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The coherent-state qubit is a promising candidate for optical quantum information processing due to its nearly
deterministic nature of the Bell-state measurement (BSM). However, its nonorthogonality incurs difficulties
such as the failure of the BSM. One may use a large amplitude («) for the coherent state to minimize the
failure probability, but the qubit then becomes more vulnerable to dephasing by photon loss. We propose a
hardware-efficient concatenated BSM (CBSM) scheme with modified parity encoding using coherent states with
reasonably small amplitudes (|| < 2), which simultaneously suppresses both failures and dephasing in the BSM
procedure. We numerically show that the CBSM scheme achieves a success probability arbitrarily close to unity
for appropriate values of « and sufficiently low photon loss rates (e.g., < 5%). Furthermore, we verify that the
quantum repeater scheme exploiting the CBSM scheme for quantum error correction enables one to carry out
efficient long-range quantum communication over 1000 km. We show that the performance is comparable to
those of other up-to-date methods and even exceeds them in some cases. Finally, we present methods to prepare
logical qubits under modified parity encoding, and we implement elementary logical operations, which consist of
several physical-level ingredients such as generation of superpositions of coherent states (SCSs) and elementary
gates under the coherent-state basis. We then estimate the effects of imperfect physical-level elements on the
performance of the scheme. Our work demonstrates that the encoded coherent-state qubits in free-propagating
fields provide an alternative route to fault-tolerant information processing, especially to long-range quantum

communication.
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I. INTRODUCTION

Optical systems are a competitive candidate for quantum
information processing (QIP) due to their long coherence time
and advantages in long-distance transmission [1]. It is well
known that they are particularly promising for quantum com-
munication. Single-photon states are usually considered for
the carriers of optical qubits such as vacuum-single-photon-
qubits (single-rail encoding) [2] and polarization qubits
(dual-rail encoding) [3]. However, these encoding schemes
have a drawback in that the Bell-state measurement (BSM)
is nondeterministic with linear optics [4,5]. The BSM is
essential for QIP tasks such as quantum teleportation [6,7]
and entanglement swapping [8,9]. Quantum teleportation is
widely employed not only for quantum communication but
also for all-optical quantum computation with gate telepor-
tation [3]. It is thus important to overcome the problem of
nondeterministic BSM. A number of methods have been sug-
gested using multiple photons for encoding [10,11], ancillary
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states [12—-14], coherent states [15-24], and hybrid states
[25-27] to improve the success probability of BSM. Among
them, we focus here on the scheme using coherent-state qubits
that enables one to perform a nearly deterministic BSM with
linear optics [15,16,28].

Early studies on coherent states as carriers of quantum
information focus on how to construct logical qubits and
elementary logical gates [15,17,18,29-32]. In these works, the
basis set is chosen either as {| £ «)} or as {N+ (o) & | — )},
where | & «) are coherent states of amplitudes +c«, and
Ny are normalization factors. Various attempts to obtain
fault-tolerance on QIP with coherent states have been made,
starting from simple embedding on well-known discrete-
variable (DV) encoding schemes [19,22], to exploiting the
property of continuous-variable (CV) systems [24,33-38],
with some experimental demonstration [39-42]. Recently, it
was claimed that a simple one-dimensional (1D) repetition cat
code enables hardware-efficient topologically protected quan-
tum computation by exploiting the 2D phase space for logical
operations [43]. However, these studies mainly deal with
coherent-state qubits inside a cavity system, and they cannot
be directly applied to fault-tolerant QIP in free-propagating
optical fields. Our main goal is to investigate the possibility
of using simple concatenated repetition codes, which can be
generated and manipulated with combinations of well-known
elementary gates, for fault-tolerant QIP with free-propagating
coherent-state qubits.
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As mentioned before, the BSM of coherent-state qubits,
where the basis is {| £ «)}, is nearly deterministic. How-
ever, due to the nonorthogonality of the basis set, a small
but non-negligible probability of failure exists [15,16]. One
may use coherent states with large values of |x| to solve
this problem, but the qubit then becomes more vulnerable to
dephasing by photon loss [19]. It is impossible to ideally sup-
press both failures and dephasing simultaneously with such an
elementary coherent-state encoding. In this paper, motivated
by recent works on the concatenated Bell-state measurement
(CBSM) with multiphoton polarization qubits [11,44] and
the repetition cat code [43], we overcome these obstacles by
introducing the CBSM with the modified parity encoding em-
ploying coherent states. We propose an elaborately designed
CBSM scheme with consideration of hardware efficiency, and
we show numerically that the scheme successfully suppresses
both failures and dephasing simultaneously with reasonably
small amplitudes (e.g., || < 2) of coherent states.

One of the key applications with BSMs is long-distance
quantum communication through quantum repeaters [45]. In
the initially proposed quantum repeater schemes to generate
Bell pairs between distant parties [46-50], heralded entan-
glement generation is required for suppressing transmission
errors, which makes long-lived quantum memory essential
[51]. Recently, quantum repeater schemes exploiting quantum
error correction (QEC) have been suggested for suppressing
errors, which do not require long-lived quantum memory
[11,44,51-58]. In these schemes, a quantum repeater is built
up by encoding information with QEC codes, sending it by
a lossy channel, and relaying the encoded information from
each station to the next station with error correction. In each
repeater station, a fault-tolerant BSM may be used for QEC;
each incoming lossy logical qubit is teleported out of the
station while recovering its original information [11]. Later
in this paper, we evaluate the performance of the quantum
repeater scheme using our CBSM scheme, and we show that it
indeed enables quantum repeaters with high performance over
distances longer than 1000 km.

The outline of the paper is as follows. In Sec. II, we review
the BSM scheme of lossless coherent-state qubits, generalize
it to lossy cases, and evaluate its success, failure, and error
rates against the coherent-state amplitude « and the photon
survival rate. In Sec. III, we present the modified parity-
encoding scheme employing coherent-state qubits, and we
show the hierarchy relation between the logical, block, and
physical levels. In Sec. IV, we first suggest an unoptimized
CBSM scheme, which uses simple majority votes and count-
ing of measurement results only, and we analyze the root of
its fault tolerance. After that, we propose an improved CBSM
scheme that is elaborately designed considering hardware ef-
ficiency. In Sec. V, we present the analytic expressions of the
probability distributions of CBSM results, which are simple
matrix forms enabling fast sampling of the results and can be
generalized to any CBSM scheme. In Sec. VI, we show the
results of numerical calculations. We first analyze the success,
failure, and error probabilities of a CBSM. We then investigate
the performance of the quantum repeater scheme, which uses
our CBSM scheme for error correction, as one of the key
applications of the BSM. In Sec. VII, we describe the methods
to implement our encoding and CBSM schemes in terms of

PNPD
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FIG. 1. Bell-state measurement (BSM) scheme of coherent-state
qubits [15] with one 50:50 beam splitter (BS) and two photon-
number parity detectors (PNPDs). The result is determined by the
measurement results of the PNPDs as shown in Eq. (2).

physical-level elements such as superpositions of coherent
states (SCSs) and logical gates on coherent-state qubits. We
then briefly review recent progress on implementing these
elements and roughly estimate the effects of experimental
imperfections. We conclude with final remarks in Sec. VIIIL.

II. BELL-STATE MEASUREMENT OF LOSSY
COHERENT-STATE QUBITS

We first review the BSM scheme of lossless coherent-state
qubits encoded with the basis

0L) :=la), [11) := [—a). ey
The four Bell states of coherent-state qubits are
|p+) := Ni(la)|a) £ [—a)|—a)),
[V+) = Nx(la)|—a) + [—a)]a)),

where Ny := [2(1 £ e"”"“z)]’l/ 2 are normalization factors. A
BSM of lossless coherent-state qubits is performed with a
50:50 beam splitter and two photon number parity detectors
(PNPDs) [15,16], as shown in Fig. 1. The four Bell states can
be deterministically identified from the results of the PNPDs
unless both of the PNPDs do not detect any photons:

(even, 0) — |¢4), (odd,0) — [¢_),
(0,even) — |¥y), (0,0dd) — |y_). 2)

In the case in which both of the PNPDs do not detect photons
(regarded as the failure of the BSM), only the sign of the Bell
state (namely, “+” of |¢4) or |+)) can be determined since
there exists ambiguity between |¢) and | ).

For realistic scenarios, we need to introduce photon loss.
We use the photon loss model by the Master equation under
the Born-Markov approximation with zero temperature [59]:

9 1 1
% =y Z <aipa} — Eajaip - Epajai>, 3)

where p(7) is the density operator of the system suffering
photon loss as a function of time 7, y is the decay constant,
and &; is the annihilation operator of the ith mode. It is known
that this photon loss model is equivalent to the beam splitter
model where each mode is independently mixed with the vac-
uum state by a beam splitter with the transmittance t = e~77/2

043205-2



LOSS-TOLERANT CONCATENATED BELL-STATE ...

PHYSICAL REVIEW RESEARCH 3, 043205 (2021)

and the reflectance r = +/1 — 12 [60]:

()= G)=C 6 @

Here, @ (@) is the annihilation operator of the input (output)
mode of each concerned system, and b (b') is that of the input
(output) mode of an ancillary system which is initially in the
vacuum state. The final state after suffering photon loss is
obtained by tracing out the ancillary system from the output
state of the beam splitter. Since the photon survival rate 7 is
equal to ¢2, the final state can be expressed in terms of 7.
Now, we consider the BSM on lossy coherent-state qubits.
More precisely, we deal with a situation in which the two
coherent-state qubits suffer photon loss before the BSM in
Fig. 1 is performed. We first rewrite each element of the BSM
scheme mathematically: Ugs is a unitary channel correspond-
ing to a 50:50 beam splitter, A, is a photon loss channel with
a survival rate n, and I, for x € {0, 1, 2} is a projector defined

by
> Ine)(nel,

n>1:o0dd

[Ty := [0p){(O|, II;:=

> Ine)(nel,

n>2:even

H2 =

where |ng) is the Fock state with a photon number of n. Then
a set of operators

My, = [Uss o (A ® A,,)] (T, @ T,)

with x, y € {0, 1, 2} forms a positive-operator valued measure
(POVM) corresponding to the BSM of the lossy coherent-state
qubits. Their explicit forms are presented in Appendix A.

Assuming the equal prior probability distribution of the
four Bell states By = {|¢+), |¥+)}, we choose the Bell state
|B) € By maximizing the posterior probability from the PNPD
results given by (x, y):

Pr(x, y|B)Pr(B)

Pr(Bx.y) = > o5, Pr(x, yIBOPE(B)
o Pr(x, y|B) = (B|M., y|B). &)
In other words, we choose |B) € By satisfying
|B) = argmax(B'|M, ,|B'), 6)
IB'YeBo

for the result of the BSM. Table I shows the correspondences
between the pairs of the PNPD results and the resulting Bell
states, which are obtained from Eq. (6) and the POVM ele-
ments of the BSM in Appendix A. Note that some cases that
never happen in lossless cases occur in lossy cases: Both x and
y can be nonzero at the same time, while the probabilities of
these cases vanish for n; = n,.

