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Minimization of the estimation error for entanglement distribution networks with arbitrary noise
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Fidelity estimation is essential for the quality control of entanglement distribution networks. Because mea-
surements collapse quantum states, we consider a setup in which nodes randomly sample a subset of the
entangled qubit pairs to measure and then estimate the average fidelity of the unsampled pairs conditioned on
the measurement outcome. The proposed estimation protocol achieves the lowest mean-square estimation error
in a difficult scenario with arbitrary noise and no prior information. Moreover, this protocol is implementation
friendly because it only performs local Pauli operators according to a predefined sequence. Numerical studies
show that compared to existing fidelity estimation protocols, the proposed protocol reduces the estimation error
in both scenarios with independent and identically distributed noise and correlated noise.
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I. INTRODUCTION

Entanglement distribution networks [1] are an important
developmental stage on the way to a full-blown quantum
Internet [2—4]. Such networks enable device-independent pro-
tocols [5-9], thereby achieving the highest level of quantum
security [10]. Entanglement distribution networks do not re-
quire nodes to have local quantum memory. Since efficient
communication-compatible quantum memories are still under
development [11], entanglement distribution networks serve
as a cornerstone for realizing trustworthy quantum applica-
tions with state-of-the-art quantum technology [12-15].

Entanglement quality assessment is a key building block
for entanglement distribution networks. To this end, fidelity
estimation for entangled states is a promising candidate.
Fidelity is a metric that indicates the quality of quantum
states [16—19] and can be estimated with separable quantum
measurements and classical postprocessing. Several fidelity
estimation protocols have been proposed [20-23], and fidelity
estimation protocols of entangled states have been imple-
mented in several recent experiments [12—-14,24]. However,
there are still two challenges that need to be addressed.

(i) Excessive estimation error due to arbitrary noise.
Quantum networks often face heterogeneous and correlated
noise. When distributing quantum keys and estimating chan-
nel capacities, this noise leads to excessive estimation errors
[25,26]. Therefore, designing low-error fidelity estimation
protocols in the presence of arbitrary noise is an interesting
area of research.

(ii) Efficiency loss due to separable operations. In the ab-
sence of quantum memory, nodes in entanglement distribution
networks perform operations that are separable between all
qubits. Such operations result in significantly lower estima-
tion efficiency [27] compared to joint operations. Minimizing
the loss of efficiency due to separable operations is a major
challenge for fidelity estimation.

This work focuses on fidelity estimation for entanglement
distribution networks. Since measurements collapse quantum
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states, we consider a network in which nodes randomly sam-
ple a subset of qubit pairs to measure and estimate the average
fidelity of unsampled pairs conditioned on the measurement
outcome.

We prove that the protocol proposed in this paper achieves
the lowest estimation error in the difficult scenario with arbi-
trary noise and no prior information, thereby overcoming the
challenges listed above. Moreover, the proposed protocol is
implementation friendly. This protocol uses only local Pauli
measurements, standard operations that can be implemented
on a variety of quantum platforms [12,24,28,29], and deter-
mines the basis of each Pauli measurement according to a
predefined sequence so that no adaptive operation is required.

The remainder of the paper is organized as follows. Sec-
tion II formulates the problem of minimizing the estimation
error of fidelity in a scenario with arbitrary noise and no
prior information. Sections III and IV solve the formulated
problem and present a protocol that minimizes the estimation
error of fidelity. Section V evaluates the proposed protocol by
comparing it with existing ones. Section VI presents a brief
summary.

Regarding the notation in this paper, random variables and
their realizations are represented in uppercase and lowercase
letters, respectively, e.g., F and f. Vectors and matrices are
denoted by bold letters, e.g., p and M. The symbols E[-] and
V[-] denote the expectation and variance of a random variable,
respectively, [, denotes an n x n identity matrix, Pr(-) denotes
the probability of an event, Tr(-) denotes the trace of a matrix,
and Tr, (-) denotes the partial trace of the nth subsystem.

II. SYSTEM SETUP AND PROBLEM FORMULATION

Consider a scenario in which two nodes share N noisy
qubit pairs and have no prior information on the noise. The
nodes tend to estimate the fidelity of the qubit pairs with re-
spect to the target maximally entangled state. Since maximally
entangled states are mutually convertible via local operations,
we set the target state to |W~) without loss of generality,
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where |W¥) = % and |®F) = % are the four Bell
states. We denote the set of all qubit pairs by N. The nodes
randomly sample a number M (<N) of qubit pairs to measure.
The set of sampled pairs M is drawn from all M subsets of N/
with equal probability.

Entanglement distribution networks do not require nodes
to have local quantum memory [1]. Consequently, the nodes
execute operators that are separable between all qubits. We
define the separable operators as

M, = Z®ne/\/l (M(A) ®M(3) )’ (1)
k

rnk rnk

where the node index X € {A, B}, the qubit pair index n € M,
and the operator index r € R, with R denoting the set of all
possible measurement outcomes. As positive-operator-valued
measure operators

M) =0, Y M, =L, @
where = denotes the matrix inequality. The measurement
operation performed on all qubit pairs can be defined as

O={M,,reR). 3)

We denote by p,; the joint state of all qubit pairs before
the measurements and by p;{l) the joint state of the qubit pairs
conditioned on the measurement outcome r. In this case, the

state of the nth pair is

P = Trienr o1 4)

Because measurements collapse quantum states, the nodes
estimate the average fidelity of unsampled pairs conditioned
on the measurement outcome r, i.e.,

_ 1
f= D (). ®)
N-M neN\M

The imperfection of the measurements is considered as part of
the noise. Based on the measurement outcome, the estimator
D is used to estimate the average fidelity of the unsampled
qubit pairs £, i.e.,

f=Dw). (6)

The nodes target at minimizing the mean-square error of
the estimated fidelity. Because the set of sampled qubit pairs
M is drawn from all M subsets of A/ with equal probability,

. . . ~1
each M subset is selected with probability (}) . Therefore,
the mean-square estimation error is given by

N\ L
(M> D Erl(F - F)7, (7)
M

where Ep is the expectation averaged over all possible values

of R. Since the factor (AA;)_l does not affect the optimization
of the measurement protocol {O, D}, it is omitted in the fol-
lowing problem formulation for clarity.

To ensure the robustness of the fidelity estimation protocol,
we consider the scenario with arbitrary noise and no prior
information. Since there is arbitrary noise, the state of all qubit
pairs p,; € San, Where Sy, is the set of all N qubit-pair states.

Since there is no prior information, the state p,; that leads

to the largest error must be considered. This optimization
problem is formulated as follows.
Problem 1. This problem regards the error minimization
for arbitrary states,
minimize max N _IZER[(F —F) (8a)
OD  pyeSw \M
M
subject to Y Ex[F — F]1=0Y py € Sun,  (8b)
M

where F, F, and R are the random variable forms of the esti-
mated fidelity f , the average fidelity f, and the measurement
outcome r, respectively, and (8b) is the unbiased constraint of
the estimate.

The following two sections elaborate the key procedures
and ideas for solving Problem 1, which involves two main
steps, namely, problem transformation and operation con-
struction.

III. PROBLEM TRANSFORMATION

This step shows that Problem 1 can be transformed into
an equivalent problem with independent noise. It consists
of three substeps, i.e., steps Al, A2, and A3. The detailed
derivations of these three substeps are in Appendixes A 1-A 3,
respectively.

Step Al. This substep simplifies Problem 1 to an equiva-
lent one with classical correlated noise.

Problem 2. This is a special case of Problem 1, with Sy,
replaced by Sy, i.e., the set of p, that are separable among
all qubit pairs.

The key concept is to construct an operation 7 that re-
moves the entanglement among different qubit pairs without
changing the fidelity. Specifically, the probabilistic rotation 7
is defined below.

