first prove that the vector |m ) can be written as

We consider p only, since the proof method of p is the same as

mh= X er(eih @) el ook Gy W R
Qi =R exi
. (B18)
Since for all Qf\il € XN~ operation elements {Fk}=0,... 2v_1 will map vector

> (e i@ e eoon B g

Qi 1 Rz leyi-t

’
to a same set of orthogonal basis {|m )},,—,... o~_1, which contains 2V basis vec-

tors. Thus, without losing generality, we can let QfYH = Oﬁl. Using Eq. (A1), E
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(A3) and Theorem 6, we have

Y er(ler @) e e e B

Qy '=R texi-1

- = \/PTN (1@ 0,08, ) Gn - VM) 11Q1,0,08,))

Qi '=Ri7lexi-1

o JPr (@i Qi) 1@ 0,08 a1 R (B20)
= /Pra (IV) [10}))

<Y Er(eih@) @ ootay i R
QU =R Texi

= /Pry (V) [0))) |m)

which proves the Eq. (B18).
Observe Eq. (B20), there is a one-to-noe relationship between Fj, and VlN , thus
sum over all Fj, is sum over all VlN and Eq. (B14) can be rewritten as

pgjlz)\r’szl =4q Z Pr (|Q£YF1> <Q£YF1|) Z

QN exN-—i VN eynN

<> Py (I(@h00k) on v QT 0,QN)

Q=R exi

x \/Pr (e @) @i 0,08 )Gy - iV R

x 3 \/Pr(|©i-1><@i-1\)<<”’f1,o,oii1>GN‘le,Ri*H
QiTt=Ritexict

=g > Pr(leN0@Nal) Yo Pra (M0 0,08 ))

Qﬁ\ile‘)(N—i VNEyN

(B21)

DS J”(i@z—w@a-w)u 008Gy VYR

Qi =R e

X (@) @to ooy v R

Qi =Ry texit

Here we use the fact that Pry (|V1N> HQ{V>) _
Pry <|a{VGN . V1N> HQl @ ay )) which is according to Theorem 6, so let
a = Q§_17 0, 0114\_1_17 we have

Pry (VM) 110571,0,Q1%.1)) = Prov (I(@51,0.08: ) Gn - Vi) 1101, 0,Q1%))
(B22)
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For Eq. (B21), we exchange summation order and obtain

(0)
p i—1
‘le ,R71

=q¢ > > Pr(IQNy @) Pra (1Y) 1077 0,Q80)

VlN cynN QiJ\ﬂrlexN—i

X

> \/Pr (10 @) @i 0,08 )Gy - Y R

Qi"'=Ri~lexi-1 (B23)
Y er(erha@ ) @t ooty L A
Qi =R exi
2N_1 ; ’ ’ ’
=g 3 Pr (1m)110) Im') |
m=0
where
mhy= X er(erh @) ek ook nay W R
Qi '=Ri"lcxi-1
(B24)
and
P (Im)110)) = >2 pr(1eM) @Mal) Pry (V) 11017 0,@80)
Qﬁle_)(N—i
(B25)

Prg\i,) (\m/> ||0>) is the transition probability which means the probability of the

input state |0) (0| changing into \ml> (m,\. Using Eq. (B22), then Eq. (B25) can be
rewritten as

. / 1 N N
priY) (|m ) H0>) = ¥ 5T > pr (|Qi+1> <Qi+1|)
Qi~lexi-1 QN exN—i (B26)
x Pry (|( 3_170,021'\-1-1) GN'V1N>||Q1_1’07Q£\4[-1>)
Using the same method, Eq. (B17) can be easily proved, and we have
. ’ 1 N N
P (mhim) = Y g X pr(ieda) @)
Qi texi-t QN exN—i
X Pry (|( o, Oﬁl) Gy -V IQT 1, Qﬁ-l))
= X (el @) Pry (V) 0 1))

QﬁleXN—i

(B27)
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Thus, the basis transition probabilities can be uniformly expressed as

P (m)l) = X s X Pr(lel) @)

Qi texit QY €XN—?
i—1 N N i—1 N
x Pry (|( 1 7070i+1) Gy - Vi) IQy aQi:Qi+1>>
= > pr(lea@Nal) ey (M) 1077 @i @)

