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Measurement noise is a major source of noise in quantum metrology. Here, we explore preprocessing
protocols that apply quantum controls to the quantum sensor state prior to the final noisy measurement
(but after the unknown parameter has been imparted), aiming to maximize the estimation precision. We
define the quantum preprocessing-optimized Fisher information, which determines the ultimate precision
limit for quantum sensors under measurement noise, and conduct a thorough investigation into optimal
preprocessing protocols. First, we formulate the preprocessing optimization problem as a biconvex opti-
mization using the error observable formalism, based on which we prove that unitary controls are optimal
for pure states and derive analytical solutions of the optimal controls in several practically relevant cases.
Then we prove that for classically mixed states (whose eigenvalues encode the unknown parameter) under
commuting-operator measurements, coarse-graining controls are optimal, while unitary controls are sub-
optimal in certain cases. Finally, we demonstrate that in multiprobe systems where noisy measurements
act independently on each probe, the noiseless precision limit can be asymptotically recovered using
global controls for a wide range of quantum states and measurements. Applications to noisy Ramsey
interferometry and thermometry are presented, as well as explicit circuit constructions of optimal controls.
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I. INTRODUCTION

Quantum metrology is one of the pillars of quantum
science and technology [1-5]. This field deals with fun-
damental precision limits of parameter estimation imposed
by quantum physics. Notably, it seeks to use nonclassi-
cal effects to enhance the estimation precision of unknown
parameters in quantum systems, which has led to the devel-
opment of improved sensing protocols in various experi-
mental platforms [6—11]. To characterize the metrological
limit of quantum sensors, the quantum Cramér-Rao bound
(QCRB) [12,13], which is saturable for a large number
of experiments, is conventionally used. It is defined using
the quantum Fisher information (QFI) [14—16], which is
one of the most useful and celebrated tools in quantum
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metrology, with a considerable amount of research focused
on developing better ways to calculate and bound
it [17-22].

Although the QCRB and the QFI apply extensively in
quantum sensing, they are defined assuming that arbi-
trary quantum measurements can be applied on quantum
states to extract information about the unknown param-
eter. However, in actual experimental platforms, such as
nitrogen-vacancy centers [23—29], superconducting qubits
[30], trapped ions [31,32], and more, measurements are
often noisy and time expensive, rendering the sensitivity
of practical quantum devices far from the theoretical lim-
its given by the QCRB. In particular, measurement noise
remains a significant source of noise in quantum sensing
experiments. Other sources of noise, such as system evo-
lution and state preparation, have been studied extensively,
with methods developed to mitigate their effect [17,33—45].

To tackle the effect of measurement noise on quan-
tum metrology, interaction-based readouts were proposed
[46-51] and demonstrated experimentally [52—54], where
bespoke inter-particle interactions that enhance phase esti-
mation precision in spin ensembles are applied before the
noisy measurement step and after the probing step. The
idea of employing unitary controls in a preprocessing man-
ner, i.e., after the unknown parameter has been imparted
but prior to the final measurement, was later formulated
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as the imperfect (or noisy) QFI problem [50,55], where
the preprocessing is optimized over all unitary operations.
Classical postprocessing methods, such as measurement
error mitigation [56—58], can then work in complement to
the quantum preprocessing method for parameter estima-
tion under noisy measurements.

Apart from a few specific cases, such as qubit sensors
with lossy photon detection [55], setting the metrologi-
cal limit under measurement noise by computing imperfect
QFTI has been difficult, limiting its practical application. In
this work, we propose a more general measurement opti-
mization scheme, where arbitrary quantum controls (i.e.,
general quantum channels that can be implemented utiliz-
ing unitary gates and ancillas) are applied before the noisy
measurement. The goal is to identify the FI optimized
over all quantum preprocessing channels for general quan-
tum states and measurements, that we call the quantum
preprocessing-optimized FI (QPFI) and quantifies the ulti-
mate power of quantum sensors with measurement noise,
and to obtain the corresponding optimal controls, that can
be applied to achieve the optimal sensitivity in practical
experiments.

We systematically study the QPFI, along with the cor-
responding optimal preprocessing controls in this work.
In Sec. II, we first define the QPFI and review related
concepts. We then introduce the concept of error observ-
ables in Sec. 111, and use it to demonstrate that the QPFI
problem can be cast as a biconvex optimization problem
[59]. In turn, this allows us to find analytical conditions
for optimality, and to identify optimal controls saturat-
ing the QPFI in the setting of commuting measurements
applied to pure states (see Sec. IV). The case of classically
mixed states (i.e., states for which the unknown parameter
is encoded in the eigenvalues) is studied in Sec. V. Besides
analytical solutions, we also manage to prove that unitary
controls are optimal for pure states under general measure-
ments, and that coarse-graining controls are optimal for
classically mixed states under commuting-operator mea-
surements, with a counterexample illustrating the nonop-
timality of unitary controls. For general mixed states, we
further prove useful bounds on the QPFI in Sec. VI. In
terms of the asymptotic behavior of identical local mea-
surements acting on multiprobe systems, in Sec. VII, we
identify a sufficient condition for the convergence of the
QPFI to the QFI using an optimal encoding protocol
based on the Holevo-Schumacher-Westmoreland (HSW)
theorem [60,61]. We show that the relevant condition is
satisfied by a generic class of quantum states, including
low-rank states, permutation-invariant states, and Gibbs
states (with an unknown temperature), while previously
only the pure-state case was proven [55].

Our results provide a theoretically accessible precision
bound for quantum metrology under noisy measurements,
along with a roadmap towards preprocessing optimization
in sensing experiments.

I1. DEFINITIONS

Given a quantum state py as a function of an unknown
parameter 6, the procedure to estimate 6 goes as follows
[see Fig. 1(a)]: (1) perform a quantum measurement {M;}
on py, which gives a measurement outcome i with prob-
ability p;p = Tr(pgM;); (2) infer the value of 6 using an
estimator é, which is a function of the measurement out-
come 7; (3) repeat the above two steps multiple times and
use the average of 6 over many trials as the final estimate of
0. Here, the quantum measurement {A;} is mathematically
formulated as a positive operator-valued measure (POVM)
[62] that satisfies M; >0 and ), M; =1 (weuse 4 >0
to indicate an operator 4 that is positive semidefinite).
We also assume in this work that py and M; lic in finite-
dimensional Hilbert spaces, with measurement outcomes
contained in a finite set.

In estimation theory, the Cramér—Rao bound (CRB)
[63—65] provides a lower bound on the estimation error for
any locally unbiased estimator 6 at a local point 6, where

Estimator

Measurement {M;}
pip = Tr(peM;)

Estimator

State Preprocessing
Do Channel: pg ~ E(pg)

Measurement {M;}
pio = Tr(E(pe)M;)

Estimator

State Preprocessing Measurement {M;}
Po Unitary: pg = UppUT  p; g = Tr(UppUTM;)
FIG. 1. (a) Standard parameter estimation procedure of a

quantum state py using a quantum measurement {M;}. The
estimation of 6 is through an unbiased estimator 6 as a
function of measurement outcomes i. The CRB states Af >
1//NexpeF (g, {M;}). (b) Preprocessing protocols where the
measurement device is fixed, and the quantum control act-
ing before the measurement is optimized over all quantum

channels. The CRB states A& > 1//NexpeF" P(pg, {M;}). (c) Pre-

processing protocols where the measurement device is fixed,
and the quantum control acting before the measurement is
optimized over all unitary channels. The CRB states A6 >

l/,/NexerU(,og,{M,-}). Different types of FIs discussed in

this work satisfy F(pg, {M;}) < FY(pg, {M:}) < F¥(pg, (M;}) <
J(pg) (and each inequality can be strict).
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pp 1s differentiable, satisfying

. d o~
E[6]60] = 6, and —GE[QIO] =1L (D

9 6=0

where we use [E[-|0] to denote the conditional expectation
over the probability distribution {p;s}. The above condi-
tion indicates that locally unbiased estimators 8 provide an
unbiased estimation of 6 at the point 6y, which is also pre-
cise up to first order in its neighborhood. Note that in the
following we will implicitly use [E[-] to represent [E[-|6]
and consider locally unbiased estimators at a local point 6.
The CRB states that the estimation error A9 (i.e., the stan-
dard deviation of the estimator ) has the following lower
bound:

~ ~ 1
Ab = (B[ — 6)*])? > . @
(Rl rhs= Nexer(pea{Mi}) ( )

where Neyp,, is the number of experiments performed, and
F(pg, {M;}) is the FI of the probability distribution {p;y =
Tr(peM;)} [63—65], defined by

3 (Tr(3 poM;))?