If the state before suffering the photon loss is one of the
four Bell states, there are five possible cases regarding the
result of the measurement: success, X -error, Z-error, Y -error,
and failure. If the Bell state obtained from Eq. (6) is the same
as the initial one, we call it a success. An X -error corresponds
to a “letter flip,” i.e., the change of the letter (“¢” or “¢”") of
a Bell state such as from |¢4) to [1). A Z-error corresponds
to a “sign flip,” i.e., the change of the sign (“£”) of a Bell

TABLE 1. Correspondences between the pairs of the PNPD re-
sults and the resulting Bell states. The Bell state |B) € {|¢), [¥+)}
is chosen to maximize the posterior probability Pr(B|x, y) in Eq. (5).
Here, x and y indicate the results of the two PNPDs, where 0, 1, and
2 denote zero, odd, and even detection, respectively. The cases when
both x and y are nonzero can occur only when the loss rates of the two
modes are different. We also note that only the sign of the Bell state
can be determined in the cases of x = y, which we call a “failure,”
since both |¢,) and |y,) maximize the posterior probability at the
same time.

y
X 0 1 2

0 ¢y or vy [/ Yy
1 é- ¢y or Yy [/
2 ¢+ ¢- ¢, or iy

state such as from |¢) to |¢_). A Y-error corresponds to
simultaneous symbol and sign flips. The last case, a failure,
corresponds to the cases of x =y in Table I where the letter
of the Bell state cannot be determined, since both |¢,) and
|4 ) maximize the posterior probability at the same time. We
would like to emphasize that the sign can still be determined
even if a BSM fails.

Now, we numerically analyze the success, failure, and error
probabilities of a BSM on coherent-state qubits. We assume
that both systems suffer internal losses with the survival
rate of 7o, and the photons of the second system travel the
distance of Ly = 1 km before the measurement. The photon

survival rates of the two systems are then n; := ng and 1, :=
noe Lo/l respectively, where Ly, = 22 km is the attenuation
length.

Figure 2 shows the success, failure, and error probabili-
ties of the BSM in this situation against the amplitude o of
the coherent state and the internal photon survival rate 7.
It shows the well-known fact that the success probability is
higher than that of a BSM on multiphoton polarization qubits
with the same photon number. Also, the failure and Z-error
probabilities have a tradeoff relation with changing o: When
« increases, failures get less probable while Z-errors get more
probable. It is because coherent states with large amplitudes
have smaller overlaps with the vacuum state and are more
vulnerable to dephasing by photon loss. Furthermore, it is
worth noting that the errors are strongly biased, i.e., the X-
and Y-error probabilities are much smaller than the failure
and Z-error probabilities regardless of the values of « and 7g:
px, py S 107*. They even vanish if n; = 1, since both x and
y in Table I can be nonzero simultaneously only when the two
photon survival rates are different, which is particularly im-
portant for constructing a hardware-efficient CBSM scheme
in Sec. IVC.

III. MODIFIED PARITY ENCODING SCHEME
WITH COHERENT-STATE QUBITS

Now, we present the encoding scheme used in our CBSM
scheme. We modify the parity state encoding or generalized
Shor’s encoding [11,61] for the coherent-state qubit. The
modified parity encoding is defined as follows:
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FIG. 2. Success, failure, and Z-error probabilities (p;, pri, and
pz, respectively) of a BSM on coherent-state qubits against (a) o«
(fixing no = 0.99) or (b) no (fixing « = 1), where « is the amplitude
of the used coherent states and 7, := 1 is the photon survival rate
of the first system. The photon survival rate of the second system
is set to be 1, := noe %/t where L := 1 km and L := 22 km. It
corresponds to the situation when both systems suffer internal losses
with the photon survival rates of ng, and the photons of the second
system travel the distance of L := 1 km before the measurement. We
also present the success probability p‘,"’l of a BSM on multiphoton
polarization qubits for different photon numbers [10], which is plot-
ted for comparison, where « is now the amplitude of the coherent
state which has the same photon number with each qubit. The X-
and Y-error probabilities (px and py, respectively) are not plotted,
since they are much smaller than other probabilities regardless of «
and no: px, py S 107%.

Definition 1. The logical basis {|0.), [1.)} of the (rn, m, «)
modified parity encoding where n and m are odd integers and
« is a complex number is defined as

0g) := [N™{|F)®"
I1z) == [N™{F)®" — 1=

where |E) := |o) £ | — &) are unnormalized SCSs (the tilde
above the ket is used to denote that it is unnormalized) and
N(m) 2m{(l +672|a| )m + (1 72\a\2)m}]71/2'

The SCS |¥) (|=)) is called an even (odd) SCS because
it contains an even (odd) number of photons. Note that the
encoding coincides the original coherent-state encoding in
Eq.(1)ifn=m=1.

The overlap between |0, ) and |1;) is given as

(Ocllz) = ((1 +e )" — (1~ e_2|ot|2)m)n

(14 e2elP)" 4 (1 — g=2laP)™

~ (me 2y, )

+15)Emen,

y&myen,

where the approximation holds when me™2*" « 1. If o > 1,
n does not need to be very large to make the basis nearly
orthogonal. For example, fixing m to be 5, (O.|1.) § 0.001
fora =1.2and n > 7, and (0.|1.) < 1075 for & = 1.6 and
n > 3.

The modified parity encoding has a hierarchy structure
of Hilbert spaces: the logical, block, and physical levels.

The logical-level space is the total Hilbert space spanned
by {|0.), |1.)}. It can be divided into n block-level spaces
(referred to as blocks), each of which is spanned by {|£)},
where |£) := N {|F)®" + | Zy®n} A block is again di-
vided into m physical-level spaces (referred to as PLSs), each
of which is spanned by {| &= «)}.

We also define the four Bell states for each level as follows,
omitting normalization constants:

(a) Logical level:
|®) :=10£)102) &= [1L)[1L),
|Wi) :=[0.) 1) & [12)10L).
(b) Block level:
027)i= [H0) [,
)= ) =) | ),
(c) Physical level:

[p1) == |a)|a) & [—a)|—a),
V1) = la)|—a) £ |—a)le).

Each logical-level Bell state can be decomposed into block-
level Bell states:

1Dy)) =Newm D PUA) 6], (8a)

k=even(odd)<n

W) =Newm Y

k=even(odd)<n

P ™)@k )@k (8b)

where

1 2nq—1
—[I:I:u(a,m) 12, )

T
1) = 1 ul, mP1E1p0"), (10)

N:I:,n,m =

) = 1 £ (e mP1H ),
(14 e2aP)" — (1 — g=2kF)"
(1+ e 2eP)" 4 (1 — e~ 20P)™”

and P[] is the summation of all the possible permutations of
the tensor product inside the square brackets.

Similarly, each block-level Bell state can be decomposed
into physical-level Bell states:

L

ulo, m) :=

Ni] —
lp¢”) = —=" Pllys)® o) ®" ", (12a)
- ﬁ I:ev%gm

N m —
P = =2 3 Plivs)®eL)®" . (12b)

\/E [=odd<m

The core of the CBSM is contained in Eqs. (8) and
(12); they make it possible to perform a logical BSM by the
combination of n block-level BSMs, each of which is again
performed by the combination of m physical-level BSMs.

The equations also show that, in a lossless system, a
CBSM does not incur any logical error (i.e., the only possible
cases are success and failure). This property is important since
failures are detectable whereas logical errors are not. Hence,
the modified parity encoding in Definition 1 is the natural
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FIG. 3. Schematic figure of the CBSM schemes with coherent-
state qubits. The schemes are done in a concatenated manner: Each
logical-level BSM (BSM,) is done by the combination of n block-
level BSMs (BSM, ’s). Each BSM is again done by the combination
of m physical-level BSMs (BSM;’s).

extension of the original coherent-state encoding in Eq. (1),
in the sense that this desired property still remains. If we
use other states such as normalized SCSs or coherent states
in place of unnormalized SCSs |E) for the encoding, this
property no longer exists.

IV. CONCATENATED BELL-STATE MEASUREMENT
WITH ENCODED COHERENT-STATE QUBITS

Now, we suggest the concatenated Bell-state measurement
(CBSM) schemes with the modified parity encoding presented
in the previous section. The schematic figure of the CBSM
schemes is shown in Fig. 3. As mentioned in the previous
section, each logical-level BSM is done by the composition
of n block-level BSMs, and each block-level BSM is done by
the composition of m physical-level BSMs. We first consider
an unoptimized scheme consisting of the simple counting of
measurement results. We then present a hardware-efficient
scheme that can significantly reduce the expected cost of the
CBSM defined in terms of the expected number of physical-
level BSMs used for a single CBSM.

A. Unoptimized CBSM scheme

Here, we suggest a CBSM scheme that is unoptimized but
much simpler than the hardware-efficient scheme presented in
the next subsection. It is straightforward to justify the scheme

with Eqgs. (8) and (12). The interpretation of the measurement
results in the scheme is summarized in Table II.

1. Physical level: BSM,

For a physical-level BSM (referred to as a BSM), we
use the BSM scheme for a single lossy coherent-state qubit
presented in Fig. 1 and Table I. Remark that the sign of
the Bell state is always determinable, while its letter is not
determinable if the results of the two PNPDs are the same
(namely, x = y in Table I).

2. Block level: BSM;

A block-level BSM (referred to a BSM,) is done by per-
forming a BSMj on each PLS in the block. The sign of the
block-level Bell state is determined by the majority vote of
the signs of the BSMj results. Its letter is determined by the
parity of the number of the BSM results with the i symbol:
¢ () if the number is even (odd).

Since m is odd, the sign of the block-level Bell state is
always determinable. Its letter is not determined if at least one
BSMjy fails, which we regard as the BSM failing.

3. Logical level: BSM,

A logical-level BSM (referred to as a BSM5) is done by
performing a BSM; on each block. The sign of the logical-
level Bell state is determined by the parity of the number of the
BSM; results with the minus sign: plus (minus) if the number
is even (odd). Its letter is determined by the majority vote of
the letters of the BSM; results excluding the failed ones.

Again, the sign of the logical-level Bell state is always
determinable. Its letter is not determined if all the BSM; ’s fail
or the resulting block-level Bell states have the same number
of both letters. We regard such a case as the failure of the
BSM,.

B. Fault tolerance of concatenated Bell-state measurement

We next investigate the fault tolerance of the unoptimized
CBSM scheme suggested above. We argue that the physical-
and block-level repetitions contribute to suppressing logical
errors and failures, respectively.

First, a Z (X) -error in the logical level is suppressed
by the majority vote in the block (logical) level. Note that
the sign (letter) of a logical-level Bell state is determined
only by the signs (letters) of the Bell states of the lower
levels, as described in Table II. Z-errors (sign flips) in the

TABLE II. Interpretation of the measurement results in the unoptimized CBSM scheme. It is also valid in the hardware-efficient CBSM
scheme, if we consider the results of BSMy’s (BSM;’s) and BSM;*"’s (BSM}®"’s) together when determining the sign of each block (logical)

level Bell state.