Definition I (probabilistic bilateral rotation). The opera-
tion 7 acts independently on each qubit pair. For each pair,
T rotates both qubits first along the x axis for 180° with prob-
ability 0.5 and then along the y axis for 180° with probability
0.5. The Kraus operators of the first and second probabilistic
rotations are

14 0, Q0
T, 1=—, T,r,=-— , 9
1 NG 2 NG (9a)
14 o, R0,
T, =, T,,=-— : 9b
7.1 N y.2 7 (9b)
respectively.
For a Bell state |¢) € {|®T), |¥t)},
_]l#) if |¢) € {|®F), W)}
o ®0lP) = {—|¢> if9) e {|o). jwy), 1OV
_ |19} if [¢) € {|®7), [¥F)}
o ®0yl¢) = {—|¢>> if|g) € (|o+), [w)). 1)
According to (9) and (10), it can be shown that
o) (¥] if |¢) = |¢) (I1a)
T =
(12D {0 if |¢) # |[¥) (11b)

Equation (11a) ensures that 7 does not change the fidelity
of the qubit pairs. Equation (11b) shows that 7 removes the
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off-diagonal terms of a density matrix expressed in the Bell
basis. Such a diagonal density matrix corresponds to states
separable among all qubit pairs. Therefore, operation 7 trans-
forms the states in Sy, to those in S,. Then the transformed
state can be estimated by the optimal solution of Problem 2.
This approach ensures that the minimum estimation error for
states in S, is no higher than that for states in Sy,. Moreover,
because Sy O Sgp, the minimum estimation errors must be
the same for the two cases. This result shows the equivalence
of Problems 1 and 2. Lemma 1 provides the formal statement
of the above analysis.

Step A2. This substep shows that to solve Problem 2, it is
sufficient to consider the special case with independent noise,
i.e., the following problem.

Problem 3. This is a special case of Problem 2, with S, re-
placed by Sig, i.e., the set of p,; that are products of entangled
bipartite states.

We denote by f(r) the estimated fidelity given the mea-
surement outcome 7 and by f(p,,, M, r) the average fidelity
given the state p,;, the sample set M, and the measurement
outcome r. Separable states p,; € S, are ensembles of prod-

uct states, i.e., P = D Pk pgﬁ), where p;ﬁ) € Sig, ensemble
probabilities py satisfy p, > 0,and ), py = 1. Consequently,
for each set M, the estimation error with a separable state o,
and that with product states { pgﬁ)} are related by the inequality

Ex[(F — F)?|py, M]

= > Pr(rIMILF () = F(pars M. )P (12a)

2
- ZPr(rM/l)(f(r)— > Pr(pl M. r)f (p;’{ﬁ,M,r))
r k

(12b)
< D PrIMOPr (o |M, ) [ = F(elf), M. )T
rk
(12¢)
= ZkaPr (rlol). M)[Fr) = (o). M. 1)]* (12d)
(12e)

= > nEr[(F = N6l M].
k

where Pr(-) denotes the probability; Eq. (12c¢) is true because
Q wixe)? < Dok wkx,f‘v’xk eR, w20, and ) we=1;
Eq. (12d) holds because according to Bayes’ theorem

Pr(r|M)Pr(pd1)|M r) = (pd1)|M)Pr( }pyﬁ), )
= Pr(pz(llfl))Pr(r|pa11 M)
—kar( |/’a11’ )7 13)

and the lowercase letter f is used in (12e) to represent the
average fidelity of the unsampled qubit pairs because f is
deterministic given the product state pgﬁ) and the sample
set M.

Because p,, € Sy and p(y) € SiaVk, Eq. (12) shows that
the minimum estimation error of Problem 2 is upper bounded
by that of Problem 3. Moreover, because Sy, D Sig, the min-
imum estimation errors must be the same for the two cases.

This result shows the equivalence of Problems 2 and 3.
Lemma 2 provides the formal statement of the above analysis.

Remark 1 (limit the effect of correlation via postselection).
In previous studies that made estimates with correlated noise,
the estimation targets, e.g., the length of the quantum secret
keys [25] and the capacity of the quantum channels [26], were
evaluated conditioned on the error rates of the measurements
being below certain thresholds. Such conditional evaluation is
important because it postselects the quantum states according
to the measurement outcome, which increases the effective-
ness of the measurements and limits the negative effects of
correlation.

The result of step A2 is consistent with the above studies.
By evaluating the average fidelity conditioned on the exact
value of the measurements outcome r, we bound the estima-
tion errors in scenarios with correlated noise by those with
independent noise. Specifically, the conditional distribution
Pr( pgﬁ) | M, r)in (12c) represents the postselection effect. This
conditional probability enables the application of Bayes’ the-
orem in (13), thereby bounding the estimation error with the
states in Sy, by that with the states in Sig.

Step A3. This substep shows that to solve Problem 3 it
is sufficient to minimize the estimation error of the sampled
pairs, i.e., the following problem.

Problem 4. This problem regards the error minimization
for sampled qubit pairs,

N\ .
minimize max Ex[(F — 2
0D pu€Sialfur) (M) ; L faa)
subject to Ex[F — il = 0V prss

where Siq(f 1) is the set of products of N entangled bipartite
states with fidelity composition f,; = {f,, n € N}, in which
f, is the fidelity of the nth qubit pair, fy4 is the average fidelity
of the sampled qubit pairs, and p, is the state of all sampled
qubit pairs.

In the case of independent noise, the measurement does not
affect the fidelity of the unsampled qubit pairs. Consequently,
the estimation error of Problem 3 can be decomposed into two
parts, namely, the estimation error of the sampled qubit pairs

N\ L
(M) > ER[(F = fm)’] (14)
M

and the sampling error, i.e., the deviation between the average
fidelity of the sampled and the unsampled qubit pairs

M '— - .
(M> > (=P (15)
M

The sampling error (15) is not affected by the estimation
protocol. Therefore, Problem 3 can be simplified to Prob-
lem 4, which minimizes (14). Lemma 3 provides the formal
statement of the above analysis and Theorem 1 summarizes
the results of this section.

IV. OPERATION CONSTRUCTION

The next step is to construct the optimal solution of Prob-
lem 1. This step consists of two substeps, i.e., steps B1 and
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B2. The detailed derivations of these two substeps are in
Appendixes B 1 and B 2, respectively.

Step BI. This substep characterizes the minimum estima-
tion error of Problem 4.

The characterization of the minimal estimation error has
been a subject of intense research. For Problem 4, the Cramér-
Rao bound [30,31] characterizes the lower bound of the
estimation error for a given measurement operation O, and
the quantum Fisher information [32,33] identifies this lower
bound under the condition that all measurement operations are
available.

However, Problem 4 aims to minimize the estimation er-
ror when all separable measurement operations are available.
Therefore, the Cramér-Rao bound alone does not provide the
lowest bound, while the quantum Fisher information provides
a lower bound that is infeasible. We will close this gap by
first further simplifying Problem 3 and then characterizing the
limit of separable operators.

The derivation of a Cramér-Rao bound [30,31] requires
knowledge of the distribution of a measurement outcome. In
Problem 4 this distribution is determined by the state of the
qubit pairs p,; and the measurement operation O. However,
even with independent noise, the state of each qubit pair p, €
H*** has several parameters other than the fidelity. This fact
complicates the expression of the measurement outcome and
makes the analysis of the Cramér-Rao bound not feasible. To
overcome this challenge, we show that the minimum estima-
tion error of general independent states is bounded below by
that of independent Werner states, i.e., the following problem.

Problem 5. This is a special case of Problem 4, with
Sia(f an) replaced by Sy(f ) = {®"N 6.}, where

1—fu
3

o = ful W)W + Iy = &) (7D (16)

Specifically, recall the bilateral rotation operation B in
[34], which transforms generic states of a qubit pair into the
Werner state with the same fidelity. Using logic similar to that
in step Al, one can see that because the states in Sig(f,;)
can be transformed into those in Sy (f,;) via the separable
operation 3, the minimum estimation error of Problem 4 is no
higher than that of Problem 5. Moreover, because Sig(f,;) D
Sw(f 1), the minimum estimation errors must be the same for
the two cases. This result shows the equivalence of Problems 4
and 5. Lemma 4 provides the formal statement of the above
analysis. The states in Sy, (f ;) are fully parametrized by the
fidelity composition f;, which allows the Cramér-Rao bound
analysis of Problem 5.

The other factor affecting the distribution of measurement
outcome is the separable measurement operation O. Since the
fidelity of each separable state with respect to a maximally
entangled state lies in the interval [0, %] [35], we have that for
any separable operator M,

Tr((¢— (v~ IM) 1
{——— < = 7
Tr(M) 2

For all separable operators, Eq. (17) limits the sensitivity of
the measurement outcome to the changes in fidelity. Plugging
this result into the Cramér-Rao bound, we lower bound the

Protocol 1. Fidelity estimation.

1: Preprocessing. The nodes select the sample set M completely
at random, i.e., select M from all M subsets of A with equal
probability, and generate a number M of independent and
identically distributed random variables A, € {x, y, z},n € M,
with distribution Pr(A, = u) = %, ue{x,y,z}.