F(po, {M}) = Tr(ppM;)

G)

i:Tr(pg M;)#0

The CRB is often saturable asymptotically (i.e., when
Nexpr — 00) using the maximum-likelihood estimator [63—
65] and therefore the FI, which is inversely proportional to
the variance of the estimator, serves as a good measure of
the degree of sensitivity of {p;o} with respect to 6. One
caveat is the CRB applies only to locally unbiased estima-
tors and can be violated by biased estimators. Additionally,
there exist singular cases where maximum-likelihood esti-
mators are no longer necessarily asymptotically unbiased,
e.g., when the support of {p;} varies in the neighborhood
of 6, and the CRB may not apply to them [66]. How-
ever, for self-consistency, this paper will focus only on
optimizing the FI, regardless of the limitations of the CRB.

The QFI of py is the FI maximized over all possible
quantum measurements on oy (see Appendix A for further
details) and we will refer to the optimal measurements as
QFI-attainable measurements. Formally, the QFI is defined
by [12—14]

J(pg) = 1}}?_§<F(pg, {M:}), 4)
giving rise to the QCRB
A 1
A > )

B vV NexprJ(pG) ’

which characterizes the ultimate lower bound on the esti-
mation error. Going forward, we will also overload the

notation and write

(0opip)*
Pip ’

Jpieh) ==Y (6)

i:pjp#0

to denote the FI of a classical probability distribution {p; ¢},
satisfying p;p > 0 and ), p;¢p = 1. Note that, from now
on, we will implicitly assume that the summation is taken
over terms with nonzero denominators.

In practice, the optimal measurements achieving the
QFI are not always implementable, restricting the range
of applications of the QCRB. For example, the projective
measurement onto the basis of the symmetric logarith-
mic operators, which is usually a correlated measurement
among multiple probes, is known to be optimal [14], while
quantum measurements in experiments are usually noisy
and not exactly projective. Here, we consider a metro-
logical protocol in which arbitrary quantum controls can
be implemented, after the unknown parameter 6 has been
imparted to the quantum sensor state py and before a fixed
quantum measurement is performed [see Fig. 1(b)]. We
call this additional step “preprocessing,” “premeasurement
processing” in full. Note that the idea of implementing pre-
processing quantum controls to improve sensitivity goes
beyond the FI formalism and applies to other figures of
merit of quantum sensors [67]. This model effectively
describes quantum experiments where the measurement
error is dominant, while the gate implementation error and
the state preparation error is relatively small, a noise model
that arises naturally in modern quantum devices such
as nitrogen-vacancy centers [23—26] and superconducting
qubits [30].

To quantify the sensitivity of estimating 6 on pg with
the measurement {M;} fixed, we define the FI optimized
over all preprocessing quantum channels, or the quantum
preprocessing-optimized Fisher information (QPFI), to be

F¥(pg, (M}) = sgpF(5(po), M), (7)

where £ is an arbitrary quantum channel (or a CPTP map
[68]). See Appendix B for mathematical properties of the
QPFL In particular, when the quantum measurement is
fixed, the CRB induced by the QPFI, i.e.,

= : >
\/NexerP(p% {M;})

provides a practical and tighter Cramér-Rao-type bound,
compared to the QCRB, for parameter estimation under
noisy measurements. We assume in the following discus-
sions that all measurements are nontrivial (i.e., AM; « 1,
for all {M;}) and 9ppg # O so that the QPFI is always
positive.

Unless stated otherwise, we will denote the systems that
pg and {M;} act on by Hg and Hg, respectively, and we

AD

®)
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will refer to Hg as the input system and H as the output
system. We do not assume Hg = Hg here. This broader
context is of particular interest when the quantum state
pg cannot be directly measured (e.g., readout of supercon-
ducting qubits via a resonator [30] and readout of nuclear
spins via an electron spin in a nitrogen-vacancy center [69—
72]); or when the quantum state is restricted to a subsystem
of the entire system while quantum measurement can be
performed globally.

Note that for generic noisy measurements, the supre-
mum in Eq. (7) is usually attainable, i.e., there exists
an optimal & such that F(E(py), {M;}) is maximized (see
Appendix C). However, there exist singular cases where
F(E(py), {M;}) has no maximum, due to the singularity
of the FI at the point Tr(E(py)M;) = 0 (see Sec. IV C for
an example). In such cases, there still exist near-optimal
quantum controls that attain supg F(€(pp), {M;}) — n for
any small n > 0. In fact, we prove in Appendix C the
following.

Theorem I—Let M = (1 —e)M; + eTr(M)1/d,
where d = dim(Hg) and 0 < € < 1. Then

F=(pg. (M) = Tim F¥ (py. (M), ©)

and the QPFI FF(py, {M“}) is attainable for any € €
0, 1].

In the following, we will focus mostly on the case
where the QPFI is attainable. We will discuss the behavior
of the QPFI, exploring numerical optimization algorithms
and analytical solutions to the optimal controls for certain
practically relevant quantum states and measurements.

We will also examine the FI optimized over all uni-
tary preprocessing channels, which we call the quan-
tum unitary-preprocessing-optimized Fisher information
(QUPFI) [50,55]

FY(po, {M}}) = Sl(lij(U,Oe U, (M), (10)

where U is an arbitrary unitary gate. (Note that our QUPFI
is the same as the imperfect QFI in Ref. [55].) Unlike
the QPFI, we assume Hg = Hy (and do not distinguish
between S’ and S) when we talk about the QUPFI, so that
it is well defined. We note here that Theorem 1 holds for
the QUPFI, as well.

The optimal preprocessing controls that attain the QPFI
and the QUPFI usually depend on 6, whose value should
be roughly known before the experiment. Otherwise, one
might use the two-step method by first using ,/Nexpr states

to obtain a rough estimate 6 ~ 6, and then performing
the optimal controls based on 6 on the remaining Nexpr —
/Nexpr states [73—75]. The two-step procedure introduces
a negligible amount of error asymptotically.

Before we proceed, we prove a relation between the
QPFI and the QUPFI that will be useful later.

Proposition 2—Let Hg and Hg be the input and
output systems of &. Suppose H,, and H,, are
ancillary systems such that Hy ® Hs = Hy, @ Hy.
If dim(H,,) > dim(Hg)? [or equivalently, dim(Hy,) >
dim(Hs) dim(Hg )], then

F¥((po)s, {(My)s'})
= F"((po)s ®104,) (04, | {(MD)s ® 14,}), (1)

where we use subscripts to denote the systems the opera-
tors are acting on.

Proof—Any quantum channel £(-) = Z:;il]{i(-)K;r
from Hy to Hg can be implemented by acting unitarily
on Hy and an ancillary system H,, and then tracing over
an auxiliary system H,, if dim(H,,) > r¢ (Stinespring’s
dilation [68]). For any quantum channel with the input sys-
tem Hg and the output system Hg, there always exists
a Kraus representation () =Y /¢, K,~(~)Kf such that
re < dim(Hg) dim(Hs) [68]. Therefore, if dim(H,,) >
dim(Hg) dim(Hy), the unitary extension should exist.