Level Sign (+)

Letter (¢ or 1)

Physical (BSMy)
Block (BSM;)

Logical (BSM,)
(4) if even, (—) if odd

Number of BSM; results with the i letter:

BSM scheme of the original coherent-state qubits
Majority vote of the signs of the BSM, results

Number of BSMj results with the (—) sign:
¢ if even, ¢ if odd
Majority vote of the letters of the BSM; results
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(a) PNPD  (b) ()

PNPD Case 1. No failed BSM,

€, 3 i

. J
'
BSM,
(d) Case2.d < f
1 d d+1 m
1 d d+1 f f+1 m
- AN J
e e N AN v
BSM sign Do nothing Y V
BSMq Do nothing
Case3.d>f
(e)
1 s s+1 n 1 f f+1 d d+1 m
- AN J - AN AN J
' Y ' ' '

Jj not-failed BSM; BSMj sign BSM, BSM sign Do nothing

FIG. 4. Overview of the hardware-efficient CBSM scheme. (a) For a BSM, (full physical-level BSM), a 50:50 beam splitter (BS) and two
PNPDs are used. (b) For a BSMZign (partial physical-level BSM detecting only the sign), a single PNPD is necessary, instead of two of them.
(c) For a BSM; (full block-level BSM), one of BSM, and BSM;*" is done on each PLS one by one. We define positive integers d and f. d is
the index of the first PLS such that [m/2] of the physical-level BSM results until the PLSs have the same sign. f is the index of the first PLS
such that the corresponding physical-level BSM fails, which is defined only if such a PLS exists. (CASE 1) If there are no failed BSMy’s (i.e.,
f is not defined), BSMy’s are done on the entire PLSs. (CASE 2) If d < f, BSMy’s are done on the first f PLSs and the remaining PLSs are
left untouched. (CASE 3) If d > f, one performs BSM,’s for the first f PLSs and BSM,*"’s for the next d-f PLSs. The remained PLSs are
left untouched. (d) For a BSM}®" (partial block-level BSM detecting only the sign), BSM;®"’s are done for the first d PLSs, and the remaining

PLSs are left untouched. (e) For a BSM, (full logical-level BSM), BSM,’s are done one by one until j not-failed BSM; results are obtained,

where j is a controllable positive integer referred to as the letter solidity parameter. BSM

physical level can be corrected by the majority vote in the
block level, thus they do not cause a logical-level Z-error
with a high probability. Similarly, X-errors (letter flips) in
the physical level can be corrected by the majority vote in
the logical level, thus they also do not cause a logical-level
X -error with a high probability. Since Z-errors are much more
common than X -errors in the physical level (px/pz < 1073),
we can infer that the physical-level repetition is crucial for
fault-tolerance.

However, we cannot assure that the repetitions always
suppress logical errors. Although Z-errors can be corrected
by the physical-level repetition, the block-level repetition has
a rather negative effect on it: Any single remaining Z-error
among the block-level BSM results can cause a Z-error in the
logical level. Therefore, a large value of the size of the block-
level repetition (n) makes the CBSM vulnerable to Z-errors. A
similar logic applies to X -errors: The physical-level repetition
has a negative effect on it.

Next, as explained in the previous subsection, a BSM, fails
if all the BSM;’s fail or the BSM; results have the same
number of both letters, and a BSM; fails if any single BSM
fails. The block-level repetition thus suppresses the failure
of the CBSM, whereas the physical-level repetition makes it
vulnerable to the failure.

In summary, ignoring X -errors, which are much more un-
common than Z-errors and failures, the physical (block) -level
repetition contributes to making the CBSM tolerant to Z-
errors (failures) but vulnerable to failures (Z-errors). Despite
these negative effects, we numerically show in Sec. VI that
high success probabilities are still achievable if the survival

Sigh>g are then done for the left blocks.

rate of photons is high enough and the amplitude of the coher-
ent state is large enough.

C. Improved hardware-efficient CBSM scheme

In this subsection, we suggest an improved CBSM scheme
that is elaborately designed considering hardware efficiency.
We explicitly define the cost of a single trial of the CBSM in
the last part of this section, but we first regard it as the number
of physical-level BSMs required for it.

The unoptimized scheme in Sec. IV A always requires nm
physical-level BSMs, and here we suggest a way to decrease
this number. The core idea is that it is redundant to perform
full BSMs for all the PLSs or blocks, where the term “full” is
used to emphasize that the BSM captures both sign and letter
information of the Bell state. For some PLSs or blocks, it is
enough to get only the sign information of the Bell state or
even do not measure it at all. Especially for the logical level,
it is enough to perform full BSMs only for the first few blocks
due to the biased noise. The hardware-efficient CBSM scheme
presented from now on is summarized in Fig. 4.

1. Physical level: BSM, and BSMf,ig"

The BSM; scheme is completely the same as the scheme
given in Sec. II: Using a 50:50 beam splitter and two PNPDs
[see Fig. 4(a)], one of the four Bell states can be identified
according to the results of the PNPDs, unless the two results
are the same (failure). If a BSMj fails, only the sign of the
Bell state can be captured.
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However, we need another ingredient in the physical level
for the hardware-efficient CBSM scheme: the partial physical-
level BSM (BSM #") identifying only the sign of the physical-
level Bell state [see Fig. 4(b)]. For a BSMBig", one needs to
measure the parity of x +y in Table 1. Therefore, only one
PNPD is needed for a BSM*" instead of two of them.

2. Block level: BSM, and BSMiign

For a block-level BSM, we perform either BSM, or
BSM,®" on each PLS, one by one in order. The process
is not parallel, since the determination between BSM, and
BSM,*" is affected by the previous measurement results. We
first define a positive integer d < m by the index of the first
PLS such that [m/2] of the physical-level BSM results until
that PLS has the same sign. In other words, the result of the
majority vote of the signs is definitely determined only by the
first d physical-level BSMs, thus the sign information is no
longer necessary. Also, we define a positive integer f < m by
the index of the first PLS such that the corresponding BSM
fails, which is defined only if such a PLS exists.

Three cases are possible on BSMy: no failed physical-
level BSMs (i.e., f is not defined), d < f, and d > f [see
Fig. 4(c)]. If there are no failed physical-level BSMs (CASE
1), it is the same as the unoptimized scheme; BSM,’s are done
for all the PLSs. If d < f (CASE 2), BSMj’s are done for the
first f PLSs. The remained m — f PLSs are left untouched. If
d > f (CASE 3), BSMy’s are done for the first f PLSs, then
BSM,*"’s are done for the next d — f PLSs. The remained
m — d PLSs are left untouched.

For all three cases, the sign of the block-level Bell state
is determined by the signs of the first d BSMy (or BSM*")
results. However, its letter is determined only for the first case
by the parity of the number of BSM,, results with the letter 1.
For the second and third cases, there exists a failed BSMy, thus
the number of results with the letter ¢ is ambiguous. Hence,
the BSM, fails in these two cases. This is why we can do
nothing on the last several PLSs after the sign of the block-
level BSM is determined.

Like the physical level, we also consider the partial block-
level BSM (BSM}"*"), which determines only the sign of the

block-level Bell state [see Fig. 4(d)]. For a BSM}*", BSM;*"’s
are done for the first d PLSs, and the remaining PLSs are left
untouched. Defining a positive integer d < m similarly, the
sign of the block-level Bell state is determined by the majority
vote of the first d BSMy*" results.

3. Logical level: BSM,

For a logical-level BSM (BSM;) [see Fig. 4(e)], BSM,’s
are done one by one until we get j not-failed results. j is
a controllable positive odd integer referred to as the letter
solidity parameter in the sense that high values of j lead to
high probabilities to get correct letter information. After that,
BSM*#"’s are done for the remaining blocks.

The sign of the resulting logical-level Bell state is deter-
mined by the parity of the number of BSM; or BSM*" results
with the minus sign. Its letter is determined by the majority

vote of the letters of the BSM; results. The BSM, fails if all
the BSM,’s fail or the result of the majority vote is a tie.

Note the difference between BSM; and BSM;: The major-
ity vote in a BSM, is taken for a few blocks, while the majority
vote in a BSM is taken for all the PLSs. This asymmetry
comes from the fact that the noise is strongly biased; in BSMj,
X-errors are much less likely to occur compared to Z-errors,
as shown in Fig. 2.

4. Calculation of the cost

At the beginning of this subsection, we determine the cost
of a CBSM by the number of physical-level BSMs used for the
measurement. However, considering that PNPDs are the most
difficult elements when implementing the BSM scheme and
a BSM*" uses one PNPD while a BSM uses two of them,
it is reasonable to assign each BSMy*" half the cost of one
BSM.

Definition 2. The cost function C of a CBSM is defined by

C := Ngswm, + %NBSMSg“’ (13)

where Npsm, and Nyq,se are the numbers of BSMy’s and
0

BSM,*"’s used for the CBSM, respectively. We also define the
expected cost Cexp(nn, m, o, j; 1) by the expectation value of
the cost C for the CBSM scheme specified by the parameters
(n, m, «, j) and the photon survival rate 1, under the assump-
tion that the initial state before suffering photon loss is one of
the four logical Bell states with equal probabilities.

We use the expected cost Cep as a measure of the
hardware-efficiency of a CBSM scheme. It is straightforward
to see that the CBSM scheme in the previous subsection has
a lower expected cost than the unoptimized one in Sec. IV A.
Not only that, it is designed to minimize the expected cost.
For a BSM;, the numbers of BSMy’s and BSMy*"’s are
minimized while keeping the result the same as that of the cor-
responding BSM; in the unoptimized scheme. For BSM,, the
expected cost is determined by the controllable letter solidity
parameter j.

D. Parallelization of the concatenated Bell-state measurement

The two CBSM schemes in Secs. IVA and IVC are
processed in a completely or partially distributed manner,
which makes efficient information processing possible by par-
allelization. The unoptimized scheme is done in a completely
distributed manner, i.e., a BSMj; is split by 2 nm BSMj’s, each
of which is performed independently. The BSMj results are
collected classically to deduct the logical-level BSM result.

On the other hand, the hardware-efficient scheme can be
done in a partially distributed manner allowing partial par-
allelization, with requirements of classical communication
channels between different PLSs and blocks. In a BSM,,
BSM;’s can be done parallelly for the first j blocks, then
one by one until obtaining j not-failed BSM; results, where
j is the letter solidity parameter. BSM*"’s for the remaining
blocks can also be done parallelly. In a BSM;, BSMy’s should
be done one by one until a BSMj fails, so BSMy’s in all
three cases cannot be done parallelly. CASE 3 can be partially
parallelized only if f < m/2: BSM*"’s can be done parallelly
for (f 4+ 1)th to [m/27th PLS since d is always larger than
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m/2. In BSM*", BSM*" can be done parallelly for the first
[m/2] PLSs, then one by one for the remaining PLSs.
Therefore, the hardware efficiency is the result of the
sacrifice of parallelization. We can still widen the range of
parallelization by adjusting the scheme appropriately at the
expense of reducing hardware efficiency. For example, in
a BSM,, BSM;’s can be done for the first j blocks, not
for th¢ first not-failed j blocks. Moreover, in a BSM; and
BSM|*®", instead of determining the type of the BSM (BSM,

or BSM*") separately for each PLS, we can divide the PLSs
into several groups and perform BSMs of the same type par-
allelly on PLSs in each group. However, we use the original
hardware-efficient CBSM scheme for the numerical simula-
tion in Sec. VI to figure out the best possible performance.