2: Perform measurements. For the qubit pair n € M, both nodes
measure the qubit in the A, basis. If the measurement results of the
two nodes match, record measurement outcome r,, = 1; otherwise
record r, = 0.

3: Estimate fidelity. The number of errors and the quantum bit
error rate (QBER) are expressed as exq = ), » and

M = %/1, respectively. The estimated fidelity is

f=1-3enm. (19)

estimation error of Problem 5 by

Z Qfu+ DA = fo)

TN . (18)

neN

Lemma 5 provides the formal statement about the limit of
separable operators and Lemma 6 characterizes the lower
bound of the estimation error.

Step B2. The second substep constructs an estimation pro-
tocol that is the optimal solution of Problem 1.

The analysis in step B1, particularly the proof of Lemma 6,
shows that to minimize the estimation error, each measure-
ment operator must balance either of the two inequalities in
(17). Therefore, a measurement operator M will either be best
aligned with the target state among all separable operators,
ie.,

Tr(wm) (v M) 1

, (20)
Tr(M) 2
or be orthogonal to the target state, i.e.,
Tr(V~ (v~ |M) = 0. 21

The measurement operation O* of Protocol 1 is constructed
according to the above principle. For example, when nodes
measure in the z basis, the operators corresponding to r = 0
and r = 1 are, respectively,

Mo = |01X01] + [10)10] = [W) (¥~ | + W) (W],
M1 = 100)X00] + [L1}11] = |@" (7| + [@F)(DF|. (22)

According to (22), M, and M ; satisfy (20) and (21), re-
spectively. Moreover, the basis of measurement on each qubit
pair is chosen in an independent and identically distributed
manner. With these properties, we show that in scenarios
with independent noise, the measurement outcome R, € M
is independent random variables with variance

9 .

Further noticing that the sample set M is selected from all M
subsets of A with equal probability, we substitute (23) into

(23)
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(19) and obtain that the operation O* achieves the minimum
estimation error given by (18) for states in Siy. Therefore,
O* is optimal for Problem 4. Lemmas 7 and 8 provide the
formal statement of the above analysis. Specifically, Lemma 7
shows that operation O* of Protocol 1 is a legitimate solution
of Problem 4 and Lemma 8 shows that O* is optimal for
Problem 4.

Since O* is optimal for Problem 4, the composite opera-
tion O* = O* o T is optimal for Problem 1 according to the
results given in Sec. III. To further simplify the measurement
operation, we note that according to (11), the operation 7 on
each qubit pair can be expressed by the four Kraus operators

Ty =19){¢l,

Substituting (24) into (22) shows that the operation 7 does
not change the operators of 0%, e.g.,

> TiM., T, re{0.1}, (25
pe{o=, V)

¢ € {®F, v} (24)

M, =

which shows that O* = 0* o T = O*, i.e., O* and O* are
equivalent. Therefore, O* is optimal for Problem 1. Theo-
rem A2 provides the formal statement of the above analysis.

Remark 2 (the implementability of Protocol 1). Tt may
seem that using bilateral Pauli measurements as in Protocol 1
is a quite natural choice for estimating the fidelity of entangled
qubit pairs. In fact, using these standard measurements to
obtain optimal performance in scenarios with arbitrary noise
is a key advantage of Protocol 1.

To ensure implementability of Protocol 1, simpler op-
erations are chosen with priority. In fact, by using more
complicated operations, one can obtain optimal solutions of
Problem 1 other than Protocol 1. For example, consider a
protocol in which the nodes perform the operation 7 defined
in (11) before making the Pauli measurements in Protocol 1.
Then according to the paragraph after (22), this protocol is
also optimal for Problem 1. We have made additional efforts
to simplify the measurement operators while preserving the
optimality of the protocol.

To achieve optimal performance in scenarios with arbitrary
noise, the preprocessing step, i.e., step 1, is developed. The
complete randomness of the sampling set M and the inde-
pendent and identically distributed distribution of the bases of
the measurements are necessary for handling arbitrary noise.
For example, when the measurements in the x, y, or z basis are
made in a clustered manner, the estimated fidelity is biased or
has a higher estimation error for some non—independent and
identically distributed noises. The preprocessing in step 1 neu-
tralizes the effect of the arbitrary nose without compromising
the implementability of Protocol 1.

Remark 3 (the advantage of single intermediate observ-
able). Given the target state |W™), the expectation of the
observable |W ™) (W] is the fidelity. However, since the tar-
get state is entangled, the observable |W~™)(W ™| cannot be
realized with separable operators. To address this problem,
previous studies on fidelity estimation introduced interme-
diate observables. For example, to estimate the fidelity of
noisy Bell states, Ref. [21] used two observables |0)(0|®? +
[1)(1/®2 and |0)(1|®> 4 |1)(0|®? and [22] used four Pauli
observables.

To estimate the value of multiple intermediate observables,
the measurements must be split into multiple clusters. In this
case, minimizing the estimation error involves both inter- and
intracluster designs, which makes it difficult to find an optimal
solution.

To overcome the above challenge, Protocol 1 uses only one
intermediate variable e, which corresponds to the observ-
able

U@+ @7 ) (D] + W) (W), (26)

With one intermediate observable, the design of measurement
operators on multiple qubit pairs is simplified to that on one
pair. Moreover, it can be further simplified by the fact that the
measurement operators must satisfy either (20) or (21). In this
way, we have found the measurement operators that minimize
the estimation error.

V. PROTOCOL EVALUATION

In this section we evaluate the proposed protocol via a
demonstrative example.

A. Noise model

The noise is modeled as correlated and heterogeneous de-
polarizing channels. Specifically, the corresponding density
matrix of all qubit pairs is

P = 3[(@V*p) ® (&N p®))
+ (@M p®) @ (V4 p?)], 27)

where the state of each qubit pair
y s I s - —
PO =P T A (= pHWTNET] sefgb) (28)

in which the error probabilities p®, s € {g, b}, of good and
bad channels satisfy 0 < p® < p® < 1 and N is a multiple
of 4.

The mean of the error probabilities of the bad and good
channels, i.e.,

(b) (g)
p="0T e (29)

represents the noisy intensity, and the difference between the
two probabilities, i.e.,
d=p?—p¥el0.1], (30)

represents the degree of correlation and heterogeneity of the
noise. In particular, the noise is independent and identically
distributed when d = 0. |

B. Computation method

Given the noise model, the fidelity of a qubit pair with good
or bad channels is given by

f(S) —-1- %p(‘v),

Defining the number of unsampled qubit pairs with good or
bad channels as

NO = 3" 1p,=p"), selgb), (32
neN\M

s € {g, b). (€1}
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FIG. 1. Variance of the estimated fidelity given by different pro-
tocols as a function of the noisy intensity p and the degree of
correlation and heterogeneity d for N = 1000, M = 500, and (a)
d =0, i.e., the noise is independent and identically distributed, and
(b) p=0.5.

then the average fidelity of the unsampled qubit pairs F is
determined by F® and N, s € {g, b}, as

_ ©ON© 4 FOINDG
F = f N —I{/I . (33)

Furthermore, according to (19), the estimated fidelity F' is
determined the QBER &£ ,4. Hence, given N © N® and Epq,
the variables of interest, i.e., F and F, are determined.

Here N®, N®_ and £, are discrete random variables
with finite support. Therefore, their exact joint distribution
can be computed in principle. To avoid excessive memory
requirements, we ignore realizations with probability less than
107! in the computation. The probabilities of the ignored
realizations have a sum no higher than 1078, which upper
bounds the computational error.

Figure 1 shows the mean-square estimation etrror, i.e.,
Var(F), as a function of the noisy intensity p and the degree
of correlation and heterogeneity d. The proposed protocol is
compared with those proposed in [21,22]. This figure shows
that the estimation error is an increasing function of both p and
d.In all cases, the proposed protocol has the lowest estimation
error. This result is consistent with Remark 3, which explains
how Protocol 1 minimizes the estimation error. Because the
minimum estimation error is achieved, Protocol 1 performs
better than protocols that are not fully optimized.