Let Hs® Hy, = Hy ® Hy, be the enlarged, iso-
morphic input and output Hilbert spaces, respectively.
If dim(H4,) > dim(Hs)?, then dim(H4,) = dim(Hy,,)
dim(Hs)/dim(Hg) > dim(Hy) dim(Hs). Thus, there is a
unitary Us mapping Hs @ Hy, to Hg ® Hy, such that

E(0) = Ty, (U (o & 0) (0N UY). (12)
From Eq. (3), it follows that

F(E(ps), {M;}) = F(Tr,(Us (pp ® [0) (O)UL), {M})
= F(Ug(py ® 10) (0D U, {M; ® 1)),

where we omit the subscripts for simplicity. Note that the
Stinespring’s dilation technique is also useful in relating
the QFI of a mixed state to the QFI of its purification in an
extended Hilbert space [17,18]. Taking the supremum over
£ in the above equality, we have

F(pg, (Mi}) < FY(pp ® [0) (0], {M; ® 1}).  (13)

On the other hand, for any U from Hs ® H,, to Hy ®
Ha,, Try, (U(-) ® 10) (0D UT) is a quantum channel from
‘Hs to Hy, proving the other direction of Eq. (11). |

III. ERROR OBSERVABLE FORMULATION

In this section, we will formalize the optimization of FI
over quantum preprocessing controls as a biconvex opti-
mization problem using the concepts of error observables.
Using this new formulation, the preprocessing optimiza-
tion problem becomes numerically tractable with standard
algorithms for biconvex optimization [59]; and also analyt-
ically tractable for practically relevant quantum states (see
Sec. 1IV).

040305-4
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Here, we consider the preprocessing optimization prob-
lem in Eq. (7). On the surface, it may appear from
the definition of FI [Eq. (3)] that the target function
F(&(p), {M;}) is mathematically formidable. To simplify
the target function, we introduce the error observable X
and the squared error observable X,, defined by

X =) xM, and X,=) xIM, (14)

where x; is interpreted as the difference between the esti-
mator value é(i) and the true value 0, i.e. x; = é(i) —0.
We assume there are » measurement outcomes and use X
to denote the vector (x,...,x,). The local unbiasedness
conditions [Eq. (1)] for a single-shot measurement then
become

Tr(pgX) =0, and Tr(dgpeX) = 1. (15)
It can be verified mathematically (which is essentially a
proof of the CRB) that the minimum of the variance of
the estimator under the local unbiasedness conditions is the
inverse of the FI; that is,

F(pp, (M) ' = mxin Tr(peX2), such that Eq. (15). (16)

The problem above is a convex optimization over variables
x, which can be solved using, e.g., the method of Lagrange
multipliers [76]. The optimal solution to x is

Tr(9g pp M)
Tr(pg M;)
(Tr(dg poM;))?°
Tr(poM;)

(17

X =
2 Tr(paMy)£0

when Tr(pgM;) #£ 0, and x; = 0 when Tr(peM;) = 0. Note
that the error observable formulation was previously used
to derive the QCRB [77], where the QFI satisfies

J(,()@)_1 = rr}(in Tr(peXz), such that Eq. (15), (18)

and X an arbitrary Hermitian matrix subject to the con-
straints in Eq. (15). This formulation has several useful
applications [78—80]. In particular, an algorithm was pro-
posed in Ref. [55] based on Eq. (18), to optimize the QFI
of quantum channels.

Combining Egs. (16) and (7), we have that

F¥(pg, (M)~ = (g‘ngf) Tr(E(pg)Xa),

such that Tr(E(pg)X) = 0,
Tr(E 3y pg)X) = 1. (19)

Let Hg and Hy be the input and output systems of £ and

i o dim(Hg
let {|k) S}Zinl(HS) and {|)g}; in]( 5" be two sets of orthonor-

mal basis of Hg and Hy, respectively. In the rest of

this section, we use matrix representations of operators
in the above bases. It is convenient to represent a CPTP
map £ using a linear operator acting on Hg ® Hs. Let
EC) =), Kl-(-)KiT be the Kraus representation of £. Then,
the linear operator Q = ), |K;)) (K;| is usually called the
Choi matrix of £ [68], where |x)) := ij(*) ik I/ ) s 1k) g and
®)jk = {jlg (*) |k)s. 2 corresponds to a CPTP map if and
only if Q> 0 and Trg(2) = 1s. £ acting on any den-
sity operator o can be expressed using 2 through £(o) =
Trs((1 ® 07)Q2) [we use (-)7 to denote matrix transpose].
Using the Choi matrix representation in Eq. (19), we have
the following.

Theorem 3—The optimal value of the following bicon-
vex optimization problem gives the inverse of the QPFI.

F*(po 1M}~ = inf Tr((2 ® p))2).

such that 2 > 0, Trg(2) = 1g,
Tr((X ® pj)R) =0,

Tr((X ® dpl)R) =1.  (20)

Equation (20) is a biconvex optimization problem of
variables x and Q. Fixing €2, Eq. (20) is a quadratic pro-
gram with respect to x, and fixing x, Eq. (20) is a semidefi-
nite program with respect to €2; each of which is efficiently
solvable when the system dimensions are moderate and the
domain of variables is compact.

Note that the domain of x is unbounded in Eq. (20). In
practice, one may impose a bounded domain on x so that
the minimum of Eq. (20) always exists. For cases where
the QPFI is attainable, the optimal value of the bounded
version will be equal to the one of Eq. (20) when the size of
the bounded domain is sufficiently large. For singular cases
where the QPFI is not attainable, the optimal value of the
bounded version will approach the one of Eq. (20) with an
arbitrarily small error as the size of the domain increases.
We describe an algorithm called the global optimization
algorithm [81] in Appendix D that can solve the bounded
version of Eq. (20).

Finally, we note that Theorem 3 does not directly gen-
eralize to the case of QUPFI because the Choi matrices of
unitary operators do not form a convex set. On the other
hand, besides the set of quantum channels, our approach is
also useful in optimizing the FI over other sets of quantum
controls when the constraints on their Choi matrices can
be represented using semidefinite constraints, e.g., the set
of quantum channels that act only on a subsystem of the
entire system.

IV. PURE STATES

In this section, we consider the special case where
po = Vg = |Yg) (Y| is pure, which is most common in
sensing experiments. We first consider the optimization of
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the FI over the error vector x and the unitary control U,
and obtain two necessary conditions for the optimality of
(x, U). We use these conditions to prove equality between
the QPFI and the QUPFI for pure states, showing that uni-
tary controls are optimal for such states (when Hg = Hy).
We also obtain an analytical expression of the QPFI for
binary measurements (i.e., measurements with only two
outcomes), and a semianalytical expression and analyti-
cal bounds for general commuting-operator measurements
(i.e., measurements {M;} that satisfy [M;, M;] = 0 for all
i,j). In particular, we prove that the optimal control is
given by rotating the pure state and its derivative into a
two-dimensional subspace spanned by two of the common
eigenstates of the commuting-operator measurements.

A. Necessary conditions for optimal controls

Proposition 2 shows that the optimization for the QPFI
can be reduced to an optimization for the QUPFI using the
ancillary system. Thus, here we first focus on the following
optimization problem over the unitary control:

FY (oo, (M) = inf Tr(UpyU'Xa), @1
such that Tr(Up, U'X) = 0, (22)
Tr(UdppeU'X) =1.  (23)

We obtain necessary conditions for the optimality of (x, U)
that will be useful later.

Lemma 4—If (x, U) is an optimal point for Eq. (21), it
must satisfy

Tr(Udp pe UTX) b +
m[XzaUPQU 1=2[X,UdpeU']. (24)
In particular, suppose py = |Vg) (¥g| is pure. Let
1
g ) = ﬁ(l — [Va) (Yol) 10sVa) » (25)
) = Uly), 1¢") == Ulyy), (26)

where the normalization factor n = (dgvg| (1 — |Vg) (Vy])
[0g¥s). Then Eq. (24) is equivalent to the following two
conditions:

(1) X |p) = 1/2y/n) |¢7).
(2) ((P1X2l9)X? — (91X ?19) X2) 1) = 0.