V. PROBABILITY DISTRIBUTIONS OF CONCATENATED
BELL-STATE MEASUREMENT RESULTS

In this section, we present the analytic expressions of the
probability distributions of CBSM results conditioning to the
initial Bell state before suffering photon loss. We only con-
sider the unoptimized CBSM scheme since the measurement
results of the hardware-efficient CBSM scheme are the direct
consequences of those of the unoptimized scheme. Here, we
show only the final results. A brief outline for inducing the
results is presented in Appendix C.

The results of this section have two important mean-
ings: First, the probability distributions are written in simple
matrix-form expressions, which makes it possible to sample
arbitrary CBSM results at a high rate since a matrix calcu-
lation can be done much faster on a computer compared to
calculating the same thing by simple loops. Second, the results
can be easily generalized to any CBSM schemes with other
encoding methods such as multiphoton polarization encoding
[11].

A. Probability distributions of block-level results

We first find the probability distributions of block-level
BSM results, conditioning to the initial block-level Bell state.
A single BSM; result can be expressed by two vectors, X,y €
{0, 1, 2,3}", where their ith elements are the two PNPD
results of the ith BSM. What we want is the conditional prob-
ability Pr(x, y | By) for each |B;) € By := {|¢Y"), [y ")}

First, we define a 4 x4 matrix va for each pair of x,y €

{0, 1,2, 3} as
My My My M
S L |
’ My My My My
My My My M
where

M = (s |M, ) |hs),
M3 = (e IM, ,1Yrs),
M3 = (YaIM, \Yre)

are the matrix elements of the POVM elements of the BSM,
and they can be calculated from Egs. (A2) in Appendix A. De-

noting the kth elements of x and y by x; and yy, respectively,
we get

Pr(x,y|¢¢") = INL(1, m*vZ (x, y), (14)
Pr(x,y | v = LN (1, myPui,(x, y), (14b)

where N.(1,m) is defined in Eq. (9) and v, (x,y) is
the wth element of a four-dimensional vector vi(x,y)=
ML -ME (1,0, 0, 0).

A brief outline for inducing these results is presented in

Appendix B 1.

B. Probability distributions of logical-level results

Now, we consider the probability distributions of logical-
level results conditioning to the initial logical-level Bell state,
which is the goal of this section. A single CBSM result can
be expressed by two matrices X, Y € {0, 1, 2, 3}, where
their (i, k) elements are the two PNPD results of the kth PLS
of the ith block. What we want is the conditional probability
Pr(X, Y |B,) for each |B;) € B, := {|CI>i) I‘-IJi)}

We first define 2 x 2 matrices L.? x,y and |94 .y for each pair of
x,y € {0, 1, 2, 3} in a similar way to the block-level case:

oW )
foon . [+ L=

xy 1o |’
+

L?(‘//)
where
LY = [1 % uor, m)* (L <’"))|®Mxk wld (W),

as)

u(oe, m) is defined in Eq. (11), and xi, y; are the kth elements
of x and y, respectively. Note that the right-hand side of
Eq. (15) can be calculated from Egs. (14). Denoting the ith
row vectors of X and Y by x; and y;, respectively, we get

Pr(X, Y|®, (W,)) = Ny (2, m)wi " (X, Y),
Pr(X, Y|®_ (W) = N_(n, mPwi" (X, Y),

where N.(n, m) is defined in Eq. (9) and wf,’li‘/’)(X, Y) is the

uth element of the two-dimensional vector w¢¥)(X,Y) :=

Lf(’g) Lffl('/;l)(l, 0)T. A brief outline for inducing these re-

sults is presented in Appendix B 2.

In conclusion, one can calculate the probability distribu-
tions of CBSM results by systematic matrix operations as
described above. The probability distributions can then be
used to sample the CBSM results for numerical calculations.

VI. NUMERICAL CALCULATIONS

In this section, we show the results of the numerical cal-
culations. We use the Monte Carlo method for the simulation:
sampling the measurement results randomly and counting the
number of successes, errors, and failures. We sample the result
of each physical-level BSM one by one in order, which is
exponentially faster than sampling all the measurement re-
sults at once. The detailed method for sampling the CBSM
results using the results in the previous section is presented in
Appendix C.
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FIG. 5. Success probabilities p; of a CBSM with (a) coherent-
state qubits or (b) multiphoton polarization qubits [11] against the
photon survival rate n for different ranges of the expected cost Ceyp.
For coherent-state qubits, the amplitude « is fixed to ¢ = 1.6 and
the letter solidity parameter j is chosen to maximize p; for each
n and range of Ce,. For polarization qubits, we define Cey, := nm,
which is the number of physical-level BSMs used for one CBSM.
Part (a) shows that the repetition indeed contributes to enhance the
success probability. Comparing (a) and (b), we can see that the
CBSM with coherent-state qubits outperforms that with polarization
qubits when the repetition size is relatively small.

Note that there are four free parameters related to the
hardware-efficient CBSM scheme: n, m, «, and j. n and m
determine the block- and physical-level repetition sizes of the
scheme, respectively. « is the amplitude of the coherent state
constituting the logical basis. j is the letter solidity parameter,
which is the number of not-failed blocks used for the majority
vote of letters in the logical level.

A. Performance analysis

Now, we analyze the performance of the hardware-efficient
CBSM scheme suggested in Sec. IV C by calculating nu-
merically the success, error, and failure probabilities of the
scheme with various settings of the parameters (n, m, «, j).
For the simulation, we assume that both systems have the
same photon survival rates 1. We use the Monte Carlo method
as mentioned above. For each trial, we first choose one of the
four Bell states as the initial state with equal probabilities,
sample the physical-level BSM results for the selected initial
state, then determine the logical Bell state using the hardware-
efficient CBSM scheme. Repeating the process enough times,
we determine the success, Z-error, and failure probabilities
(referred to as py, pz, and pg, respectively) of the CBSM
scheme. We also calculate the expected cost Ceyp defined in
Definition 2.

Figure 5 illustrates p; of a CBSM with coherent-state
qubits or polarization qubits [11] against the photon survival
rate 7 for different ranges of Ceyp, where p; is maximized for
each n and Cyp. Figure 5(a) shows that the repetition indeed
enhances the performance if 7 Z 0.8 compared to the case
without repetition. The effect of the repetition is especially
crucial if 5 is close to unity. For example, if n = 0.95, p; =

0.80 without repetition, but it reaches 0.90 with just a little
repetition (Ceyp < 5), and up to 0.99 for 31 < Ceyp < 35. In
other words, it is clear evidence that high success rates close
to unity are achievable by the CBSM if the photon survival
rate is sufficiently high. Additionally, comparing Figs. 5(a)
and 5(b), we can see that the CBSM with coherent-state qubits
outperforms that with multiphoton polarization qubits when
the repetition size is relatively small (Cexp < 5). For instance,
if n =0.99, the CBSM with coherent-state qubits achieves
pr = 0.90 for Ceyp < 5, while that with multiphoton polariza-
tion qubits reaches only p; = 0.78.

In Figs. 6(a)-6(c), we compare p;, pz, and pg,; against n
and m for two different values of « (1.2 and 1.6) while fixing
n = 0.99. From this figure, we can check the dependence of
pz and pg; on the repetition: The physical-level repetition
(m > 1) suppresses Z-errors and the block-level repetition
(n > 1) suppresses failures, as argued in Sec. IV B. Moreover,
the negative effects discussed in Sec. IV B that the physical
(block) -level repetition makes the CBSM vulnerable to fail-
ures (Z-errors) are also shown in the figure, and despite them,
a success probability close to unity still can be achieved.

We additionally plot the approximate average teleportation
fidelity Fi; while fixing n = 0.99 in Fig. 6(d), showing that
Fie) near unity is achievable even with small repetition sizes.
It is another widely used measure for evaluating the perfor-
mance of a BSM scheme defined as follows: Considering the
standard teleportation scheme [6] with the BSM scheme, let
[¥in) and poy be the pure input state and the corresponding
mixed output state, respectively. The average teleportation fi-
delity is defined as Fiej := (¥in|Pout|¥in), Where the averaging
is taken on the Bloch sphere in the logical basis:

1 T 2
S¥in)) = 4—f de Sin9f do f(1¥in)) (16)
T Jo 0

for  [¥in) = N(cos §0.) +esin§|1,))  with N :=
(1 +sin@ cos ¢(0z|1.))~"/2. It requires huge computational
resources to calculate F exactly since we need to know all
the off-diagonal terms of the POVM elements of the CBSM in
the basis of the logical-level Bell states as shown in Eq. (D2),
which cannot be done with the Monte Carlo method unlike
the diagonal terms. Nevertheless, if the two systems have the
same photon survival rate, we can approximate Fi with the
following simple expression derived in Appendix D:

Flel = pr + pTZ + 0((me—2"”a\2)n)' (17)

Lastly, in Fig. 7, py is plotted against o and Cey, for four
different survival rates (n = 1, 0.99, 0.95, and 0.9). The figure
shows that p; > 0.98 can be reached for n > 0.95 and ap-
propriate values of « if sufficiently large costs of the CBSM
are available. In lossless cases (n = 1), the success probability
reaches very close to unity for any « Z 0.4 with just a little
repetition. As the photon survival rate gets smaller, appropri-
ately large values of « and the cost are required to reach high
success probabilities. In detail, to reach p; > 0.98, we need
o 2 0.8forn =0.99and o Z 1.4 for n = 0.95. Nevertheless,
the figure also indicates that a higher value of o does not
always guarantee a higher success rate due to dephasing by
photon loss, which is especially evident when n = 0.95.

043205-9



LEE, LEE, AND JEONG

PHYSICAL REVIEW RESEARCH 3, 043205 (2021)

@ m o0

a=1. a=1.6 pi

21
17 0.96
13 0.92

9
0.88

5
1 0.84

1 5 9 1317211 5 9 13 17 21 @ 080
n n

() m

21 0.20
17 0.16
13 0.12
o .
5 0.08
1 0.04

5 9 1317211 5 9131721

n 0.00

(c) ' a=1.6 Prail
0.20
0.16
0.12
0.08
1 T T T 1 T T T T 1 0.04
1 5 9n13 17 211 5 9n13 17 21 0.00

(d) _ Fie
1.00
0.98
0.96
0.94
0.92
1 13 17 21 1 13 17 21 0.90

n

FIG. 6. (a) Success, (b) Z-error, and (c) failure probabilities p;,
Pz, Pran of CBSM, and (d) the corresponding average teleportation
fidelity F; against the repetition sizes n and m for the two values of
coherent-state amplitudes &« = 1.2 and 1.6. The photon survival rate
n is fixed to 0.99, and j is selected to maximize p; for each (n, m)
point. It clearly shows that physical-level repetition suppresses Z-
error and block-level repetition suppress failure. Fi is approximately
calculated using Eq. (17). Gray areas in (d) indicate the regions
of (me=2"*y" = 0.01(1 — Fy) where the approximation may be
wrong.

B. Quantum repeater with concatenated
Bell-state measurement

In this subsection, we investigate the performance of the
quantum repeater scheme using the proposed CBSM scheme
for quantum error correction as one of the key applications of
the BSM.