VI. CONCLUSION

In this paper we proposed a protocol to estimate the fidelity
of entangled qubit pairs shared by remote nodes. The pro-
posed protocol used only Pauli measurements and achieved
the minimum mean-square error in a challenging scenario
with arbitrary noise and no prior information. Numerical tests

confirmed the efficiency and reliability of the proposed proto-
col.
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APPENDIX A: PROBLEM TRANSFORMATION

Recall the problem of minimizing the mean-square esti-
mation error of fidelity in scenarios with arbitrary noise, i.e.,
Problem 1, formulated in (8a) and (8b). In this Appendix we
prove that in order to solve Problem 1, it suffices to consider
the scenario with independent noise.

1. Sufficiency of considering classically correlated noise

We first show that to solve Problem 1, it is sufficient to
consider a problem with no entanglement among different
qubit pairs. This problem is given by Problem 2.

Problem 2 (error minimization for separable states). This
problem is to

minimize max Ex[(F — F)? Ala
ni pangssp; rL( )] (Ala)
subject to ZIER[F“ —F1=0Vp, €Sy, (Alb)

M

where S, denotes the set of states p,; that are separable
among all qubit pairs.

We construct a probabilistic rotation operation as given by
Definition 1. By applying operation 7, the following lemma
shows the equivalence of Problems 1 and 2.

Lemma 1 (equivalence of Problems I and 2). If a mea-
surement operation O* is optimal in Problem 2, the composite
operation O* = O* o T is optimal in Problem 1.

Proof. The four Bell states {|®*), |¥*)} form a basis for
a qubit pair. Therefore, the state of each qubit pair n € N can
be written as

Pu=D Craldi) (V. (A2)

kelC,

where |¢) and | are Bell states, i.e., |®F) and |¥*), and
IC, is the set of all terms with nonzero coefficient ¢, € C.
Given (A2), the fidelity of qubit pair n is given by

fo=> leal(ee) = ) = ¥ 7).

kelC,

(A3)

where 1(-) is the indicator function.
According to (11), for Bell states |¢), [) € {|®F), |[¥)},

) (| if|g) = [v)
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By substituting (A4) into (A3), it is clear that the rotation 7
does not change the fidelity of any qubit pair.

Consider a composite operation in which the rotation 7
is performed on the sampled qubit pairs n € M before the
measurement O. Subsequently, this rotation is performed on
the unsampled qubit pairs n € N\ M. According to the anal-
ysis described in the preceding paragraph, the rotation 7 on
the unsampled qubit pairs does not affect the measurement
outcome r or the average fidelity of the unsampled qubit
pairs f. In this sense, the considered composite operation is
equivalent to the operation O=0o T, i.e., both the rotation
and the measurement are performed only on the sampled qubit
pairs. Moreover, since the rotation 7 on the unsampled qubit
pairs is commutable with the measurement O, the operation
O is also equivalent to an operation in which the rotation
T is performed on all qubit pairs before the measurement
O. Given the above two equivalences, when analyzing the
performance of the operation O, we consider the operation
in which the rotation is performed on all qubit pairs before the
measurement.

An arbitrary state of all N qubit pairs can be expressed in
the Bell basis as

par =D ¢k ®"N |¢in) (Wical.

kel

(A5)

where |¢.,) and |y ,) are Bell states, i.e., |®%) and |W),
and [ is the set of all terms with nonzero coefficient ¢, € C.
Substituting (A4) into (AS), we find that after performing the
rotation 7 on all qubit pairs, their joint state is

Toa) = Y cx &N Lrn) = Vea)lbrn) (Wil (A6)

kel

Equation (A6) shows that after performing 7 on all qubit
pairs, the state of all qubit pairs is a composition of product
states and therefore separable.

We define the function e(S, O, D) as the worst-case-square
estimation error for states in the set S by using the measure-
ment operator O and the estimator D, i.e.,

e(S,0,D) = max ;ER[(F —FM,0,D]. (A7)

P €

The objective functions of Problems 1 and 2 can be rewritten
as

mlI(lngl)lZC e(Su, O, D), mu(lf)l’rgme e(Syp, 0, D), (A8)

respectively.

We denote by D* the estimator used with the measurement
operation O* to achieve the minimum mean-square error.
The following inequalities involving the objective functions
of Problems 1 and 2 can be derived:

minimize e(Syp, O, D)
O,D

< e(Sup. 0%, D) (A9a)
< e(SSpv O*’ D*) (A9b)
= milg%ize e(Syp, 0, D). (A9c)

Equation (A9b) holds because rotation 7 converts an arbitrary
state to a separable state and (A9c) holds because (O*, D*) is
the optimal solution to Problem 2.

Moreover, because Sy D Syp,

minimize e(Syp, O, D) > minimize e(Syp, O, D). (A10)
0,D 0,D

According to (A9) and (A10), we can obtain
mir(})lIIDliZG e(SaIbs 07 D) = e(Sarb’ @*7 D*)

= mlrg%lze e(Syp, 0, D). (All)

The first equality in (A11) shows that O* is optimal for Prob-
lem 1. This completes the proof of Lemma 1. |

2. Sufficiency of considering independent noise

We next show that to solve Problem 2, it is sufficient to
consider a problem in which there is no correlation between
different qubit pairs. This problem is given by Problem 3.

Problem 3 (error minimization for independent states).
This problem is to

minimize max Ex[(F — )?
ni ps§ RL(F = f)’]

(A12a)

subject to Y Ex[F — f1=0VY p, € Sia. (A12b)
M

where Siq denotes the set of states p,; in which the state p,
of every qubit pair n, n € N, is independent, i.e., p,; can be
expressed as

o =" Np,. (A13)

In the case of (A13), the average fidelity of the unsampled
pairs f is deterministic for each sample set M. Thus, lower-
case letter f is used in (A12).

The following lemma shows the sufficiency of considering
independent noise.

Lemma 2 (equivalence of Problems 2 and 3). If a mea-
surement operation O* is optimal in Problem 3, it is also
optimal in Problem 2.

Proof. A separable state p,;; € Sy, can be expressed as

Pay = Z pr ®"N Pr.n>
kelkC

(Al4)

where py is the probability of the ensemble in case k, with
Pk =20, o pr =1, and p; , is the density matrix of qubit
pair n in case k. We define pg]ﬁ) = @"N Py, and denote the
fidelity of p; , by fi.». Then pi’fﬁ e SyVkek.

We denote by f (r) the estimated fidelity given the mea-
surement outcome r and by f(p,, M, r) the average fidelity
of the unsampled qubit pairs given the state p,;, sample set
M, and measurement outcome r. With (A14), for every es-
timation protocol {O, D} and every state p,; € S, we have
that

> ErlF — F]
M

- Z ZPr(NM)[fV(’”) — f(par, M, )] (Al5a)

M
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= ZZZPr(rIM)Pr Pa11)|M r)
M r

x [F(r) = F (o). M. r)] (A15b)
= ZkaZPr (r]0l). M
k
x [F(r) = F oy M. )] (Al15¢)
= > e Y Ex[F - flol})] (A15d)
k M
and similarly
> ER[(F — F)]
M
=> Zpr(ru\/t)(f(r) -y Pr
M r k
2
x (0% |M, ) F(0S), M, r)) (A16a)
< ZZZPr(rL/\/l)Pr pall)},/\/l )
M k
x [f(r) = F(o%), M, )] (A16b)
= ) _Pr(py/|M) ZZPr (rloly). M
k
x [F) = 7o) M. )T (Al6c)
= > p ) Er[(F =77 o] (Aled)
k M
< max Y Eg[(F — )7, (A16e)
Pl €Sia M
where (A15b) and (A16b) hold because
> Pr(pf) M. r) =1, (A17)
kekC
Pr(oX)| M, r) > 0Vk € K, (A18)

and the function x? is convex; Eqgs. (A15¢) and (A16¢) hold
because according to Bayes’ theorem

Pr(r|M)Pr(pg [ M. r) = Pr(ply) [M)Pr(r| o). M): (A19)
and (A16e) holds because pé’fl) € S, pr 20Vk e K, and

dYupk=1 5
According to (AlS5), if the estimated fidelity F satisfies

(A12b), it also satisfies (A1b). Therefore, an estimate that is
unbiased for independent states is also unbiased for separable
states.