Proof—Assume (x, U) satisfies the constraints Egs. (22)
and (23). Then for any unitary operator V' such that
Tr(Udy pe UTVIXV) #£ 0,

x — Tr(Upp UV X1 VU
( Tr(Udg pe UTVIXV) ° )

27

also satisfies the constraints Egs. (22) and (23), where 1 is
a r-dimensional vector of which each element is 1. We call

the transformation above a “V transformation” on (x, U).
After a V transformation, the target function becomes

Tr(Upe UTVIXo V) — Te(Upo U VI XV)?
TI‘(Uagp(;UTVTXV)Z ’

(28)

which shall be no smaller than Tr(Upy U'X,) when (x, U)
is optimal. Let V = e¢~/““ where dG is an arbitrary infinites-
imally small Hermitian matrix. The first-order derivative
of Eq. (28) with respect to dG must be zero, which then
implies Eq. (24). Specifically, to simplify the notation,
let 5 := UpyU' and p := UdpyU'. Then the difference
between the target function after and before the V trans-
formation must be zero up to the first order of dG, i.e.,

Tr(pXz) + Tr(p(—i[dG, X2])) Tr(pX)

. . 2 = 57 ))2° (29)
(Tr(5x) + Tr(p(—ifaG, x 1)) (THPX)
Tr(5X)? _ 2Tr(5X)Tr(p[dG, X 1)
Tr(5X>) Tr(5X>)
iTr(pX)*Tr(pldG, XD _ Tr(pX)? (30)
Tr(5X,)? C Tr(pXy)’
< Tr(pX)Tr(dGLY, 5])
= —2Tr(dG[X, p]) + Tr(3Xa) =0,
(31)
Tr(pX) X0, 8] _ .
W =2[X, p], (32)

where in the first step we take the inverse of both sides
and ignore higher-order terms, in the second step we muti-
ply both sides by —iTr(pX>), and in the last step we use
the fact that if an operator 4 satisfies Tr(dGA4) = 0 for any
Hermitian dG, then 4 = 0.

For pure states, Eq. (24) can be further simplified. Using
the definitions of |¢) and |¢+), we have Upg U™ = |¢) (|
and

UdgpeU" = U |3s9) (5| U'+hoc.
= (180v0) — W) (Yol Vs) (Wal) + h.c.
= Vn(lgph) (9] + |9) (¢, (33)

where h.c. stands for the Hermitian conjugate and we use

3o (Yole) = (I l¥e) + (YoldePe) = 0 in the second
step. Equation (24) becomes

) (] — 16) (ul + v) ($7] — ™) (W] =0,  (34)

where  |u) = X |¢ph) — (Re[(|X [¢5)]/ (91 X2|p)) X2 |6)
and |v) = X |¢). Equation (34) is equivalent to |u), |v) €

span{|g), 1¢)}, (plu), (" |v) € R, and (¢]v) = (ulgp™).

Combining these conditions with the local unbiasedness
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constraints (¢|X |¢) = 0 and 2/nRe[(¢|X |¢p+)] = 1, the
two conditions in Lemma 4 are then proven. Specif-
ically, we first use (¢|v) = (¢p|X|¢p) =0 and |v) €
span{|¢) , |¢>)} to derive that X |¢) o |¢*). Then using
(p*|v) € R and 24/nRe[(p| X |¢+)] = 1, we derive Con-
dition (1). To derive Condition (2), we first use
(ulpt) = (p|v) =0 to derive that |u) o |¢) and then
2./nRe[(¢|X|¢+)] = 1 and Condition (2) to derive that
<<¢|u> = 1(<Z5IXI<Z5L) — Re[(¢1X |91)]/(¢1Xal¢) (1X2]¢) =
NN 0. Then we have |u4) = 0, combining |u)
|¢) and (¢|u) = 0. Note that |u) = 0 is equivalent to Con-
dition (2) after multiplying both sides by (¢|Xa|¢)/24/n.
Finally, we note that from Condition (1) and Condition
(2), the necessary condition in Eq. (24) can be recov-
ered straightforwardly, proving the equivalence between
Eq. (24) and Conditions (1) and (2) for pure states. |

As a sanity check, consider the special case where {M; =
1) (i|}?:llms/) is a projection onto an orthonormal basis
of Hg. Then we have X, = X2, so Condition (2) is triv-
ially satisfied. Furthermore, choose (x,U) such that the
error observable X = 1/2./n(|¢4) (9] + |¢) (¢]), so that
Condition (1) is satisfied. Moreover, the variance of the
estimation is

1
(P1Xalgp) = (91X °|¢) = n =J(po)™", (39

implying that the QFI is achievable using the above pro-
jective measurement, since J(poy) = 4n for pure states
[14,82]. For general quantum measurements, the QUPFI
might be strictly smaller than the QFI, in which case for
the optimal choice of (x, U),

1
— = (|X X2|p) = ——. (36
o M) (P1Xa|p) > (61X 7|@) 7o) (36)

It is interesting to note that X; > X 2 for general POVM
measurements. This follows directly from writing

Xo = X2 =) (= X)Mi(xi — X), (37)

and noting that each term in the above sum is positive
semidefinite.

B. Unitary controls are optimal

Using the definitions of |¢) and |¢*) in Eq. (26), we
observe that Eq. (21) can be rewritten as

FYWe, (M) = inf
(x,1¢),161))
such that (¢|¢™) =0, (#|X|¢) =0,

Re[(p|X [¢T)] = 1/(2v/n),
(38)

(P1X219),

where Yy = |Yy) (Y| is pure. Here |¢) and |pt) are
two arbitrary normal vectors that are orthogonal. From
Eq. (38), changing |¢) to |¢) /(24/n) makes it clear that
FY(pg, {M;}) can be written as the product of

J(Pp) = 4n (39)
and a state-independent constant. We have
FY(Wo, {Mi}) = v (\Mi)J (o), (40)
where
yM)~ = inf  (plXale),
xlp).1oL))

such that (¢|¢*) =0, (¢|X|p) =0,
Re[(p|X[¢pH)] = 1. (41)

Or more explicitly,
y(M}) = sup > Re[(p|M;|¢)TP/(pIMilg). (42)
[¢).lpt)

[Note that going from Eqgs. (41) and (42), we need only to
optimize the target function over x with a fixed (|¢) , [¢=))
and use standard methods for quadratic programming, e.g.,
Lagrange multipliers [76].] Note that Egs. (40) and (42)
were also proven using a different method in Ref. [55].
y ({M;}) is the normalized QUPFI for any pure states with
unit QFIs and it is a function of {M;} that lies in [0, 1],
which is the ratio between the QUPFI and the QFI for any
pure states. It is independent of the exact 1y and can fully
characterize the power of quantum measurements in terms
of estimation on pure states.

Note that Eq. (40) decomposes the QUPFI into the prod-
uct of the QFI, as a function of states, and the normalized
QUPFI, as a function of measurements. This result is use-
ful when experimentalists have control over input states in
sensing processes. It implies when a pure input state v
undergoes unitary evolution Uy, the optimal choices of the
input state that maximizes the output FI are identical in
situations with or without measurement noise.

Using Condition (1) in Lemma 4, we now prove that uni-
tary controls are always optimal, that is, the QPFI is equal
to the QUPFI when Hg = Hgy. We have the following
theorem.

Theorem 5—Consider a pure state ¥y and a quantum
measurement {M;} acting on the same system. Unitary pre-
processing controls are always optimal among quantum
preprocessing controls for optimizing the FI, i.e.,

FF (Yo, (M) = FY (Yo, {M;}). (43)
Or equivalently,
yAM)) = y({M;: ® 14}, (44)

where A is an ancillary system of an arbitary size.
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Proof—We first consider the situation where the QUPFI
is attainable, that is, there always exists an (X, U) such that
the infimum in Eq. (21) is attainable. Using Condition (1)
in Lemma 4, we can rewrite Eq. (38) as

U Nl
F~ (e, {M;}) _(Ifj}p?) (d1X210),

such that (¢|X|¢) = 0,
(BIX|p) = 1/(4n),  (45)

where n=J(y)/4. Let dim(H,) > dim(Hg)? = d°.
J(Wg) = J (Yo ® |04) (04]) and Proposition 2 imply

FP (g, (M) ™" = FU(Ws ® [04) (041, (M; @ 14!

= min (|, ® 1 ,
min (§1X: ® 11¢)

such that (¢|X ® 1,4|¢) =0,
(@IX* @ Lilp) = 1/(4n). (46)

It is equivalent to the optimization problem

min Tr(cX3),
(x,0)

such that Tr(c X) = 0, Tr(c X H=1 /(4n), 47

where o is an arbitrary density operator and corresponds
to Try(|¢) (¢]). We will show below that for any ¢* that
is optimal for Eq. (47), there exists an optimal pure state
solution |¢**) (¢**| for Eq. (47). Then the optimal values
of Egs. (45) and (47) must be the same, proving Eq. (43).