1. Network design

We follow the network design in Ref. [11], which sug-
gests an all-optical quantum network with a quantum repeater
exploiting the CBSM scheme with multiphoton polarization
qubits. As shown in Fig. 8(a), we consider one-way quantum
communication with which a qubit encoded with the modified
parity encoding is transmitted to the other end. While traveling
between two ends with a total distance of L, the qubit passes
through multiple repeater stations separated by intervals of
Ly. Figure 8(b) illustrates the processes inside each repeater
station. In each of them, a Bell state |® ) is prepared and a
CBSM is performed jointly on the incoming qubit and one
side of the Bell state. The quantum information in the incom-
ing qubit is then teleported to the other side of the Bell state,
which is transmitted to the next station. The measurement re-
sult of the CBSM in each station is sent classically to the final
end for recovering the original quantum information. Because
of the fault tolerance of the CBSM scheme, each repeater
station can correct possible logical errors that originated from
photon loss, which makes a long-range transmission of quan-
tum information possible.

We assume the two sources of photon loss: internal loss
in each repeater station and loss during transmission be-
tween stations with survival rates of ng and 7y, := e Lo/,
respectively, where L,; = 22 km is the attenuation length.
Therefore, the survival rates of two systems on which CBSM
is jointly performed is n; := noe~%/% and 1, = 1.

2. Quantification of the performance

One way to quantify the performance of a quantum re-
peater scheme is the asymprotic key generation rate R of
quantum key distribution (QKD), which is the expected length
of a fully secure key that can be produced per unit time
[44,62]. More precisely, it is the product of the raw-key rate
(namely, the length of a raw key that can be produced per
unit time) and the secret fraction (namely, the fraction of
the length of a fully secure key to the length of a raw key
in the asymptotic case of N — oo, where N is the number
of signals) [62]. We use Rf; as the measure of performance,
where 1, is the time taken in one repeater station, which we
call the expected key length. The expected key length is given
by [44]

Rty = max[P{1 — 2h(Q)}, 0], (18)

where P is the probability not to fail during the entire trans-
mission, Q is the average quantum bit error rate (QBER),

and 7(Q) := —Qlog,(Q) — (1 — Q)log,(1 — Q) is the binary
entropy function. The probability P is given by

Py = (1 — pra) ™,

where pg, is the failure probability of a CBSM in a sin-
gle repeater station. The average QBER Q is defined by
0 = (Ox + QOx)/2, where Qx and Qy are given as

Oxrg = 1[1 (m F px ipz—py>L/L“]
X/Z — < - 9
/ 2 pr+px +pz+py

where p;, px, py, and pz are the success, X -error, Y -error, and
Z-error probabilities of a CBSM in a single repeater station,
respectively.
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FIG. 7. Success probabilities p; against the coherent-state amplitude o and the expected cost C, for the different values of the photon
survival rate (1) of both parties. p; is selected by max{p;(n, m, oy, j)|Coxp(n, m, g, js 1) € [Co — 2, Cy + 2)} for each point (g, Cp). The
figure indicates that a large value of « does not always guarantee a high success probability, which is especially evident when n = 0.95.

We also define the effective total cost Qi of the quantum
repeater by

Cop L
=— X —, 19
Quot R < Lo (19)
where Ceyp, is the expected cost of a CBSM in a single repeater
station defined in Definition 2. Q. quantifies the expected to-
tal cost of CBSMs to generate a secret key with unit length. In
the numerical calculations, we try to find the set of parameters

(n, m, a, j) and station interval Ly which minimizes Q.

3. Results

We find the optimal parameter sets minimizing the ef-
fective total cost Q. for the total distance L of 1000 and
10000 km while fixing 179 = 0.99. The parameter sets to-
gether with the corresponding effective total costs Qi and
expected key lengths Rty are calculated as

L = 1000 km:
(n,m,a, j)=(3,31,1.9,1), Ly =0.7km
— Qi = (1.019 £ 0.003)x 10,
Rty = 0.71 +£0.02,

L = 10000 km:
(n,m,a, j)=(5,41,1.8,3), Ly =0.9 km
— Qit = (2.09 4 0.05)x 10°,
Rty = 0.78 £ 0.02.

Figure 9 shows Qo and Rt; of the quantum repeater against
the repetition sizes n and m when L = 1000 km for different
settings of the coherent-state amplitude «. Here, «, Ly, and
the letter solidity parameter j are selected to minimize Qyy
or maximize Rt; if they are not fixed explicitly. Figure 9(b)
indicates that Rt arbitrarily close to unity can be obtained for
sufficiently large values of n and m. In particular, m should be
large enough to fix Z-errors. On the other hand, since X -errors
are very rare compared to failures and Z-errors, n does not
need to be very large, although it should be larger than 1 to
suppress failures.

Comparing the results for « = 1.4 and 1.9 in Fig. 9, the
CBSM with a small value of « requires a relatively large value
of n to reach low Qo and high Rfy. This is due to the fact that
the CBSM becomes more vulnerable to failures as o decreases
and the effect of failures can be mitigated by increasing n as
discussed in Sec. IV B. Additionally, the minimal attainable

(C)) (b)
; I Classical
Incoming o
— L[y—— communication
m D D D D T ’
|P*)
Repeater Repeater Repeater Repeater Outgoin
Station Station Station Station going

Repeater Station

FIG. 8. (a) Schematic of quantum information transmission through the quantum repeater scheme. Quantum information encoded in
modified parity encoding is transmitted to the other end. It passes through multiple repeater stations where the interval is L. (b) Schematic of
the process inside each repeater station. A Bell state |®*) is prepared inside the station, and a CBSM is performed between the incoming qubit
and one side of the Bell state. The quantum information inside the incoming qubit is then teleported to the other side of the Bell state, which
is then transmitted to the next repeater station. The measurement result of the CBSM is sent classically to the final end to recover the original
quantum information. Due to the fault tolerance of the CBSM scheme, each repeater station can correct possible logical errors from photon

loss that the incoming qubit suffers.
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FIG. 9. (a) The effective total cost O,y and (b) the expected key length R, of the quantum repeater against the repetition sizes n and m
for three different settings of the coherent-state amplitude «: optimizing «, fixing o = 1.4, and fixing « = 1.9. We fix the total distance as
L = 1000 km and the internal photon survival rate in each station as ny = 0.99. To calculate Rz, we also fix the station interval Ly = 0.7 km.
For each (n, m) point, other parameters such as the letter solidity parameter j and the station interval Ly (only for Q) are selected to minimize
Qi Or maximize Rfy. The red X marks indicate the optimal point where Q,y is minimized. The parameters at this point are (n, m, o, j) =
(3,31,1.9,1) and Ly = 0.7 km. Rty = 0.71 £0.02 and Q = (1.019 & 0.003)x 10> at this point, where the range is the 95% confidence

interval.

Qo 1s smaller for @ = 1.9 than for « = 1.4. The dependence
of the performance of the repeater network on « is more
clearly shown in Fig. 10(a), where Q and the corresponding
value of Rt are plotted against & while fixing L = 1000 km.
Here, Q. is minimal at « = 1.9, which indicates that the
parity code with o > 2 that is hard to generate is unnecessary
to attain an efficient repeater.

We also plot the dependence of the optimal QO and the
corresponding Rf, to the station interval Ly in Fig. 10(b). It
shows that Q. is minimal when L is around 0.6—1.0 km.

Our repeater scheme shows a similar scale of perfor-
mance to that of the CBSM based on the multiphoton
polarization qubit [11], where optimal Qy, = 6.5%x10* and
the corresponding key generation rate is 0.70 obtained for
L =1000 km and ny = 0.99 [63], although a strictly fair
comparison is impossible due to the differences in the
physical-level BSM schemes. Even though we cannot say our
repeater scheme is better than that in Ref. [11], it is still a
remarkable result considering that the scheme in Ref. [11] out-
performs recent advanced matter-based and all-optical-based
schemes.

VII. PRACTICAL IMPLEMENTATION

In this section, we describe the methods to implement our
schemes from a practical point of view. We briefly review
how each physical-level element can be implemented, and
we roughly estimate the effects of imperfect physical-level
elements on the performance of the CBSM scheme. Through-
out this section, a logical-level gate or measurement means
a gate or measurement in the modified parity encoding basis
{I0), [11)}, whereas a physical-level one means a gate or
measurement in the coherent-state basis {| = «)}.

A. Encoding logical qubits
1. Logical level

The encoding circuit of a logical qubit is illustrated in
Fig. 11 for the n = m = 3 case. The desired qubit encoded
in the coherent-state basis is prepared at the first PLS of the
first block. First, a physical-level controlled-NOT (CNOT) gate
is operated between the first PLS of the first block (control)
and the first PLS of each of the other blocks (target). After
that, for each block, CNOT gates are operated between the first
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FIG. 10. Optimal effective total cost O, and the corresponding
expected key length Rfy against (a) the coherent-state amplitude o
and (b) the repeater station interval L, for the total distance L =
1000 km. For each point, other parameters [n, m, j, and L for (a),
and n, m, j, and « for (b)] are selected to minimize Q,y, and the value
of Rt; corresponds to that optimal set of parameters. Overall, O,y is
minimum at @« = 1.9 and Ly = 0.7 km.

PLS (target) and the other ones (control). The encoding circuit
for arbitrary values of n and m generally requires n — 1 copies
of the coherent state |a), n(m — 1) copies of the even SCS
N, (la) + | — «)), and nm — 1 physical-level CNOT gates. The
decoding circuit is exactly the reverse of the encoding circuit.

2. Effects of imperfect physical-level elements

Here we roughly estimate how imperfect implementation
of the SCSs and CNOT gates used in the encoding circuit
affects the performance of the CBSM scheme. The effects

) ———B—P
a) + | —a)
a) + | —a) :
) —ED O>—D
a) + | —a) T ),
a) + | —a) :
o) S>—0—
a) + | —a) T
a) + | —a) :

FIG. 11. Encoding circuit of the modified parity code defined
in Definition 1 for the n = m = 3 case. Here, |y/) is the desired
qubit encoded in the coherent-state basis {|«), | — «)}, and all the
controlled-NOT (CNOT) gates are also operated in the coherent-state
basis. Each state |a) 4+ | — «) is the even SCS, where the normaliza-
tion constant is omitted.

—— SCS, ps. scs = 0.01

SCS, ps,scs = 0.1
—— SCS, ps scs =0.3
—— SCS, ps.scs = 1.0
——- CNOT

0.0 0.5 1.0
Ps, g

FIG. 12. Expected numbers (N.p) of trials of creating an SCS
or implementing a CNOT gate to encode a logical qubit of (n, m) =
(3,3) for different success probabilities (psscs and psg) of the
schemes to generate each SCS or implement each CNOT gate.

can be viewed from two perspectives: nondeterminacy and
inaccuracy.

First, nondeterministic implementation of SCSs or CNOT
gates makes the encoding nondeterministic. Let us suppose
that each SCS (CNOT gate) is created nondeterministically
with a success probability of psscs (ps.¢). Then the expected
numbers (Nexp scs and Nexp ) of trials of creating an SCS or
implementing a CNOT gate to encode a logical qubit are given

by
m—1 1 —pi,
Nexp,scs = [ = ,
o Ps,SCS P2271(1 - ps,g)
L=

Nexp,g mg71(1 — ps,g) )

which are derived in Appendix E. Nepscs and Neyp o are
plotted in Fig. 12 for (n, m) = (3, 3), which shows that they
are much more sensitive to ps ¢ than p; scs.