Recall the worst-case-square estimation error function
e(S, O, D) defined in (A7) and denote by D* the estima-
tor used with the measurement operation O* to achieve the
minimum mean-square error. In this case, the following in-
equalities involving the objective functions of Problems 2

and 3 can be derived:

minimize e(S;,, O, D
nim (Ssp )

< e(Syp, OF, DY) (A20a)

< e(Syy, O, D) (A20b)

= minimize e(Syq, O, D). (A20c)
0.D

Equation (A20b) is true because (A16) holds for every esti-
mation protocol {O, D} and every state p,; € Sy, and (A20c)
holds because {O*, D*} is the optimal solution to Problem 3.
Moreover, because Sgp O Sig,

mir(loi%ize e(Syp, 0,D) 2 mir(loigl)ize e(Syg, O, D). (A21)
According to (A20) and (A21),
mir(loi%ize e(Ssp, O, D) = e(Syp, O, D)
= mirg%ize e(Su, 0,D). (A22)

The first equality in (A22) shows that O* is optimal for Prob-
lem 2. This completes the proof of Lemma 2. |

3. Sufficiency of considering the sampled qubit pairs

In a third step, we show that in the case of independent
noise, to minimize the estimation error with respect to the
average fidelity of the unsampled qubit pairs, it is sufficient to
minimize the corresponding value of the sampled qubit pairs.
To this end, transform Problem 3 into Problem 4.

Problem 4 (error minimization for sampled qubit pairs).
This problem is to

minimize max Ex[(F — frg)? A23a
nim panesid(fm)%j Rl(F = fm)’] - (A23a)
subject to Eg[F — fu] = 0V ppy, (A23b)

where p,, is the state of all sampled qubit pairs and Sig(f ;)
denotes the set of N qubit pair states with independent noise
and fidelity composition f,, = {f,, n € N}, i.e.,

P = ®neNp (A24)

in which p,, is the state of the nth qubit pair,

fi= (¥ p,|¥7), newnN, (A25)
is the fidelity of the nth qubit pair, and
1
= 2 I (A26)

nemM

is the average fidelity of the sampled qubit pairs.

The following lemma shows that a measurement opera-
tion O* which is optimal for Problem 4 is also optimal for
Problem 3.

Lemma 3 (equivalence of Problems 3 and 4). If a mea-
surement operation O* is optimal in Problem 4 for all
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compositions of fidelity, i.e., for all Sia(f,;) C Sig, it is also
optimal in Problem 3.

Proof. Because the sample set M is drawn completely at
random,

Y F—Fm=0Vpy € Su. (A27)
M
According to (A27), Eq. (A12b) is equivalent to
D ERlF — faq] =0V py € S (A28)

M

Equation (A28) indicates that any estimation protocol {O, D}
satisfies (A23b) for all Sig(f ;) C Siq and M C N also satis-
fies (A12b). In the following, we prove the converse statement
by contradiction.

Suppose there is an estimation protocol {O, D} that satis-
fies (A28) but does not satisfy (A23b). In this case, there must
exist some p,, such that

Eg[F — fml # 0.

We denote by m € M one of the sampled qubit pairs, by / the
number of sampled qubit pairs whose state is the same as that
of the mth pair, i.e.,

Y L =p) =1

nemM

(A29)

(A30)

and by p) the state p , that satisfies (A29). Because m € M,
itis clear that / > 1.
Subsequently, we consider the state

o =0 ® @ Mp,). (A31)

With the state defined in (A31), the sampled set M has at least
a number / of qubit pairs in the state p,,. When the number of
sampled qubit pairs in state p,, is equal to [, the joint state
of the sampled qubit pairs is equal to p'". Thus, according to
(A28) and (A29), there must exist a sample set M such that

ErlF — fudl #0, > 1(p,=p,)=1>1+1. (A32)
nemM

We denote the state p v, by o). Next we consider the state

par = 0" ® (@M p,) (A33)

and repeat the analysis above. Because [ > [ + 1, by repeating
this analysis for at most M — [ times, we can obtain that when
o = p™M = @Mp,,, the unbiased constraint is not met, i.e.,

Eg[F — fu] # 0. (A34)

However, according to (A34), Eq. (A28) does not hold for
the state p,; = ®" p,,. This contradiction shows that any es-
timation protocol {O, D} that satisfies (A12b) also satisfies
(A23b).

Using the strengthened unbiased constraint (A23b), the
estimation error in Problem 3 can be decomposed as

> ERl(F = £)*]
M

=Y Exl(F = i+ fru — )] (A35a)
M

= Y Erl(F = fu)’1+2 ) Brl(F — fr)(fu — )]
M M

+ Y Erl(fm = /)] (A35b)
M

= D ErI(F — fu)’1+2 ) ExlF — fmlop]
M M

x<(fm =D+ _(fm = f7 (A35¢)
M

= Y Erl(F — )1+ Y _(fm — )7, (A35d)

M M
where (A35c¢) holds because in cases with inde_pendent noise,
the average fidelity of sampled qubit pairs fa¢ and that of
unsampled qubit pairs f are deterministic given each sample
set M; Eq. (A35d) is true due to (A23b).

Equation (A35) decomposes the estimation error into two
parts, i.e., the estimation error with respect to the average
fidelity of the sampled qubit pairs

D ErI(F — fu)*l, (A36)
M
and the deviation between the average fidelity of sampled and
unsampled qubit pairs

> = 7 (A37)
M

The value of (A37) is determined by the fidelity composition
of all qubit pairs, i.e.,

fallz{fnvneN}’

and not affected by the estimation protocol {O, D}. Therefore,
for every fidelity composition f,;;, minimizing the estimation
error

(A38)

minimize max Ex[(F — )? A39
nim pa“ewm); Rl(F = f)’] (A39)

is equivalent to
minimize max Z]ER[(F — ). (A40)

OD  pu€Sia(fu) M

Hence, if a protocol {O*, D*} is optimal in Problem 4 for all
Sia(f ) C Sias it is also the optimal solution to (A39) for all
Sia(f 1) C Sia- Furthermore, because

Sa=|JSualfu): (A41)
lell
protocol {O*, D*} minimizes
max Z]ER[(F - 2. (A42)

Pu€ESia M

Therefore, {O*, D*} is also an optimal solution to Problem 3.
This completes the proof of Lemma 3. |
The following theorem summarizes the results of this sec-
tion.
Theorem 1 (generality of optimality with independent
noise). If a measurement operation O* is optimal in Prob-
lem 4 for all Siq(f,;) C Sid, then a composite measurement

022418-9



LIANGZHONG RUAN

PHYSICAL REVIEW A 108, 022418 (2023)

operation O* = O* o T is optimal in Problem 1, where the
operation 7 is defined as in Definition 1.

Proof. The theorem is a direct consequence of
Lemmas 1-3. ]

APPENDIX B: OPERATION CONSTRUCTION

In this Appendix we first derive a lower bound of the
estimation error and then, based on the conditions for achiev-
ing this lower bound, construct an optimal fidelity estimation
protocol.

1. Lower bound of the estimation error

We will first further simplify Problem 4 (Lemma 4), then
characterize the limit of separable operators (Lemma 5), and
finally determine the lowest feasible bound of the estimation
error (Lemma 6).

The state of a qubit pair p, € H*** has several parameters
other than fidelity. This property complicates the Fisher infor-
mation analysis of Problem 4. To overcome this challenge, we
further simplify Problem 4 to an equivalent one, Problem 5, in
which the fidelity composition f ), is sufficient to parametrize
the state of the qubit pairs.

Problem 5 (error minimization for Werner states). Given
that p,; = ®"VNa,,

o . . N, _ = 2
minimize ;ER[(F )l (B1)
subject to Ex[F — fu(IM] =0V M C N, (B2)
where o0, is the Werner state with fidelity f,, i.e.,
— — 1 - fn _ _
o= ful V)W + (Ly — TP, (B3)

3

Lemma 4 (equivalence of Problems 4 and 5). With the op-
timal estimation protocol {O, D}, the objective functions of
Problems 4 and 5 have the same value.

Proof. Recall the function of the worst-case-square estima-
tion error e(S, O, D) defined in (A7) and define Sy (f,;) =
{(®"Ng,}. The objective functions of Problems 4 and 5 can
be rewritten as

minimize e(Su(/ ). O. D).

mir(lgirgize e(Sw(fa), O, D), (B4)
respectively.