Assume (x*,0*) is optimal for Eq. (47). Without
loss of generality, we assume supp(c*) C supp((X*)?),
because otherwise o* projected onto the support of (X *)?
is another optimal solution because the constraints in
Eq. (47) are invariant and the target function is no larger
after the projection. We now show there exists another
optimal solution (x**,|¢**) (¢**|). First, note that X* =
> xiM; and X5 = Y, (xF)*M; satisfy Tr(o*X*) = 0 and
Tr(o*(X*)?) = 1/(4n) from Eq. (47), and

y({M; ® 1, DX, T = (X )T, (48)

where IT is the projection onto the support of o *. Note that
Eq. (48) is true because

(i) (Pl X*)?19) /(B X5 |p) = FUWu, (M; @ 14})/
dn=y({{M;® 1,4}), from Condition (1) in
Lemma 4 and

(ii) (91X 1) (X*)*TT = (p|(X*)*|p) X5 TT = 0
Condition (2) in Lemma 4.

from

Leto* = ZZZI Wi |k) (k|, where {|i)}§‘i1 is orthonormal in
‘Hs. We claim that we can always choose

d
™) = e S k), (49)
k=1

such that (¢**|X*|¢p**) = 0, by picking a suitable {<pk}Z=1-
To see this, observe that

(@ IX19™) = Y T S (KX K (50)

kK

is a real, continuous function f (¢1,...,@s) of {(,ok}i:1 €
R4, where we omitted the sum over k = &’ terms because
Tr(o*X*) = 0 implies that it vanishes. Note that for
any fixed {(pk};le, the sum of all 2¢ terms f (¢ &
w/2,...,¢q4 £ m/2) is zero, implying that one, or more, of
these terms is zero, or that some are negative and others are
positive. In the latter case, the continuity of f (¢1,. .., ¢4)
implies that its image must include zero. Therefore, we can
pick a {§0k}Z:1 such thatf (g1, ..., 9s) = 0, based on which
the |¢**) defined by Eq. (49) satisfies (¢**|X*|¢p**) = 0.
Furthermore, we choose

1
o *’ 51
' \/ an (g (021 D

so that (¢™*| (X**)? |¢**) = 1/ (4n). Note that (¢**|(X*)?|
¢**) is always positive and thus the above denomi-
nator is positive because we assumed (X*)? is posi-
tive definite on supp(c*). We have now proved that
(xX**, |¢*™) (¢p**|) satisfies the constraints in Eq. (47).
Moreover, noting that y({M; ® 1,)X;*I1 = (X )11,
the value of the target function (¢**| X, |9p**) =
(@7 (X2 [¢™) [y (1M, ® 1a}) = 1/4ny ((M; ® 14)) =
FP(Yg, {(M;}))™! is also optimal. Therefore, (xX**,|¢**)
(¢**]) is an optimal solution for both Egs. (45) and (47),
proving Eq. (43).

When the QPFI of Eq. (21) is not attainable, we take
Mi(é) = (1 —e€)M; + €Tr(M;)1/d and using Theorem 1,
we have

FE (g, (M) = lim F* (g, {M})

e—0t
= lim FU (g, (M) = FY (g, (M),
(52)

where in the second step we use the equality between the
QPFI and the QUPFI in the case where the QUPFI is
attainable.

So far, we have proven that Eq. (44) is true when
dim(H,) > dim(Hy)?, due to Proposition 2 and the equal-
ity between the QPFI and the QUPFI. It also holds
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for any M, such that dim(H,) < dim(Hg)? because
we have y({(M;® 14}) > y({M; ® 14}) > y({M;}) by
definition. |

C. Analytical solution for binary measurements

Here we provide an analytical solution to the QPFI
and the corresponding optimal preprocessing control using
Proposition 2 for binary measurements where » = 2.

1. Measurement on a qubit

We first consider the simplest case where the measure-
ment is on a single qubit. Let X = x; M| 4+ x,M, where
M; =M and M, = 1 — M. Without loss of generality, we
assume

M = m [1) (1] + m212) (2], (53)

for some m;,my € [0, 1], where {|1),]|2)} is an orthonor-
mal basis. Moreover, we assume m; > mp and 1 — m; >
my. [When m; = m,, we must have y ({M;}) = 0 because
the measurement outcome does not depend on 6.] Here m;
and 1 — m; can be interpreted as the error probabilities that
state |2) is mistaken for |1), and state |1) is mistaken for
|2), respectively.

Consider first the case where 1 > m; > mp > 0, that
is, the error probabilities are both nonzero. We show in
Appendix E 1 that all solutions that satisfy the two neces-
sary conditions in Lemma 4 give the same optimal FI. One
optimal solution to the preprocessed state is

l9*) = Vp*I1) + /1 —p*12), (54)
o) = V1 —p*|1) — /p*12), (55)

where

. _ vy (1 —my)
i (T —=my) + /my(T —my)

Here the optimal unitary control U* can be chosen as any
unitary such that Eq. (26) is true for Egs. (54) and (55).
[In the following, we will only use (|¢*),|$~*)) to rep-
resent the optimal preprocessing unitary with the implicit
assumption that U* can be chosen as any unitary rotat-
ing (1s), [Wg)) to (16%),16**)).] Note that the symme-
try transformations |¢1*) > — |¢1*), |1) — €®|1) and
12) > ¢ |2) for any w,w’ € R will generate alternative
optimal solutions, and they all provide the same optimal
normalized FI:

y (M) =1 — (Jmim + V(A —m) (1 —my))’. (57)

Note that this result was obtained also in Ref. [55] using
a different method based on the Bloch-sphere representa-

tion. Here /1 — y ({M;}) is exactly equal to the fidelity

p (56)

between two binary probability distributions (m;, 1 — my)
and (n’lz, 1— mz).

Take the symmetric binary measurement as an example,
where m; =1 —m, my = m, and m < 1/2, and m repre-
sents the probability of a bit-flip error in the measurement.
Then we have p* = 1/2 (as expected from the bit-flip sym-
metry), and y ({M;}) = 1 — 4m(1 — m), which is equal to 1
in the noiseless case, and drops to 0 when m — 1/2.

In the case of perfect projective measurements where
1 = m; > my = 0, we show in Appendix E 1 that the QPFI
is equal to the QFI and is attainable for any 0 < p* < 1.
The case where 1 > m; > m; = 0 is singular, in the sense
that the QPFI is no longer attainable but only approach-
able. It corresponds to the situation where one type of error
(]2) mistaken for |1)) is zero, while the other (] 1) mistaken
for |2)) is nonzero. In this case, we have y ({M;}) = m;
using Eq. (57) and Theorem 1.

2. Measurement on a qudit

Next, we consider the general case where the measure-
ment is on a qudit and we assume dim(Hg) =d > 2.
Without loss of generality, we assume

d
M=) ml){l, (58)
j=1

where {[]')}J‘.i:1 is an orthonormal basis of Hg. We also
assume m; > m; for all i <j without loss of generality.
Here we assume 1 > m; > my > 0, which guarantees the
attainability of the QPFI (see Lemma 15 in Appendix C)
and the nontriviality of quantum measurements. (The sin-
gular cases where m; = 1 or my = 0 can be derived using
Theorem 1.) We show in Appendix E 2 that the optimal
solution to |¢) is supported on basis states corresponding
to at most two different values of m; and the problem is
simplified to selecting the optimal basis states and applying
the qubit-case results. We show that

19*) = Vp* 11) + /1 —p*|d), (59)
lpt*) =1 —p*|1) — \/p*|d), (60)

is an optimal solution, where
. Vma(1 —myg)

Vmi(1 —my) + /mg(1 — myg)
The normalized QPFI is given by

y (M) = 1 — (Jmimg + VA —m) (1 —my))’. (62)

Viewing {(m;, 1 — m,~)}?"z1 as d binary probability distri-
butions, the optimal strategy is always to select the two
probability distributions that have the minimum fidelity
(i.e., the largest distance) between each other.

p (61)
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D. Semianalytical solution and analytical bounds for
commuting-operator measurements

Here we consider commuting-operator measurements,
where all measurement operators commute, which is
among the most common types of measurements in quan-
tum sensing experiments, e.g., projective measurements
affected by detection errors.

Assume dim(Hy) = d > 2. Without loss of generality,
we assume

(63)

d
Z (z)

where {|j) }d is an orthonormal basis of Hg and

> ](.’) =1 for all j. Again, we assume mj() > 0 for all
i,j to exclude the singular cases where the QPFI is not
attainable.