QﬁleXN—i
(B28)
3. The third step of the proof: use Arikan’s method to prove the basis
transition probability matrix is symmetric.
Next, we will prove that the basis transition probability matrix is symmetric.
We will refer to the proof method which Arikan used to prove that classical coordi-

nate channels {W](\;)} are symmetric if the primal binary-input discrete memoryless
channel W is symmetric.
By Theorem 6, we have

Pry (1(@10,0%:) Gy ViV 1@ Qi @)
= Pry (I(ai " 106N - Q17100806 - Vi) | (B29)
@170 @) @ (ai ! 1)) )
for arbitrary (alfl, 1, aﬁl) € X% thus the Eq. (B28) can be rewritten as
Py (1m) 114 )

1 N N
= >, 51 > pr (|Q¢+1> (Qi+1\)
Qi texi-t QY eX N~
x Pry (|( 10,00 )GN VY HQTI,QmQﬁﬁ)

= > 21‘1—1 > pPr (|Qﬁr1> <Q£Y+1\)

Qiflexi—l QﬁlexN—i

i—1 N i—1 N N
x Pry (171,60 06N - (@77,0,081)G N - V1Y) |
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|( Z1 7Q7,'7Qi+1) 5] (azl 717ai+1)>) (B30)
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Substitute Eq. (B18) into Prg\i,) (\m/> HQZ)>, and connect with Eq. (B30), we
have

Pri) (Im') 11Q2))

= PT%) Z \/Pr (|Q§_1> <Q§_1|) |( o, Oﬁl) Gy VIV, RN (1Q0)
Qifll
—Ri
exit

—r0 X er(eihaer)
Qi"'=Ri"lexi-1

X |(a§_17 1,04?[‘,1 @ Q§_1707 Oﬁl)GN - V1N7R1i_1 @ a§_1> ||Qz &b 1>)

_ (B31)
Here we take al’ = (alfl, 1,aZN+1)7 and the proof is completed. The Eq. (B31)
N

means arbitrary row of the BTPM of the quantum coordinate channel SJ(\; is a
permutation of another row. O

Appendix C Proof of Proposition 9
In this section, we prove Proposition 9 that we can derive Pr%) (Im)]1@Q:))
from the TPM of classical coordinate channels WJ(VZ).

Proof According to Arikan’s theorem[6], the transition probabilities of classical

coordinate channels {W](\;)} are
N
WO (i )

1
= Z 2]V7_1WN (?J{VW{V)

N N—i
gy €XN T

1 N N N _. N
> oNn-1WN (a1 Gn-yi lul @ aq )

N N—i
ui+1€X K

(C32)

= W](VZ) (G{VGN . y{v, u§71 &b alfl|ui ) CLZ')
and Arikan has proved that classical combined channel Wy and classical coordinate

channels {WI(\?)} are all symmetric, which satisfies

N | il N i—1 o AN N -1 N
Wy (y1 | 0 7uiaui+l) =Wy ((Uﬁ 70,01'+1) Gn-y1 | ug 7ui7ui+1)
(C33)
and

W (o' 01 ) = W) (w7 0,000 ) ool 08 @i ) (30

for all uil_1 e xiL,
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Using Theorem 6, Proposition 8 and Eq (C33), we have
Pry (|V1N> Holi_l,Qi,Qﬁﬂ) =Wy (y{v | Oi_l7ui7uﬁ1)
=Wn ((uzfl,(), Oﬁl) Gn oyl | uiflwi,uﬁo

=Pry (l(Qifl,O,OﬁﬂGN Vi) ||Q§71»Qi7Q£Y',-1>)

(C35)
for all VlN =y{v e YN and Q{V :u{v eal.
Substitute Eq. (C35) and Eq. (C34) into Eq. (47), we have
i 1
Py (mllQ = 3 sy
uifleXifl
X Z WN ((u§717070ﬁ1)GN 'y{\]‘uiilauiauﬁl)
i EXN (C36)
2! Nqi—1 N
= o1 > Wy (y1 |0} 7ui7uz’+1)
uﬁ_lez\,’N*i

= Qi_le(é) (y{v, Oi_l |uz>

The Eq. (C36) means we can derive Prg\if) (Im)]|Qi)) from the TPM of classical

)

coordinate channels WI(\; , which completes the proof. (]
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