We denote by {O*, D*} the optimal solution to Problem 5
and we denote the random bilateral rotation operation pro-
posed in [34] by B. We define the composition operation
O* = O* o (®"B). In this case, we have that

minimize e(Sia(fa), O. D)

< e(Salfa), OF, DY) (B5a)
g e(Sw(fall)v O*’ D*) (BSb)
= mir(lgingize e(Sw(fa), O, D), (B5¢)

where (B5b) holds because the operation B transforms a gen-
eral qubit pair state p, to a Werner state o, with the same

fidelity and (B5c) holds because {O*, D*} is the optimal solu-
tion to Problem 2. Moreover, because Sy (f 1) C Sia (fan)

minimize e(Sw(fa), O, D) < minimize e(Sia(fa), 0. D)
(B6)

From (B5) and (B6) we have

IIllI(l/)l’IgIZe e(Sw(fa), O0,D) = mllg%lze e(Sia(fa), O, D),
(B7)

which proves Lemma 4. ]
The next lemma characterizes the limit of separable opera-
tors when measuring maximally entangled qubit pairs.
Lemma 5 (limit of separable operators). Here |®) is a
maximally entangled state of a qubit pair and M = MY ®
M® is a separable operator, where M*) = 0, X € {4, B}. In
this case,

Tr(|P) (@M ) E8)
S OTr[(Iy — [P)(@HM@UP] T
Proof. We define

M(AB)

=— . B
Tr(M“B)) ®9)

p
Since MX) =0, X € {A, B}, p is the density matrix of a
separable state of a qubit pair. For this state, its fidelity with

respect to every maximally entangled state lies in the interval
[0, 11[36,37], i.e.,

Tr(|®)(®|p) € [0, 1]. (B10)

Consequently,
Tr(| ) (P|p)

Tr(@)(®lp)  _ 0. 1].
Tr[(Is — @) (PDp] 1 —Tr(|P)(P|p)

According to (B9) and (B11), Eq. (B8) is obtained. This
completes the proof of Lemma 5. |

Remark 4 (the role of inequality (B8)). To measure the fi-
delity with respect to a state |®)(P|, it is most efficient to
use |®)(P| and [ — |P)(P| as measurement operators to
ensure that the distribution of the measurement outcome is
maximally sensitive to the changes in fidelity.

Since the target state |W™) is entangled, separable oper-
ations cannot realize the measurement operators mentioned
above. To increase their efficiency, separable measurement
operators should be designed to best mimic the ideal oper-
ator |W~)(W~|. The inequality (B8) characterizes the best
alignment between separable operators and the target state.
Consequently, Eq. (B8) is the critical constraint that upper
bounds the efficiency of separable operators in fidelity esti-
mation.

Based on the above results, the following lemma character-
izes a lower bound for the estimation error in Problem 4.

Lemma 6 (lower bound for the estimation error). The
mean-square estimation error, i.e., the objective function of
Problem 4 divided by (Z), is no less than

3 Qfu + DA = fo)
2MN '

(B11)

(B12)
neN
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Proof. According to Lemma 4, the minimum value of the
objective function of Problem 4 is equal to that of Problem 5.
Therefore, the following analysis lower bounds the objective
function of Problem 5.

In Problem 5, p,; = Q"N 0,, i.e., the qubit pairs are in
independent Werner states. In this case, for each sampled set
M, the fidelity composition of the sampled qubit pairs,

S ={fun e M},

is the unknown fixed parameter that determines the dis-
tribution of the measurement outcome R. According to
the unbiased constraint (A23b) and the fact that Fuq =

ﬁ ZnEM n»

(B13)

OER[F] _ 1y
afu M

where 1, denotes the 1 x M all-1 vector. In this case, accord-
ing to the Cramér-Rao bound [30,31],

] L (OERIFTNT
TR(f p0)] (—a " ) ,
(B15)

, (B14)

AER[F
0f m

Ex[(F — fm)’] =

where Ir(f »,) is the M x M Fisher information matrix of the
measurement outcome R evaluated at point f , ;. The elements
of Ir(f ) are specified as

n

3 9 T
ln,m(fM)=]ER[3f lnP(R;fM)<Fln7’(R;fM)> }

(B16)

where n, m € M and P(r; f ) is the distribution of measure-
ment outcome r given the fidelity composition f .

According to Proposition 1 in [38], the reciprocal of the di-
agonal elements of a Fisher information matrix lower bounds
the inverse of that matrix, i.e.,

Tr(f 017" = diag(L, , (fr0). n € M),

where > denotes the matrix inequality and diag(-) denotes the
diagonal matrix. Substituting (B14) and (B17) into (B15), we
get

(B17)

g _ 1
R = X1 > 5 D ha(fv)- (BIS)

nemM

Given that the state of qubit pairs p,; = ®"V o, and the
measurement operator

M, Z®ne/\/1 M(A)k ®M(3) )’

rnk

(B19)

the distribution of the measurement outcome can be expressed
as

P(r; fpr) = Tr(@"Ma,M,)
= Z Tr

=2 [ Trloumy) @ M7,
k neM

ne./\/l o,nM(A) Mfﬁli)k)]

(B20)

To characterize the effect of fidelity f,, on the distribution of
the measurement outcome, we define

= ST Y, )
k

A B
X l—[ Tr(“mMini,k‘@Mier)
meM\(n}

brn =Y Te[(ls — &)@ DME) @ MP), ]
k

r,nk

(A) (B)
X l_[ Tr(amMr,m,k ®Mrm k)
meM\{n}

(B21)

It is evident that the value of f, has no effect on a,, and b, ,,
ie.,

aar,n _ 8br,n
W~ fa

According to (B3) and (B20), the distribution of the mea-
surement outcome can be rewritten as

PIfa) =fo D Tr(1 0 )0 MY, @ M®)
k

=0Vr,n. (B22)

A B
x l_[ Tr(onM,,, , @ M, )
meM\{n}

r,nk

l_fn _
3 ;Tr[au—mf } M)

® Mii).k] l_[ Tr(“mM%;)l K ® ME’,Brr)t,k)
meM\{n}
1 - fn
:fnar,n + Tbr,n' (B23)

According to (B16), (B22), and (B23),
2
Lon(f p0) = ZP(rlfn ( 57 InPUlh) )

rnn lbrn ?
- u (B24)

1—fn
farn + SL2b,,

According to the property of the positive-operator-valued
measure, i.e., Zr M, = Iu, it can be obtained that

> dp = Tr<|w—><w—| ® (@"M\"g,,) ZMr>

= Tr[| W) (¥ | @ (@"M\Wg,)]

=Tr((w )¢ ) [ Trew
meM\{n}

=1 (B25)

Similarly,
D by =Te(— (W)W [ Trlow

meM\{n}
=3 (B26)
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Applying Lemma 5, we get
0< Tr(w ) (w MY aM®))

rn,k rn,k
ST — 970D, © M) IV rn k. (B2T)
Substituting (B27) into (B21), we obtain that
0<ar, <b.,Vrn (B28)
Defining
1 2
Ly byn) = J% (B29)
then because
921, 6b*,
— = : >0, (B30)

N [(1 - fn)br,n + 3ﬁ1ar,n]3

the function /., is convex with respect to a,,. Therefore,
according to (B28),

9%a, ,

brn — Urn
Ir,n(ar,n’ br,n) g —a rn(o brn) + rn(brnv rn)
br,n rn
1 b . 4
= o< WOrn —arn
3(1—f) 3ChH DY
(B31)

Substituting (B25), (B26), and (B31) into (B24), we obtain
that

In.n(f/\/[) = er,n(ar.nv br,n)

1
<305 Z(bm —b
2 4
3A—f)  3Qfi+1D
_ 2
T QH+DA-f)

Substituting (B32) into (B18), the mean-square estimation
error is lower bounded as

N\ L
(M> ZJER[(F—fmﬁ

4
rnn brn
AT P

(B32)

M neM
-1
S N Z N—-1\Qfi+ DA = f)
M M—1 2M?
neN
2+ DA — f,
= Z Cfat DA = fu) +21v;( f). (B33)
neN N
With (B33), Eq. (B12) is obtained, which completes the proof
of Lemma 6. |

2. Achieving the minimum estimation error

This Appendix describes the measurement operation used
to achieve the minimum estimation error.