Next, inaccurate SCSs or CNOT gates may make the CBSM
more vulnerable to failures and errors. Let us suppose that
each even SCS for the encoding circuit in Fig. 11 is inac-
curately prepared so that its fidelity with an ideal state is
lower-bounded by Fscs; namely, for each inaccurate even SCS
£scs»

F(|4+a){(+al, pscs) = (+alpscsl+a) = Fscs  (20)

holds, where F is the fidelity function defined by F(p, o) :=
{Tr[(p'/?0 p'/?)!/21}? for density operators p, o, and |+4) 1=
Ni(Jo) + | — ) is the ideal even SCS with a normalization
factor N,. We also suppose that each CNOT gate is inaccurately
implemented such that its minimum gate fidelity is lower-
bounded by F;; namely, for each inaccurate CNOT gate written
as a quantum map &,,

HBHF(gg,ideal(p)’ 5g(,0)) 2 Fg (21)

holds, where the minimization is taken over all states p, and
&y idear is the quantum map corresponding to the ideal CNOT
gate. The Bures distance [64] between two states p; and p; is
defined by

dy(o1, p2) = /201 = VE(pr, po)l.
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1-F

FIG. 13. (a) Photon survival rate n where the corresponding pho-
ton loss channel on average makes the fidelity loss on an arbitrary
perfectly prepared encoded state to the same extent as the fidelity loss
by inaccurate SCSs or CNOT gates in the encoding circuit. We assume
that the SCSs (CNOT gates) have the fidelity of Fycs (Fy) with the
ideal one while the CNOT gates (SCSs) are perfect. « is varied within
{1.2, 1.6, 2.0}, while the encoding size is fixed by (n, m) = (3, 3).
(b) Fscs and F, corresponding to n = 0.95 for different encoding
sizes, i.e., different values of n € {3,5,7,9} and m, while fixing
o = 1.6. F5cs is nearly independent of n.

From the triangular inequality of this distance function and
Egs. (20) and (21), we get a lower bound of the fidelity F;,. of
the encoded state generated by the inaccurate circuit with the
ideal one:

n(m—1) 2
Ve > 1= 1 - P+ m— 11 — V]
:=,/Fk. (22)

Next, we see how much such inaccurate preparation of the
encoded states decreases the performance of the CBSM by
finding the photon survival rate n corresponding to F.°. In
other words, we find n with the corresponding photon loss

channel A, satisfying

F2 = F(A, (W) (W), 1) (el
= WLl A, (V) (WDl i= FMe, (23)

where the averaging is taken on the Bloch sphere as Eq. (16).
We can then estimate the effect of the fidelity loss by that of
the corresponding photon loss channel. Although photon loss
cannot represent arbitrary types of inaccuracy, at least we can
get a rough tendency on how the performance of the scheme
depends on Fyy..

In Appendix F, we derive a closed-form expression of F;"®
in terms of «, n, R, n, and m. Combining Egs. (22), (23), and
(F1), we get the values of n corresponding to given values
of Fscs and F,. Figure 13 illustrates such correspondences
for different parameter sets, where either Fscs or F; is fixed
to be unity. It shows that our scheme is quite tolerant of the
inaccuracy of SCSs. For example, if « = 1.6, Fscs near 0.7
corresponds to n = 0.95, which does not damage the per-
formance critically, as shown in Figs. 5(a) and 7. However,
our scheme is sensitive to the inaccuracy of CNOT gates; e.g.,
F, should be larger than about 0.97 even for the smallest
encoding (n, m) = (3, 3) to make the protocol at least work.

3. Implementation of superpositions of coherent states

It was known that SCSs (often called Schrodinger’s cat
states) in free-propagating optical fields may be produced
using a strong nonlinearity [65] or a precise photon-resolving
detector [66,67], although it was experimentally highly de-
manding. Later, the possibilities of generating SCSs using
realistic detectors [68,69], a weak nonlinearity [70-72], or
photon number states [73] were explored. An SCS with o =
1.6 was experimentally generated using a photon number state
and homodyne detection [73], although its fidelity was lim-
ited. Recently, photon subtraction was widely used to generate
SCSs due to its simplicity in the implementation [74-79].
Although only odd SCSs with small amplitudes can be gen-
erated reliably by photon subtraction, they can be converted
to even SCSs with larger amplitudes via the nondeterministic
enlargement technique [68,78,80] without significant fidelity
loss [78].

Thanks to these works, free-propagating SCSs with ampli-
tudes of |a| < 2 are now within reach of current technology,
while their purities and the success probabilities of the
schemes have yet to be improved. As a recent example, the
authors in Ref. [78] generated an even SCS of o« = 1.85 with a
fidelity of ~0.59 and a success probability of ~0.2 via photon
subtraction and the enlargement technique. The authors in
Ref. [77] generated an odd SCS of « = 1.01 with a higher
fidelity (~0.78) via photon subtraction, although they did not
demonstrate its enlargement. As discussed in Sec. VII A 2, we
estimate that this value of fidelity is barely acceptable to take
advantage of the CBSM scheme. Furthermore, pure odd SCSs
can be generated in principle with photon subtraction [77],
thus it may be possible shortly to generate even SCSs with
high enough fidelities for faithful CBSM.

4. Implementation of the physical-level CNOT gates

Implementing the physical-level CNOT gates is a chal-
lenging task. A CNOT gate for a coherent-state qubit can
be implemented near-deterministically via gate teleportation
with prearranged entangled states [17,18]. An alternative way
proposed in Ref. [81] employs single-photon subtraction as
the driving force to implement the physical-level controlled-
phase (CPHASE) gates, which is relatively easier to implement
and can achieve arbitrary precision but is nondeterministic.
To convert the generated CPHASE gates to the CNOT gates, the
physical-level Hadamard gates are required. It is worth not-
ing that a nondeterministic physical-level Hadamard gate was
experimentally demonstrated for small values of o (<0.75)
with a gate fidelity of F = 0.7 [82]. In short, physical-level
CNOT gates with a sufficiently high fidelity for the CBSM
scheme are possible in principle, while their experimental
implementations require further investigation.

B. Photon-number parity detectors

Once logical qubits are prepared off-line, PNPDs and
50:50 beam splitters are only in-line physical-level elements
required for the CBSM, as shown in Fig. 3. Unlike beam
splitters, PNPDs are quite challenging to implement. We thus
define the cost function of a CBSM in Definition 2 as half the
number of PNPDs used for it.
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FIG. 14. Probability mass function Pr(n) of n := max(n,, n,),
where n; and n, are the numbers of photons entering the two PN-
PDs, respectively, in a physical-level BSM for different values of «,
assuming that the state is an equal mixture of the four Bell states just
before the measurement.

There are two ways to realize PNPDs: detecting the parity
of the photon number directly (i.e., direct measurement) or
detecting it indirectly by measuring the photon number (i.e.,
indirect measurement).

Regarding the direct measurement, parity measurements
in cavities have been demonstrated and realized via Rydberg
atoms interacting with photons [83], Ramsey interferome-
try [40,84], or strong nonlinear Hamiltonian of a Josephson
circuit [37]. However, parity measurements of propagating
waves have not been covered much yet except a few stud-
ies such as parity measurement via strong nonlinear optical
switching devices [85,86] or a cavity QED system realized in
superconducting circuits [87].

Indirect measurement, or photon-number-resolving (PNR)
detection, is a more actively studied topic due to its wide
usability [88]. PNR schemes again can be classified into
two categories: inherent PNR detectors and multiplexed
single-photon detectors. Transition edge sensors (TESs) are
promising candidates for inherent PNR detectors [8§9-93],
which can distinguish up to 12 photons with an estimated
detection efficiency of 0.98 [94]. While inherent PNR de-
tectors generally demand tricky conditions [95], multiplexed
single-photon detectors exploit several inexpensive single-
photon detectors [96-101]. However, it is currently difficult to
achieve sufficiently high efficiency with multiplexed single-
photon detectors; e.g., one cannot resolve more than three
photons with better-than-guessing quality by using ideal click
detectors with an eight-segment detector [88].

Practically, PNPDs, which can distinguish up to a particu-
lar number of photons, are sufficient. For example, for faithful
physical-level BSM, PNPDs should distinguish up to at least
about 8 photons for « = 1.2, 12 photons for « = 1.6, and 16
photons for o = 2, as shown in Fig. 14, which is partially
feasible in current technology. Additionally, neglecting dark
count errors (where the PNPDs detect photons although no
photons are entered), errors in the PNPD results may make
sign flip errors (Z-errors) as shown in Table I, thus they can
be corrected in block-level BSMs as discussed in Sec. IV B.
PNPDs with an error rate of p make an additional logical

Z-error rate of roughly

m Lﬂn m mtl
1= [ (5T ()
2 2

approximation holds if p<«
((m-&’-ﬂl)/2 For example, if p=5%, Ap.~22%
for (n, m) = (3, 3) and Ap, =~ 0.15% for (n, m) = (7,7).

where the second

)2/(m+l)

C. Logical-level X and Z gates

Logical-level X and Z gates (X; and Z;) are used in the
quantum repeater scheme discussed in Sec. VIB to recover
the original quantum information from the transmitted state
based on the classical information on the CBSM results at the
end of the network. Note that they are not necessary for the
CBSM scheme itself.

An X; (Z,) gate can be decomposed into n (m) physical-
level X (Z) gates:

X, = HX,-k for any k < n,

i=1

(24a)

Z; = HZik for any i < m, (24b)

k=1

where Xj;. (Z;) is a physical-level X (Z) gate on the kth PLS
of the ith block.

Implementation of the physical-level X gate is straightfor-
ward: X = exp(ina*a), where a is the annihilation operator,
is just swifting the electromagnetic wave’s phase by  [18].
Implementation of the physical-level Z gate is more com-
plicated due to its nonunitarity. An approximate Z gate can
be achieved via a nonlinear medium [17], gate teleportation
with resources of SCSs [18,21], or single-photon subtraction
[81]. The single-photon subtraction method was experimen-
tally demonstrated in Ref. [102].

VIII. CONCLUSION

Bell-state measurement (BSM) is an essential element
for optical quantum information processing, particularly for
long-range communication through a quantum repeater. The
original coherent-state encoding with basis {| £ «)} enables
one to perform nearly deterministic BSM, but it is vulnerable
to dephasing by photon loss, especially for large values of
the amplitude « of the coherent states required to reduce
its nonorthogonality. Fault-tolerant operations with encoded
coherent-state qubits have been studied mainly with cavity
systems, which cannot be directly applied to free-propagating
fields.

In this paper, we have explored the possibility to use
such encoded coherent-state qubits for long-range quantum
communication by designing an appropriate encoding scheme
and the corresponding fault-tolerant BSM schemes. We have
presented the modified parity encoding, which is a natural
extension of the original coherent-state encoding, and we
also suggested a hardware-efficient concatenated Bell-state
measurement (CBSM) scheme performed in a completely or
partially distributed manner. We have argued and numerically
verified that the CBSM scheme successfully suppresses both
failures and dephasing simultaneously. We have also shown
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that SCSs with reasonable values of the amplitude such as
o < 2 are enough to achieve the success probability close
to unity. It is worth noting this point since it is difficult to
generate superpositions of coherent states (SCSs) with large
amplitudes. It is known that free-propagating SCSs with o <
2 can be generated using current technology [73,75,78]. Fur-
thermore, we have shown that the quantum repeater scheme
using the CBSM scheme for error correction enables efficient
long-range quantum communication over 1000 km, where the
performance against the cost is on a similar level with the
CBSM scheme of the multiphoton polarization encoding [11].