In order to find the optimal control, we first prove the
following theorem, which states that the optimal |¢) can be
restricted to a two-dimensional subspace spanned by two
basis states, i.e., the optimal unitary controls rotate the pure
state and its derivative to a subspace spanned by two of the
eigenstates of the commuting-operator measurement.

Theorem 6.—For commuting-operator measurements

[Eq. (63)], there always exists an optimal solution
to (I¢),l¢")) such that |¢p) = /plk) ++/T—p|l) and
o) = /T —=p k) — /P |I) for two basis states |k) and |/)
and0 <p < 1.

The proof is provided in Appendix F 1. Then we see
that the normalized QPFI for commuting-operator mea-
surements will be

y(iMih) = max yu({Mi}), (64)
using Theorem 6, where
yu{M;}) = vy (M} spangiiy, 1)) (65)

and {M;}|span(ik),)) 1s the quantum measurement restricted
in the subspace spanned by |k) and |/).
We show in Appendix F 2 that

Pl =ppm) —m)?
(M) = e e, (66)
= pymy + 0 —=pim;
where p/; € (0, 1) is the unique solution to
r (i) @ (i) r @ @) @)
R e 1 L Sl W

p ( (l)+1 —Pkl El))

(@) ()2
i zl(pkl my +m1)

1—py
and the corresponding optimal preprocessed state in
span{|k) , |/)} is

|$r) = \/Pig 1K) + (68)

L—pgll),

03"y = 1 = pig 1) — /P D). (69)
(The symmetry transformations |¢*) > — |p1*), |k)
¢ k) and |l) — €' |I) for any w,w’ € R will generate
alternative optimal solutions.) The optimal preprocessed
state (|¢*) , |¢*)) in the entire Hilbert space that achieves
Eq. (64) is chosen as (|¢})) , |¢,§*)) for (k, [) that maximizes
Yi({Mi}).

For the special case where r = 2, the problem reduces
to the binary measurement problem discussed in Sec. IV C
and p;}; can be found analytically. In general, however, the
analytical solution to p;; might not exist since it is a root of
a high degree polynomial [Eq. (67)] and numerical meth-
ods are needed. Nonetheless, a simple analytical upper
bound on y ({M;}) can still be obtained, as shown in the
following theorem (see a detailed proof in Appendix F 3).

Theorem 7—For commuting-operator measurements
[Eq. (63)], the normalized QPFI y ({M;}) satisfies

y({Mi})) <1 —min (Z m,ﬁ”m}”) . (70)

@

When there exists a (k, /) that minimizes ) _, m,((’)m ;. such

that the set {m,?) /mgl), 1<i< r} contains at most two
elements, the inequality is tight.

To derive lower bounds on y ({M;}), one could replace
pjy with any 0 <p <1 in the expression Eq. (66). For
example, taking p = 1/2, we have (as also shown in
Ref. [55])

(mg) (1))2
y({M;}) > max ) ——— (71)
Ko = 2(m(’) + ml'))

>1-— mm ,/m "m?, (72)

where we use m}c') + m?’) < (,/m(’) + ,/m}’))2 Combining

the upper and lower bounds, we observe that y ({M;}) ~ 1

when Y, \/m{’m” ~ 0. It means that the QPFI will be
close to the QFI When there exist two basis states |k) and
|l) such that the fidelity between two probability distribu-
tions {m(’)} and {m,’)} is close to zero (meaning that they
are almost perfectly distinguishable).

The upper bound in Eq. (70) is saturated when the mea-
surement is binary. Another physical example is lossy pho-
todetection. The probability of detecting i photons given a
Fock state of k (i < k) photons is m\” = (]i‘)(l — n)ink
where 1 — 7 is the quantum efficiency of the photodetec-
tor. Assuming the maximal number of photons is N, it is
simple to see that the optimal basis states are Fock states

|0}, |NV). Since m(()o) =1, only méo) /m](\(,)) is nonvanishing
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and thus y ({M;}) saturates the upper bound: y ({M;}) =
1 — V. [Technically, we need to assume all m,(f) > 0 to
avoid the singularity issue, but the above statement holds
because the value of y({M;}) can be calculated by first
adding a small perturbation to the detection errors (like in
Theorem 1) and then taking the limit as the perturbation
vanishes.]

Finally, note that although Theorems 6 and 7 do not
directly tell us how to choose the two optimal basis
states, such a choice may sometimes be obvious. For
example, consider a n-qubit system (span{|1),]2)})®"
measured by {M, 1 — M}®" (independently on each sub-
system) and M = (1 —m) |1) (1| +m |2) (2|]. Then using
Theorem 6, due to the bit-flip symmetry and the fact
that tracing out some parts of the quantum state will not
increase its QPFI, it is clear that rotating (), WGL))
into spanf{|1)®",]2)®"}, or any other basis states, e.g.,
{|121---1),]212---2)} that are distinct on each qubit,
must be an optimal choice. In general, it remains open if
there is a simple criterion to help us select the optimal %
and / besides a direct calculation of Eq. (66) [or sometimes
Eq. (70)] for different & and /.

V. CLASSICALLY MIXED STATES

In this section, we consider another type of quantum
states, which we called classically mixed states, with
commuting-operator measurements. A classically mixed
state is a state, which commutes with its derivative, e.g.,
Gibbs states whose temperature is to be estimated [83]. In
this section, we use the following form of classically mixed
states:

D
Zo=Y g li) (il, (73)
i=1

where D = dim(Hs), ;¢ are functions of 6 (we will drop
the subscript 6 for conciseness), {|7)} is an orthonormal
basis of H that is independent of 6 and we use ¢, to repre-
sent classically mixed states. Note that the QFI of Eq. (73)
J (&) = -2 (861:)%/; is equal to the FI J({A;}) of the
classical distribution {Ai}f.): |- Also, note that we assume in
this section, without loss of generality, that the commuting-
operator measurement {M;} and the classically mixed state
¢y share the same eigenstates {|i)};ff‘{d’D}, as it is always
possible to apply a unitary rotation in the preprocessing
control so that they are aligned.

We first show that optimizing the FI over quantum
channels is equivalent to finding optimal stochastic matri-
ces (which describes the transitions of a classical Markov
chain) for the classical preprocessing optimization prob-
lem. Then we prove that the optimal control always cor-
responds to a stochastic matrix that has only elements 0
or 1, which we call a coarse-graining stochastic matrix.
It implies that the QPFI is always attainable, and that

the QPFI can in some cases be strictly larger than the
QUPFI. Finally, we closely examine the case of a binary
measurement on a single qubit.

A. Optimization over stochastic matrices

Lemma 8—Consider classically mixed states Eq. (73)
and commuting-operator measurements Eq. (63). Then

FF (Lo, IM;}) = sup J(ImPTPA,)), (74)
Pesd,D
and when d = D,
FU(¢o, {M:}) < sup J((mPTPAry}), (75)

db
PESD’D

where S, p represents the set of d x D stochastic matrices
of which every column vector sums up to one and S%bjD
represents the set of D x D doubly stochastic matrices of
which every column and row vector sums up to one, m"
is a column vector whose entries are mj(.i), Ay 1S a column
vector whose entries are A;. .

Proof—Let&E(:) = > i K (-)Kj' be an arbitrary quantum
channel, then we have

Tr(M;E(8p)) = mOTPA, (76)

where the matrix P satisfies Py = Zj |(£|Kj |k)|2 =
> 1K )exl? , which implies

JUTt(ME (o)D) = J (mPTPLg)). (77)

We must have Y, Pu=Y, (kIK'|0)(CIK; k)=

(k|k) = 1, because Zj K;Kj = 1. Thus, P is a stochastic
matrix. For any quantum channel, there exists a stochastic
matrix such that Eq. (76) holds true, proving the left-
hand side is no larger than the right-hand side in Eq. (74).
Moreover, when £(-) = U(-)U" is a unitary channel, Py, =
|U¢x|? must be doubly stochastic, implying Eq. (75).