According to the proof of Lemma 6, a necessary condi-
tion for achieving the minimum estimation error is that the
inequality in (B31) is balanced. To this end, the projection of
a measurement operator onto the target state, i.e., a,,,, defined
in (B21), must balance either of the two inequalities in (B28).
The estimation protocol is built according to this principle.
Specifically, we consider bilateral local Pauli measurements
in the same basis. When both nodes make measurements in
the u basis, u € {x, y, z}, the operators corresponding to the
asymmetric and symmetric measurement results M, o and
M, are given, respectively, by

M.o=|+—-X+—1+]—+X—+I
=W+ [T ) (D7, (B34a)
M. =|++X++|+]——X——]
= W) (WF| 4 [T (D7, (B34b)
Myp=[xOXXxO[+]|OX)O x |
= W) (W] + [T ) (DT, (B34¢)
My, =]|xx)xx|+|OO}OO|
= W)W+ |07 ) (D7, (B34d)
M. = |01)}01]| 4+ |10)10]
= WO T (B34e)
M, = 100X00| + [11)(11]
= |OTNPT| + @)D, (B34f)
where |+) = ‘0}'1), |—) = '0>f‘l>, [x) = ‘ )};‘1 and |®) =
10)—il1)

{n (B34), the operators M, o, u € {x, y, z}, balance the sec-
ond inequality in (B28) and the operators M, 1, u € {x,y, z},
balance the first inequality in (B28). The following two lem-
mas confirm the optimality of the proposed measurement
operator.

Lemma 7 (unbiased estimator). Given the measurements
made in Protocol 1, the estimated fidelity

M 3
F=1- 82M (B35)
satisfies (A23b), where the QBER ¢, is expressed as
EM = —Z";}Vl rn’ (B36)
in which r, is the measurement result of qubit n.
Proof. We define the following four terms:
1 N
£ =15 2 Trlo, w77,
neM
1
F =20 3 Telo, W),
neM
1 N
F& =57 2 Trlp,|@7)(@7]),
nemM
1
£ =5 2 Tr(p, |@H)(@F)). (B37)
neM
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In this case, fy = f©. Moreover, as the Bell states form a
basis of C*4,

(B38)

3
0= Ail > Tr(p,) = 1.
i=0

neM

Given the distribution of A,, ie., Pr(A, =u)=1, u e
{x,y,z}, and the expression of the measurement operators
(B34), the following expression can be obtained:

. [zneM RyL(A, =) f-M]

M
1 _
=27 2_ Prid = OE[R,JA, = x, i
neM

1
= 57 2 Tleu(ls = Mp)]
neM

1
= —( 3 Tr(p, @)+ Y Tr(p,,|d>+><d>+|)>

3M nemM nem
(1) 3)
_ A (B39)
3
Similar to (B39), we can obtain that
Z MRn]l(An :y) &
E ne
[ i Im
1
= 57 2 Tl (s = My )]
nemM
(1 2)
_ % (B40)
Z M Rnﬂ(An = Z) F
]E ne.
[ i Im
1
= 57 2 Tl (ls = M- 0)]
nemM
) 3)
= & (B41)
3
Substituting (B38)—(B41) into (B35) yields

E[F|fm]
3 _
=1- E]E[c‘:MIfM]

= 1 — g]E |:Za€{X,y,z} Zne/\/[ Rn]I{An = a}

2 M

3 2r
=1—5<ZT)

i=1

‘]

== fm. (B42)
where F' and &y are the random variable form of f and
&, respectively. Equation (B42) shows that the estimator
given in (B35) satisfies (A23b). This completes the proof of
Lemma 7. |

Next Lemma 8 proves the optimality of the proposed mea-
surement operation in scenarios with independent noise.

Lemma 8 (optimality with independent noise). Protocol 1
achieves the minimum estimation error in Problem 4.

Proof. By repeating the derivation from (B39)-(B42) for
qubit pair n, the following expression can be obtained:

Pr(R, = 1) = (1 - f,). (B43)
Hence, the variance of R, is given by
VI[R,] = Pr(R, = D[1 — Pr(R, = 1]

9

In the case of independent noise, the measurement out-
comes R,, n € M, on different qubit pairs are independent.
Therefore, according to (B35) and (B36),

- 9
VIFIMI = 25 3 VIR

neM
I N R AR
neM
According to Lemma 7, F satisfies (A23b); hence
ER[(F — F)’|M] = VIFIM]. (B46)

As the sample set M is selected completely at random,
Eqgs. (B45) and (B46) indicate that for all Sig(f,;) C Sidas

N\ L
(M) > Erl(F — Fum)*]

McN
_ N)” @fr+ 1A= £)
<M MXC:NnezJ:\/l 2m?
(N (N =1\ Qf+ DU = f)
B (M) § (M — 1) 2M?
- = 2MN ‘

According to Lemma 6, the estimation error of Problem 4
is no less than (B47). This aspect shows that Protocol 1 is
optimal in Problem 4 for all fidelity compositions Sig(f,;) C
Sia. This completes the proof of Lemma 8. |

Finally, Theorem 2 summarizes the results of this section.

Theorem 2 (optimal estimation protocol). Protocol 1 is
optimal for Problem 1.

Proof. Denote the measurement operation and estimator of
Protocol 1 by O* and D*, respectively. According to Lemma 8
and Theorem 1, the estimation protocol {@*, D*} is optimal
for Problem 1, where the composite measurement operation
O =0*oT.

Recall the property of the operation T given in (A4), where
|¢) and |y) are Bell states {|®*), |[¥'*)}. Given (A4) and the
fact that Bell states form a basis of H?*, the Kraus operators of
T processing one qubit pair can be expressed as

Ty, =Ip)pl, ¢e{®, U} (B48)
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In this case of (B34) and (B48), the operation 7 does not
change the operators of 0%, i.e.,

M, = Y TiM,TsVuelxyz} re{0 1},
pe{o=, vt}
(B49)
where the dagger is the Hermitian transpose. Equa-

tion (B49) shows that the composite measurement operation

A

O*=0*o T is equivalent to O%, i.e.,
O =0T = 0" (B50)

According to (B50), the estimation protocol {O*, D*} of Pro-
tocol 1 is optimal for Problem 1. This proves Theorem 2. W

[1] S. Wehner, D. Elkouss, and R. Hanson, Quantum internet: A
vision for the road ahead, Science 362, eaam9288 (2018).

[2] H.J. Kimble, The quantum internet, Nature (London) 453, 1023
(2008).

[3] D. Castelvecchi, The quantum internet has arrived (and it
hasn’t), Nature (London) 554, 289 (2018).

[4] M. Pant, H. Krovi, D. Towsley, L. Tassiulas, L. Jiang, P. Basu,
D. Englund, and S. Guha, Routing entanglement in the quantum
internet, npj Quantum Inf. 5, 25 (2019).

[5] R. Arnon-Friedman, F. Dupuis, O. Fawzi, R. Renner, and T.
Vidick, Practical device-independent quantum cryptography via
entropy accumulation, Nat. Commun. 9, 459 (2018).

[6] M. Avesani, D. G. Marangon, G. Vallone, and P. Villoresi,
Source-device-independent heterodyne-based quantum random
number generator at 17 Gbps, Nat. Commun. 9, 5365 (2018).

[7] C. M. Lee and M. J. Hoban, Towards Device-Independent Infor-
mation Processing on General Quantum Networks, Phys. Rev.
Lett. 120, 020504 (2018).

[8] R. Schwonnek, K. T. Goh, I. W. Primaatmaja, E. Y. Z. Tan,
R. Wolf, V. Scarani, and C. C. W. Lim, Device-independent
quantum key distribution with random key basis, Nat. Commun.
12, 2880 (2021).

[9]1 M.-H. Li, X. Zhang, W.-Z. Liu, S.-R. Zhao, B. Bai, Y. Liu,
Q. Zhao, Y. Peng, J. Zhang, Y. Zhang, W. J. Munro, X. Ma,
Q. Zhang, J. Fan, and J.-W. Pan, Experimental Realization of
Device-Independent Quantum Randomness Expansion, Phys.
Rev. Lett. 126, 050503 (2021).

[10] S. Pirandola, U. L. Andersen, L. Banchi, M. Berta, D.
Bunandar, R. Colbeck, D. Englund, T. Gehring, C. Lupo, C.
Ottaviani, J. L. Pereira, M. Razavi, J. S. Shaari, M. Tomamichel,
V. C. Usenko, G. Vallone, P. Villoresi, and P. Wallden, Ad-
vances in quantum cryptography, Adv. Opt. Photon. 12, 1012
(2020).

[11] M. Korber, O. Morin, S. Langenfeld, A. Neuzner, S. Ritter, and
G. Rempe, Decoherence-protected memory for a single-photon
qubit, Nat. Photon. 12, 18 (2018).