In summary, we have demonstrated that the properly en-
coded coherent-state qubits in free-propagating fields provide
an alternative way for fault-tolerant information processing
enabling long-range communication. In addition to presenting
the possibility, we have shown that the performance of our
CBSM and repeater scheme is comparable to that of other
methods, and even exceeds them in some cases.

Our encoding and CBSM schemes are relatively sim-
ple: The modified parity encoding is a simple generalized
Shor’s nine-qubit code, and the CBSM is also just a clas-
sical information processing with the results of well-known
physical-level BSMs. We have further shown that the methods
to encode logical qubits and implement logical gates and mea-
surements are the elementary compositions of physical-level
gates or measurements in the coherent-state basis. Therefore,
the most challenging part to realize our scheme is on the
physical level, such as generating free-propagating SCSs and
implementing elementary logical gates and photon-number
parity detectors (PNPDs) used for physical-level BSMs. For-
tunately, many appropriate implementation methods have
been proposed for all of them, even though some of them are
nondeterministic or costly. Of course, experimental inaccu-
racy during these physical-level processes would also affect
the performance of our scheme, which was approximately es-
timated in Sec. VII. The details of such effects require further
investigations in the future.
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APPENDIX A: POSITIVE-OPERATOR-VALUED MEASURE
ELEMENTS OF BELL-STATE MEASUREMENT ON
COHERENT-STATE QUBITS IN A LOSSY ENVIRONMENT

Here, we explicitly present the positive-operator-valued
measure (POVM) elements of BSM under the basis of
{| £ «)} in a lossy environment, which is addressed in Sec. II.
The set of operators {M, ,|x,y € {0, 1, 2}} where

M., = [Uss o (A, ® A,,)] (M, ® T0,)

forms a POVM corresponding to the BSM of coherent-state
qubits, where Ups is a unitary channel corresponding to a
50:50 beam splitter, A, is a photon loss channel with a sur-
vival rate of 7, and I, is a projector defined by

Mo := [0p)(Ol, Thy:= Y |np){ngl,
n>1:0dd
M= Y |ne){nel,
n>2:even

where |ng) is the Fock state with a photon number of n. The
photon loss channel A, transforms |o){«x| and |o)(—c| as
follows:

Ay (@) = [/Ha){Vaal,
Ay (—al) = e 200 o) (- /nal.

with these relations, we find the analytic expressions of the
matrix elements of each POVM element M, , as

(Ala)
(A1b)

(A2a)
(A2b)
(A2¢)
(A2d)
1 ifi =0,
£i(n) := { sinh(y]e|?) ifi=1,

cosh(nlee|>) =1 ifi=2.

(

CBSM results conditioning to the initial Bell states before
the measurement. We only consider the unoptimized CBSM
scheme since the measurement results of the hardware-
efficient CBSM scheme are the direct consequences of those
of the unoptimized scheme.
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1. Derivation of the probability distributions
of block-level results

We first find the probability distributions of block-level
BSM results, conditioning to the initial block-level Bell state.
A single BSM; result can be expressed by two vectors X,y €
{0, 1, 2, 3}, where their ith elements are the two PNPD re-
sults of the ith PLS. We want to find Pr(x,y | B;) for |B;) €
B = {1¢"). [y &)

From Egs. (5) and (12a), the conditional probability for the
initial state of |B;) = |¢§Em)) is expressed as

Pr(x,y|¢0") = (6| Q) M.,y 161")
i=1

—Rm? Y

5 Enrr (XY, (BD)

1,I’=even<m

where N1 (1, m) is defined in Eq. (9). The function gi”, x,y)

is defined as
m
g XY= > []‘[ <R|Mx,,y,.|a/>},

i=1

QL |1PYEPL(m,1)
Qi lP))ePL(m,l’)

where

P.(m, 1) := Perm[|wi>®l|¢i)®mfl]

and Perm[-] is the set of all the permutations of tensor products
inside the square brackets. The function grin ;. has a recur-
rence relation (omit x and y for simplicity):

gi,l,l’ = gifl,l,l/MYln)i
+ [gifl,l,l’fl + giif1,171,1/]1‘/1](;1)jE
+ &M (B2)
where
M* = (§IM, |¢2), (B3a)
ME* = ($e My, ), (B3b)
ME* = (Y[ My 1 2), (B3c)

which can be calculated from Egs. (A2). Now, we define a
vector vi(x,y) (note that gi ;. 1s a function of x and y):

+ . + +
Vin = E : Em.11> E : Em.i1
1,l":even<m l:even<m
I":odd<m
T
+ +
E: Em1 E: Emuir | - (B4)
l:odd<m 1,I":0dd<m
I":even<m

From Eq. (B2), we get a recurrence relation of v:

MR Mg M g
myt myt myt myt
Vo = Miiii Mirln;: M%nji Mifzn;t Vol
My, M;, My, My,
s M M i
=M | v | (BS)

+

Considering the initial condition at m = 1, v;,

as

(x,y) is written
vaxy) =M --Mp (1,00, 07 (B
Finally, Pr(x,y| ¢>§Em) ) is written in terms of the vector v,j;
using Eqgs. (B1) and (B4):

Pr(x,y|¢{") = INe(1, m¥Pvg (x, ¥),
+

mi

(B7a)

is the ith element of V$. In the similar way,
Pr(x, y | ") is written as

Prx,y | y") = INL (1, m)PoE,(x, y). (B7b)

In conclusion, the conditional probability distribution of
CBSM results conditioning to the input block-level Bell state
is obtained from Egs. (B7) with Egs. (A2), (B3), (B5), and
(B6), all of which are written in simple matrix forms.

where v

2. Derivation of the probability distributions
of logical-level results

Now, we consider the probability distributions of logical-
level results conditioning to the initial logical-level Bell state,
which is the goal of this Appendix. A single CBSM result can
be expressed by two matrices X, Y € {0, 1, 2, 3}, where
their (7, k) elements are the two PNPD results of the kth PLS
of the ith block. What we want to find is the probability
distribution Pr(X, Y | By) for |By) € B, := {|®4), |Y4)}.

Because of the similarity of Eqgs. (8) and (12), we can
follow almost the same logical structure as the previous
subsection when finding the expressions of the probability
distributions. However, there exist three main differences
between the block and logical level. First, the roles of
the letters and signs are inverted between the two sets
of equations. Second, there are unnormalized states in
the summations of Egs. (8), unlike Eqgs. (12). Lastly,
(@ W) R My, 10" (¢ ™)) vanishes unlike the cor-
responding one in the block level, i.e., (¢+|M,,[¥+) in
Eq. (B3b).

Considering the differences, we define 2x2 matrices iiy
and i,‘ﬁfy where x,y € {0, 1, 2, 3}, instead of 4 x4 matrices,
in the similar way to the block-level case:

W) W)
f20) Ly v |
: P W

where
LY =1 £ u(ar, m)’]

< (@ WINNQ) My 927 W), (BY)
k=1

u(o, m) is defined in Eq. (11), and x; (y¢) is the kth element
of x (y). We do not need 4 x4 matrices, since the off-diagonal
elements of @), My, ,, between two Bell states of different
signs vanish. We also note that the right-hand side of Eq. (BS)
can be calculated from Egs. (B7). The conditional probability
Pr(X, Y| B,), where the ith row vector of X (Y) is x; (y;), is
then

Pr(X,Y | @, (V) = Ny(n, mPw’ (X, Y), (BYa)
PrX, Y| ®_(V.)) = N_(n,my’w”" (X, Y), (B9b)
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where Ni(n,m) is defined in Eq. (9), and w)’(X,Y) is
the pth element of the two-dimensional vector w#¥)(X,Y)
defined by

[.oW) T
L X1 }’1(1 0)

wiX, Y) =LY (B10)

APPENDIX C: METHOD FOR SAMPLING
CONCATENATED BELL-STATE
MEASUREMENT RESULTS

In this Appendix, we explain the method to sample
CBSM results. Since we have the analytic expressions

J

of the probability distributions of measurement results
[Egs. (B9)], it is possible to sample arbitrary CBSM re-
sults, each of which is composed of 2nm PNPD results.
Howeyver, since the number of CBSM results increases ex-
ponentially on n and m, it is computationally expensive
to use this method. Instead of that, denoting (p, g) the
gqth PLS of the pth block, we sample the results for each
PLS in order: (1,1) —» (1,2) »> (1,3) > --- > (1,m) —
2,1)—> ---—> 2,m) - --- — (n, m). Therefore, we need
the conditional probability of getting each (p, g) result condi-
tioning to all the results before (p, q).
The conditional probability we want is

Pr(xpg, Ypg | X110 Y115 - s Xpgs Yprg's B2) CPY(xin, yins - .. Xpg, Ypg | B2)
=PI‘(X],Y],...,Xp_l,yp_],xpl,ypl,-..,quaypq|BZ)9 (Cl)
where
N (qu_]) lfq>1’
r.q)= {(p— 1,m) otherwise,

xir and y; are the measurement results of the two (i, k) PNPDs, |B,) € B,, and x; (y;) is a vector whose kth element is x;

(vir)- Note that the proportionality is valid only when x;1, y;1, ...,
notation while assuming this condition. Using Eq. (8a) and the fact from Eq. (A2d) that the cross terms of ).,
Bell states with different signs vanish, it is deduced that the right-hand side of Eq. (C1) with |B,) =

Pr(x;,yi, ...,

k:even(odd)<n ®f

Xp—1, Yp—1>Xp1, Yp1s - - -

> 2

1 |P"™) ePerm[|®_) |0, )&k

Xpq» Ypq are fixed. From now on, we use the proportionality
M, . between
|®L) is

+ Xpgs Vgl P1(-))

[CZ(” k)czjh(l’ Q)’P ], (C2)

where C.. := [1 % u(a, m)*]'/?, the normalization constant in Eq. (10). Also,

/’l(pf]“), , — |:1_[ P(m)| ®M |P(m) :| P(Wl)| <®M ) ® I®m*q|PI(7m))’ (C3)

where M, :=
the above definition is

<'")|(®Mm) QI L") o Y

s=1

LI:even<m @™ | |P)ePerm[|y4)® |¢4) "]

vemre» and 1 is the identity operator in a single PLS. Again, using Eq. (12a), the last part of the right-hand side of

> [11[ (P|Ms|P)) ﬁ <PS|P;>]

s=1 s=q+1

@™, |1P)yePerm(|ys)® ¢s) "]

R
= S:I:,p,q'

After transforming the right-hand side of the above equation appropriately with using the fact that (¢_|v¥_) vanishes while

(¢+|¥+) does not, we obtain

$¢ _ {R+(v L+ vq4) + R (qu + vqg) if g < m, (Cda)
+pa vt ifg=m
v,+v, ifg<m,
O (Cab)
o v ifg=m

(P )" 9 £ (1 — (P4 |¥4))" 9, and v

where R;t =1+

- is the ith element of vector v, £(x1, Viyenns

Xp, ¥p) calculated from

Eq. (B6). Substituting these in Eq. (C3) and transformmg it appropnately, Egs. (C1) and (C2) become

Pl'(qu, Ypq |xlla Vils -5 Xpg's ,Yp’q/; cDi)

x Pr(xy,yi, ...,

259 ¢ 2 ¢
C:l:%_:t,p,qwnfl,l + qusiF,p,q n—1,2

Xp—1:Yp—1:Xp1, Yp1s -+

« :C-zrsf,p,q(D wp 11+Dpwp 12) +C2 5¢

Xpg> yﬂq@i)

Di +D if p<n,
( p 12 w,_ 11) p (C5)

ifp=mn,

043205-18



LOSS-TOLERANT CONCATENATED BELL-STATE ...