On the other hand, for any stochastic matrix P, we
define Ky = /Pex |€) (k| for 1 <€ <dand 1 <k <D.
Then we have 3" K\ 1 Kty = i Pex 1K) (k| = 1. And

EC) =2 un K(g,k)(-)K&’k) is then a quantum channel. For
any stochastic matrix, there exists a quantum channel such
that Eq. (76) holds true, proving the left-hand side is no
smaller than the right-hand side in Eq. (74). |

We show in Lemma 8§ that the problem of optimizing
preprocessing quantum controls on classically mixed states
with commuting-operator measurements is equivalent to a
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classical version of preprocessing optimization where

Ff kg, fm?}) := sup J({mPTPA,})

PeSqp

(78)

represents the classical FI with respect to a classical
distribution A¢ and a noisy measurement m® satisfy-
ing > ,;m®”? =1 (1 is a vector with all elements equal
to 1), optimized over any stochastic mapping described
by stochastic matrices. In particular, for perfect mea-
surements where (m"?); = §;, F¥(Ag, (m?P}) =J(A9) =
Zf’zl(aexi)z//\,- is the classical FI. Note that Theorem 10
presented later implies that the supremum of the FI over
stochastic matrices is always attainable using some P €
Sap and it means we are allowed to replace suppg o DY
maxpes, ,, in the definition [Eq. (78)].

B. Coarse-graining controls are optimal

We first consider the classical case and prove Eq. (78)
can always be attained using some d x D stochastic matrix
P where every element of P is either 0 or 1. We call
this type of stochastic matrix a coarse-graining stochastic
matrix in the sense that P sums up one or multiple entries
of Ay to one entry in PAy, which is a coarse graining of
measurement outcomes.

Lemma 9—Given a classical probability distribution
A € R and a measurement {m®} C RY (satisfying
> m? =1). When FF¥(Ag,{m?}) is attainable, there
exists a d x D coarse-graining stochastic matrix P such
that,

F¥ (Ao, (m7}) = J ((mP7PAy)). (79)

Proof—Suppose FF(Ag, (m?}) is attainable and P* is
an optimal solution. We will show that there exists an
optimal solution P whose every column vector contains
one (and only) element equal to 1. If P* does not sat-
isfy this condition, without loss of generality, assume
P}, =1 and P}, =aj —f where 0 <] <aj <1. Let
P(t)) be a stochastic matrix function of #; € [0, a]] where
Pt =t, Pt))a =aj —t; and P(t) g = (P)e for
€, k) # (1,1),(2,1). We have the FI equal to

(3 (mOTP(t)hg))?
f0) = ) TR,

. >
m{" —m3) g1ty + b*V)
(mi” — m)haty + a*®

_y (¢

i

where a*® and b* are constants, independent of ;. The
second-order derivative of f (#1) is

82f(t1) _ Z 2(m(li) _ mg))z(a*(")aeh _ b*(i))\l)z
8t% i ((mﬁ"’ - m;i))klzl + a*(i))3

(80)

which is always non-negative. Therefore, f (¢1) is a convex
function and always attains its maximum at the boundary
t1 = 0 or #; = a. Repeat this argument many times, one
can show that there exists an optimal solution P such that
there is only one positive entry in every column. |

Note that it is not necessarily true that the opti-
mal coarse-graining stochastic matrix that maximizes
J({mPTP)ry}) is a full-rank matrix. Consider the fol-
lowing example. Let d =D =3, r=2, Ay = (cos’ 6,
Isin®0,1sin*6), mV =(1,1,0), and m® = (0,1, ).
Then it is clear that the following stochastic matrix is
optimal:

P = (81)

SO =
—_ o O
—_ o O

because J({mPTP*Ay}) = J(Ag) = 4. However, it can be
verified by enumeration that J ({m?7P)4}) < 3, whenever
P is a permutation matrix, showing the nonoptimality of
the full-rank stochastic matrices.

Using Lemma 8, we can show a similar result to Lemma
9 in the quantum case, that is, coarse-graining channels
are optimal quantum controls.

Theorem 10.—Consider classically mixed states Eq. (73)
and commuting-operator measurements Eq. (63). The
QPFI is always attainable using the following type of quan-
tum channels, which we call coarse-graining channels:

ECY =) Puclt) kI () 1K) (e, (82)
Lk

where Py is ad x D stochastic matrix satisfying ) _, Pox =
1 andPlk =0orl.

Proof—By definition, there exists a sequence of chan-
nels (&y,...,&,,...) such that lim,_, o, F(E,(&), (M;}) =
FP(g,{M;}). According to Eq. (77) in the proof of
Lemma 8 and the arguments in Lemma 9, for every
&, there exists a channel &, of the form Eq. (82)
such that F(&,(2), (M) < F(£,(&), {M;}). Therefore,
lim, oo F'(Ex(80), (M) = F* (g4, {M;}). Since there are
finite number of channels of the form Eq. (82), there must
exista &* = c‘f,, for some 7 such that

F(E* (@), (M) = F¥ (g, (M), (83)
proving the attainability of the QPFI. |

Theorem 10 also implies that there is a gap between the
QUPFI and the QPFI for general quantum states, unlike for
pure states where the QUPFI is equal to the QPFIL.

Theorem 11—There exists a classically mixed state ¢y
and a commuting-operator measurement {A;} such that

FY(Go, (M) < F7 (Co, (M) (84)
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Proof—Consider the example discussed below Lemma
9 and here we fix 6 = /4. Theorem 10 implies that for
o = cos? 6 |1) (1] + 1 sin® 0 |2) (2] + 1 sin® 0 [3) (3],

J(G9) = F* (5o, {Mi)) = 4, (85)

where My = [1) (1| + 1 12) 2| and M, =1 12) (2| +3)
(3]. In general, given any stochastic matrix P, the proba-
bilities for measurement outcomes 1 and 2 must have the
form

p1= m7Pry = acos? 6 + bsin® 6, (86)
pr =mPTPry = (1 —a)cos’> 6 + (1 — b)sin’6, (87)

for some 0 <a,b <1. Moreover, J({p1,p2}) =4(a—
b)?/(2 — (a+b))/(a+b). AndJ ({p1, p2}) = J (&) if and
only if (a,b) = (1,0) or (0,1). Noting that the situa-
tion where (a,b) = (1,0) or (0, 1) is not possible if P is
doubly stochastic. Applying Lemma 8, Eq. (84) is then
proven. |

The intuition behind this type of gap between the
QPFI and the QUPFI stems from the fact that nonuni-
tary operations, e.g., the coarse-graining channel, have
the power of reducing the rank of quantum states, while
unitary operations do not. Consequently, when certain
conditions are met: (i) the noisy measurement under con-
sideration is noiseless in a lower-dimensional subspace,
e.g., span{|1), |3)} in the example above and (ii) the rank of
the quantum state can be compressed without reducing its
QFI, e.g., collapsing span{|2) , |3)} into span{|3)}, nonuni-
tary preprocessing operations can achieve the optimal QFI.
In contrast, relying solely on unitary preprocessing for
high-rank states results in unavoidable measurement noise
and suboptimal performance.

Finally, we note that although the implementation
of general quantum preprocessing channels can some-
times be challenging with the requirement of preparing a
clean ancillary system that occurs in Stinespring’s dila-
tion (see Proposition 2), the resources needed to per-
form coarse-graining channels can be reduced in many
cases. Firstly, the ancilla size required to perform coarse-
graining channels is, in principle, smaller than & that
is required in general cases. In fact, any coarse-graining
channel defined by Eq. (82) can be simulated using a
d-dimensional ancilla, e.g., by first performing a uni-
tary operation on Hs® H,4 that maps |k)g[0), +—>
|k)s [t(k)) 4, for all k, where ((k) corresponds to the index
of the row such that P, = 1, and then discarding the
probe system Hg. Secondly, the coarse-graining chan-
nel can also be performed on certain quantum states by
resetting some parts of the system with no additional ancil-
las in some cases. For example, consider a two-qubit
quantum state £p = cos? 6 [00) (00] + 1 sin> 6 |10) (10| +
%sin2 0 |11) (11] and measurement operators M, = |00)

(00] + % [01) (01] + % [10) (10] and M, = |11) (11| +
% [01) (01| + % [10) (10]. The coarse-graining channel
mapping |00) — |00), |10) — |11), and |11) — |11) is
optimal and it can be performed by first resetting the sec-
ond qubit to |0) and then applying a CNOT gate that maps
[00) > |00) and |10) +— |11). Note that resetting qubits is
usually considered much less noisy than measuring ones,
e.g., in nitrogen-vacancy centers [27,28].