[12] J. Yin, Y. Cao, Y.-H. Li, S.-K. Liao, L. Zhang, J.-G. Ren, W.-Q.
Cai, W.-Y. Liu, B. Li, H. Dai, G.-B. Li, Q.-M. Lu, Y.-H. Gong,
Y. Xu, S.-L. Li, F-Z. Li, Y.-Y. Yin, Z.-Q. Jiang, M. Li, J.-J.
Jia et al., Satellite-based entanglement distribution over 1200
kilometers, Science 356, 1140 (2017).

[13] P. C. Humphreys, N. Kalb, J. P. J. Morits, R. N. Schouten,
R. F. L. Vermeulen, D. J. Twitchen, M. Markham, and R.
Hanson, Deterministic delivery of remote entanglement on a
quantum network, Nature (London) 558, 268 (2018).

[14] M. Pompili, S. L. N. Hermans, S. Baier, H. K. C. Beukers,
P. C. Humphreys, R. N. Schouten, R. F. L. Vermeulen, M. J.
Tiggelman, L. dos Santos Martins, B. Dirkse, S. Wehner, and R.

Hanson, Realization of a multinode quantum network of remote
solid-state qubits, Science 372, 259 (2021).

[15] H.-Y. Liu, X.-H. Tian, C. Gu, P. Fan, X. Ni, R. Yang, J.-N.
Zhang, M. Hu, J. Guo, X. Cao, X. Hu, G. Zhao, Y.-Q. Lu,
Y.-X. Gong, Z. Xie, and S.-N. Zhu, Drone-based entanglement
distribution towards mobile quantum networks, Natl. Sci. Rev.
7,921 (2020).

[16] J. R. West, D. A. Lidar, B. H. Fong, and M. F. Gyure, High
Fidelity Quantum Gates via Dynamical Decoupling, Phys. Rev.
Lett. 105, 230503 (2010).

[17] M. G. Bason, M. Viteau, N. Malossi, P. Huillery, E. Arimondo,
D. Ciampini, R. Fazio, V. Giovannetti, R. Mannella, and O.
Morsch, High-fidelity quantum driving, Nat. Phys. 8, 147
(2012).

[18] S. Arroyo-Camejo, A. Lazariev, S. W. Hell, and G.
Balasubramanian, Room temperature high-fidelity holonomic
single-qubit gate on a solid-state spin, Nat. Commun. 5, 4870
(2014).

[19] X. Zhang, M. Luo, Z. Wen, Q. Feng, S. Pang, W. Luo, and
X. Zhou, Direct Fidelity Estimation of Quantum States Using
Machine Learning, Phys. Rev. Lett. 127, 130503 (2021).

[20] R. D. Somma, J. Chiaverini, and D. J. Berkeland, Lower bounds
for the fidelity of entangled-state preparation, Phys. Rev. A 74,
052302 (2006).

[21] O. Giihne, C.-Y. Lu, W.-B. Gao, and J.-W. Pan, Toolbox for
entanglement detection and fidelity estimation, Phys. Rev. A 76,
030305(R) (2007).

[22] S. T. Flammia and Y.-K. Liu, Direct Fidelity Estimation from
Few Pauli Measurements, Phys. Rev. Lett. 106, 230501 (2011).

[23] H. Zhu and M. Hayashi, Optimal verification and fidelity esti-
mation of maximally entangled states, Phys. Rev. A 99, 052346
(2019).

[24] N. Kalb, A. A. Reiserer, P. C. Humphreys, J. J. W. Bakermans,
S. J. Kamerling, N. H. Nickerson, S. C. Benjamin, D. J.
Twitchen, M. Markham, and R. Hanson, Entanglement distilla-
tion between solid-state quantum network nodes, Science 356,
928 (2017).

[25] M. Tomamichel, C. C. W. Lim, N. Gisin, and R. Renner, Tight
finite-key analysis for quantum cryptography, Nat. Commun. 3,
634 (2012).

[26] C. Pfister, M. A. Rol, A. Mantri, M. Tomamichel, and S.
Wehner, Capacity estimation and verification of quantum chan-
nels with arbitrarily correlated errors, Nat. Commun. 9, 27
(2018).

[27] E. Bagan, M. A. Ballester, R. D. Gill, R. Mufioz-Tapia, and O.
Romero-Isart, Separable Measurement Estimation of Density
Matrices and its Fidelity Gap with Collective Protocols, Phys.
Rev. Lett. 97, 130501 (2006).

022418-14


https://doi.org/10.1126/science.aam9288
https://doi.org/10.1038/nature07127
https://doi.org/10.1038/d41586-018-01835-3
https://doi.org/10.1038/s41534-019-0139-x
https://doi.org/10.1038/s41467-017-02307-4
https://doi.org/10.1038/s41467-018-07585-0
https://doi.org/10.1103/PhysRevLett.120.020504
https://doi.org/10.1038/s41467-021-23147-3
https://doi.org/10.1103/PhysRevLett.126.050503
https://doi.org/10.1364/AOP.361502
https://doi.org/10.1038/s41566-017-0050-y
https://doi.org/10.1126/science.aan3211
https://doi.org/10.1038/s41586-018-0200-5
https://doi.org/10.1126/science.abg1919
https://doi.org/10.1093/nsr/nwz227
https://doi.org/10.1103/PhysRevLett.105.230503
https://doi.org/10.1038/nphys2170
https://doi.org/10.1038/ncomms5870
https://doi.org/10.1103/PhysRevLett.127.130503
https://doi.org/10.1103/PhysRevA.74.052302
https://doi.org/10.1103/PhysRevA.76.030305
https://doi.org/10.1103/PhysRevLett.106.230501
https://doi.org/10.1103/PhysRevA.99.052346
https://doi.org/10.1126/science.aan0070
https://doi.org/10.1038/ncomms1631
https://doi.org/10.1038/s41467-017-00961-2
https://doi.org/10.1103/PhysRevLett.97.130501

MINIMIZATION OF THE ESTIMATION ERROR ...

PHYSICAL REVIEW A 108, 022418 (2023)

[28] K. De Greve, P. L. McMahon, L. Yu, J. S. Pelc, C. Jones,
C. M. Natarajan, N. Y. Kim, E. Abe, S. Maier, C. Schneider, M.
Kamp, S. Hofling, R. H. Hadfield, A. Forchel, M. M. Fejer, and
Y. Yamamoto, Complete tomography of a high-fidelity solid-
state entangled spin—photon qubit pair, Nat. Commun. 4, 2228
(2013).

[29] M. Bock, P. Eich, S. Kucera, M. Kreis, A. Lenhard, C. Becher,
and J. Eschner, High-fidelity entanglement between a trapped
ion and a telecom photon via quantum frequency conversion,
Nat. Commun. 9, 1998 (2018).

[30] H. Cramér, Mathematical Methods of Statistics (Princeton Uni-
versity Press, Princeton, 1999).

[31] C. R. Rao, Selected Papers of C.R. Rao (Wiley, New York,
1994).

[32] M. G. A. Paris, Quantum estimation for quantum technology,
Int. J. Quantum Inf. 07, 125 (2009).

[33] D. gafrének, Simple expression for the quantum Fisher infor-
mation matrix, Phys. Rev. A 97, 042322 (2018).

[34] C. H. Bennett, G. Brassard, S. Popescu, B. Schumacher, J. A.
Smolin, and W. K. Wootters, Purification of Noisy Entangle-
ment and Faithful Teleportation via Noisy Channels, Phys. Rev.
Lett. 76, 722 (1996).

[35] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki,
Quantum entanglement, Rev. Mod. Phys. 81, 865 (2009).

[36] R. Horodecki and M. Horodecki, Information-theoretic as-
pects of inseparability of mixed states, Phys. Rev. A 54, 1838
(1996).

[37] M. Horodecki, P. Horodecki, and R. Horodecki, Inseparable
Two Spin—% Density Matrices Can Be Distilled to a Singlet
Form, Phys. Rev. Lett. 78, 574 (1997).

[38] B. Z. Bobrovsky, E. Mayer-Wolf, and M. Zakai, Some Classes
of Global Cramer-Rao Bounds, Ann. Statis. 15, 1421 (1987).

022418-15


https://doi.org/10.1038/ncomms3228
https://doi.org/10.1038/s41467-018-04341-2
https://doi.org/10.1142/S0219749909004839
https://doi.org/10.1103/PhysRevA.97.042322
https://doi.org/10.1103/PhysRevLett.76.722
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/PhysRevA.54.1838
https://doi.org/10.1103/PhysRevLett.78.574
https://doi.org/10.1214/aos/1176350602