PHYSICAL REVIEW RESEARCH 3, 043205 (2021)

where D?f = (Ci +C2y P+ (Ci —C2%)y"~?, and w;’j_],i is the ith element of vector wﬁ_] (X1, ¥1, -+ Xp—1, Yp—1) defined in

Egs. (B10).

The probability distribution for the initial state of |B,) = |W.) is obtained in a very similar way to the above arguments. The

result is as follows:

Pr(xpg, Ypg | X1, Y115 -+ Xpgs Ypgs W)

v 14 14 14 v 14 :
{CiEJrYP’q(DIprl,l +DFw ) +C2EY , (Dywy ,+DFwy ) ifp<n, 6)
Ci‘i::]t/l,p,qwr‘{/—l,l + qutgi,p,qw;z#—l,z ifp =n,
where w;f_l’i is the ith element of vector W;f_l (X1, ¥1, - --» Xp—1, Yp—1) defined in Eq. (B10), and
. {R;(v;rl + v(;) —i—Rq’(v;2 + v;g) ifg <m, ©Ta)
*opa v, ifg=m,
v,4+v, ifg<m,
£ = { ol (C7b)
' Vo4 if g =m.
[
In summary, the probability distributions of (p, q) re- holds, where
sults conditioning to the previous measurement results / fi=0
(1,1),...,(p,q") and the initial logical-level Bell state can 7 lfl _ 1’
be obtained from Egs. (C5) and (C6) together with Eqgs. (C4) P = % lfl _ 2’
and (C7). We use these probability distributions to sample X7 1fi _ 3’

each physical level one by one in order. There are only nine
possible results for each PLS, and the number of PLSs in-
creases linearly on n and m. Hence, it is exponentially fast
compared to sampling the results with total joint probabilities.

APPENDIX D: AVERAGE TELEPORTATION FIDELITY

Here, we derive Eq. (17) on the average teleportation fi-
delity Fi; of CBSM, assuming that the two parties have the
same photon survival rate (7, = 1y = n). Fg is defined as

Fret := (Yinl Pout|¥in), Where
6 . %
[Yin) = N(COS §|OL> + ¢ sin §|1L)>

with N := (1 4+ Rsin@ cos ¢)~'/? is an input state of the stan-
dard teleportation protocol using CBSM (R :=[0.)(0.|1,),
Pout 18 the corresponding output state, and the average is taken
as

4

From now on, we write |0.), |1.), and |yy,) without the
subscripts. We define the unnormalized and normalized Bell
states as

1 T 2
f(|1/fin))1=—/0 desinefo dof(ywm). (D)

1Bowry) = 10)]0) = |1)[1),
Bas)) = [0)[1) +[1)]0),
B {N+|§,->

N_|B))

where Ni :=[2(1 & R?)]"!/2. Suppose that Alice has |1/)4
and Alice and Charlie share |By)a'c. Then

ifi € {0,2},
ifie (1,3},

1 ~
[¥)alBolae =N+ Y [IBdax ® Pyl := IT)

Alice performs CBSM on her sides AA’ and transfers the result
classically to Charlie. If the CBSM does not fail and its results
is |B;), Charlie applies P; to his side and finally obtain pgy.
Let M; for i €{0,1,2,3} and M; denote the POVM
elements of CBSM corresponding to |B;) and failure,
respectively. Also, let M/ be an operator satisfying M M| =
M;. pou can be written as (omitting subscripts A, A’, and C)

L

where g := 1/(1 — (T|M¢ ® I|T)). We thus get
(Y1 poul ¥) = Tr(oou ¥ ) (Y1)

=g<T|[ZMi®B|w><w|a*}|T>

N2 - ~
_ %g > (BIIMiB) (W 1P P (P P
i,jk
(D2)

We first calculate g. Remark that a BSM; fails only if all
the BSM; fail and a BSM; fails if any BSM, fails. Thus,
M; is the summation of the tensor products of physical-level
POVM elements shown in Appendix A such that each term
contains at least n of My o. Since every matrix element of M
is O(e’z’”""z) and the number of the terms in My containing n
of My is m", we get

VG, j).  (BiIM;|B;) = O((me 214")".
Therefore,
_ 1 _ —2nla*\"
S =T e~ O
holds.
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To calculate Fie = (Y| pout|V), We first note
(WP PIY) (P Pelyr)

= (Y|P Py ) (Y|P Pyr) + O((me™2")").
Considering N = 1 + O(R), it is straightforward to see

(D3)

1 ifi=j=k,
WIPIPI)(WIP PIY) = {5+ OR) ifi# j=k,
O(R) otherwise.
(D4)

Note that

O((mefz'”“'z)n) > O(R) = O((mefz‘“‘z)n).
Using Egs. (D2)-(D4) and Ny = % + O(R?), we finally ob-
tain Eq. (17):

px +pyr+p
Wlpoul¥) = pr + =——L 2

2
=pr+ % + 0((1116‘72’”(1‘2)”),

+ 0((me_2'7‘°“2)n)
(D5)

where

4pri= Y (BiIM;|By),

4px := (B2|My|B2) + (B3|M|B3)
+ (BoIM2|By) + (B11M3]B),
4py := (B3IMo|B3) + (Bz2|M|B)
+ (B1|M2|B1) + (Bo|M3|Bo),
4pz == (B1|Mo|B1) + (Bo|M|Bo)
+ (B3|M2|B3) + (B2|M3]|By).
The second equality in Eq. (D5) holds due to n; = n».

APPENDIX E: CLOSED-FORM EXPRESSION
OF Nexp,SCS AND Nexp,g

Here we get closed-form expressions of Nexp scs and Nexp, o
defined in Sec. VII A 2, the expected numbers of trials of cre-
ating an SCS or implementing a CNOT gate to encode a logical
qubit, in terms of the success probabilities (ps scs and p; )
of the schemes to generate an SCS and to implement a CNOT
gate. We first assume psscs = 1 and denote p := ps, for
simplicity. From the encoding circuit in Fig. 11, it is observed
that the first i CNOT gates are involved with min(i, n) blocks
and each block uses m — 1 SCSs. Hence, if the ith CNOT gate
fails, one should prepare new (m — 1) min(i, n) SCSs and try
the encoding again.

For each trial of encoding, there are nm possible events,
each of which is denoted as E or E; for 1 < i < nm — 1. The
event Eg (E;) corresponds to the success (failure) of the ith
CNOT gate. The probability of each E; and the corresponding
numbers (Nscs and N,) of trials of creating an SCS and imple-
menting a CNOT gate are given as follows:

Pr(E;) = p" !,
Pr(E) =p~'(1 - p),

Nscs(Es) = n(m — 1),
Nscs(Ei) = (m — 1) min(i, n),
Ny(Eg) =nm — 1,
Ny(E:) = i.

From these results, we get the expectation of Ngcs condition-
ing that we do not get Ej:

> . Nscs(E)Pr(E;)
1 — Pr(E,)

B 1 1—p
_(m_l)[n_ 1—p”’”1<n_ l—p>]'

Similarly, we get

(Nscs) fail =

nm—1

1 (nm —1)p
1 — p 1 — pnmfl

We now consider repeating multiple trials of encoding
until we get E,. The expected number of failed events before

the successful one is 1/Pr(E,) — 1 =1/p"~' — 1. We thus
obtain Nexp scs and Nexp ¢ as follows:

(Ng) fail =

1
Nexp,scs = <W - 1)<NSCS)fail +n(m—1)

1-p"
= (m— 1>[?]1
P (1 =p)
1
Nexp,g = <W - 1) (Ng>fai] +nm—1
1— nm—1
- (E1)
pm(=p)

If ps.scs < 1, 1/ps scs trials are on average required to create
a SCS. Therefore, we can rewrite Nexp scs as

l_pn
. E2
-t —p)] 2

Equations (E1) and (E2) are the closed-form expressions that
we want.

m—1
Nexp,SCS =
Ps,sCS

APPENDIX F: CLOSED-FORM EXPRESSION OF F;"&

Here we get a closed-form expression of F,"® defined in
Sec. VITA2 as

Fe = FA () (D, ) (D
= (YA ()Y DIv)

(omitting the subscripts L), where

1 T 2
f(|w>>:=4—/ desinef Ao f (1))
T Jo 0

for a function f and
1 0 4 0
—10) + € sin = |1
«/1+Rsinecos¢<COSZ| ) e Sln2| >)

with R := (0|1). The effect of the photon loss channel A, is
shown in Eq. (A1).

V) =
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F,"® can be expressed as

Fnavg — Z Czjk1<l|An(|]><]|k)|l>
i,j,k,1

Calculating the integrals, we get

C0000 = C1111

171 1 (1+R 7
S — _ol=
| T-r TR n(l—R) ] 4R

C1001 = €0110 = €011

17 1 1 14+R b
=—|———-——h|—— )| ==,
4R2|1-R2 2R \1-R 4R?
12

Coo01 = Co111 = Cpo10 = C1011 = _ﬁa

1 1 3 (1+R f
2 _—_1 e ::—’
w|TTTTR 2Rn<1—R>] 4R

and Vi, j, k, I, ciju = cuji- Next, (i]Ay(17)(jlk)|l) is calcu-
lated as

c1010 =

(01A,(10)(010)10) = (1A, (I1){1[D]1) = Caib.,

(LA, (10)(010)[T) = (0| A, (I1){1]1)[0) = Ca,b_,
(01A,(10){0[D)|T) = Ca_b.,

(017, (10)0I0)IT) = (1A, (I1){111)]0) = Ca,d,

(01A,(10)(0] 1[0} = (1|A,(10)(0]1)[1) = Ca_d,
(11A,(10){0]1)|0) = Ca_b_,
where

2
x = el

2 n
C':[(1+x2)m+(1—x2)m} ’

1 4 2A=nP)\ ™ 1 — x2(=n?)\mn
wel) ()

1 2
by = 4_n[(x(l—n)2 S xH7 g g +Y"

+ (x(l_n)2 4+ x(+n? 2x('+’72))m
+ Z(X(l—n)z - x(lJrn)z)m]n’

1 2
d:= 4_n[(x(l—n)2 + xH7 g g HY"
= (07 x0T gy
Combining the above results, we obtain the following closed-
form expression of F,"® in terms of &, R, 1, n, and m:

C
Fe = W[fla+b+ + fra-b-

+ folasb— +a-by —2R(ay +a-)d}]. (F1)
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