C. Binary measurement on a single qubit

With Theorem 10, in principle, one can find the QPFI
for classically mixed states and commuting-operator mea-
surements by exhausting all channels of the form Eq. (82)
which is contained in a finite set. However, since the
number of coarse-graining stochastic matrices is large, the
exhaustion procedure will be too costly. Here we closely
examine a special case where a classically mixed state is
measured by a binary measurement on a single qubit. The
time to exhausting all coarse-graining matrices is exponen-
tially large with respect to the state dimension D. We will
show that the time to find a solution can be reduced to a
linear complexity by narrowing down the possible forms
of the optimal controls.

To be specific, consider the binary measurement
My =M =m|1) (1| +my|2) 2|, M\, =1 — M (assum-
ing my < min{my, 1 —my}), and & = "2 A;1i) (i|. Then
using Lemma 8, we first have FF (&, {M;}) = max.f (t)
where

S ®) :=J({ps(t),1 — ps(D}), (88)

and

po(t) == my + (m; — m)t Ag, (89)

and t is a column vector in [0, 1]°, corresponding to the
first row of the stochastic matrix P in the proof of Lemma
8. (Note that although from Theorem 10, it is possible to
restrict t to {0,1}, and we keep the generality of t by
allowing it to be in [0, 1]° for later use.)

Without loss of generality, we can arrange the order of
the positive elements in Ay such that

(8@)»[)/)\.,‘ > (89Aj)/)x‘, Vi <j and )\.,’J > 0. (90)
Then we assert that
FP({@){M}) = ) max maX{f (lfi)7f (12[)}, (91)
ie[1,D—1]

where 1; represents the vector whose the first i elements
are equal to 1 and the rest are zero. 15,41 =1 — 1;.

Now we prove Eq. (91). Choose an optimal t* € [0, 1]°
that maximizes f (t). We prove Eq. (91) in each of the
following three cases:
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(i) t*7351¢9 = 0. Then the QPFI is zero and Eq. (91) is
trivial.

(i) t799rg > 0. If there exists i < such that #f < 1,
t; > 0and A;; > 0. Then define #* = ¢ + €/2; and
tj’f* = t;“ — €/X; where € = min{(1 — t;*))»i,t;)»j} and
fisij = Uiz - Then we have either 7% = 1 or £/ =
Moreover, we have f (t**) > f (t*) because t'TAy =
t*Thg and t*7 9Ly < t**73yLg. Then t** is also opti-
mal. Repeating this procedure, we can always find
an optimal t of the form (1---1¢0---0) for some
te[0,1]. Q)< J(,oé")) < e°™_ Using the same
convexity argument as in the proof of Lemma 9,
we can further show ¢ can be taken to be 1 or 0.
Equation (91) is proven.

(iii) 7951y < 0. If there exists i < such that £ > 0,
tf < landX;; > 0. Then define £/* = ¢ — €/A; and
7 = t; + €/); where € = min{(1 — £)A;, £;1;} and
lewij = lesij- Moreover, we have f (t) = f (t*)
because t*7Ap, = t"*TAy and tT9phg > t*T9pA,.
Then t** is also optimal. Repeating this proce-
dure, we can always find an optimal t of the form
(0---0¢1---1) for some ¢ € [0, 1]. Using the same
convexity argument as in the proof of Lemma 9,
we can further show 7 can be taken to be 1 or 0.
Equation (91) is proven.

VI. GENERAL QUANTUM STATES

In Secs. IV and V, we have obtained fruitful results
on preprocessing optimization for pure states and classi-
cally mixed states. Here, we consider the QPFI for general
mixed states and derive useful upper and lower bounds on
them.

A. Upper bound

Theorem 12.—Given any density operator py and quan-
tum measurement {A/;}, we have

F¥(po, IMi}) < y ({Mi})J (po). 92)

Proof—Suppose ‘H,, and H,, are ancillary sys-
tems such that Hy, @ Hs = Hy, ® Hy and dim(H,,) >
dim(Hy)?, where Hg and Hy are the systems pg and {M;}
act on. We also define an additional environmental system
My satistying dim(Hz) = dim(Hs). Let Yo = ) (Vo ss
denote the purifications of py in Hg ® Hg. Using the
purification-based definition of QFI [17,18], we have

J(pg) =  min
Yo:00=Tre (V)

J (o). 93)

Choose Y to be the optimal purification v that mini-
mizes J () such that J(ps) = J (). Then

F¥(pg, {My})

= F"(09 ® 10) (0L, , {M; ® 14,}) (94)

<FU(; @10) (Ol Lz @ M;® Ly})  (95)

=y({le ®@M; ® L, DJ (Y5 ®10) (0,,)  (96)

=y ({M:HJ (po), 7

where we use Proposition 2, Eq. (40) and Theorem 5. W

Theorem 12 provides an upper bound on the QPFI for

general quantum states. In particular, it shows the ratio

between the QPFI and the QFI is always upper bounded

by a state-independent constant y ({M;}), which is attain-

able when the state is pure and gives rise to the following

CRB for general quantum states under noisy measurement
{M;}:

n 1
A > .
\/Nexpry({M})J(pQ)

(98)

B. Lower bound

Lemma 13—Consider a density operator py and quan-
tum measurement {M;}. Assume {7;} is a QFI-attainable
measurement, i.e., F'(pg, {7;}) = J(pg). Let the quantum-
classical channel 7 () = ), Tr((-)T}) |i) (il where {|i)c}
is an orthonormal basis of an auxiliary system H¢. Then

F¥(po, IMi}) = FE (T (pp), (M3}). 99)

The proof Lemma 13 is straightforward—it immediately
follows from the definition of the QPFI. The equality holds
true when {M;} is a projection onto an orthonormal basis of
M, ie., (M; = 1i) (i1},

Note that the equality in Lemma 13 also holds when pgy
is a classically mixed state and the QFI-attainable measure-
ment is chosen to be the projective measurement onto the
basis of Hg so that 7 (py) = pg. For general mixed states,
since 7 (py) is a classically mixed state, the results in
Sec. V can be applied here to analyze F¥ (7 (ps), {M;}) and
derive lower bounds for general mixed states. For example,
one can divide the measurement operators into two subsets,
restrict the measurement in a two-dimensional subspace,
and then use our previous result of the binary measure-
ment on a qubit for classically mixed states to derive an
efficiently computable lower bound on the QPFI.

Note that unlike the upper bound (Theorem 12), there
are no constant lower bounds independent of py on the
ratio between F* (py, {M;}) and J(py). For example, con-
sider the single qubit case where pg = cos?6 |1) (1| +
sin? @ |2) (2|, My = (1 —m) 1) (1| + m|2) (2|, and M, =
1 —M; (0 <m< 1/2). We have, from Sec. V C, that

4(1 — 2m)? sin(20)?

P 1 =
F*(pg, {Mi}) = 1 — (1 —2m) cos(20)?’

(100)
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which tends to zero as & — 0 [and the optimal prepro-
cessing is identity when 8 € (0, 7/4)]. On the other hand,
J(ps) = 4 is a constant, showing that F¥ (g, {M;})/J (0y)
has no state-independent constant lower bounds.

VII. GLOBAL PREPROCESSING: ASYMPTOTIC
LIMITS

In this section, we consider the power of global quan-
tum preprocessing in the asymptotic limit (see Fig. 2). We
consider a multipartite system Hg = H®" and Hg = H'®"
where dim H = D and dim H' = d, a set of quantum states
pé”) in H®", and quantum measurements {};}®" that can
be written as tensor products of identical measurements on
each subsystem H’. Arbitrary (and usually global) prepro-
cessing quantum channels £ are applied before the noisy
measurement. We will show that for a generic class of
quantum states, the QPFI can reach the QFI asymptotically
for large n. Note that the QPFI is in general not achiev-
able [55] when & can act only locally and independently
on each subsystem.

A. Attaining the QFI with noisy measurements

Theorem 14—Given a set of quantum states {pé”)}n

where ,0(5”) is a function of # and acts on H®" for each
n, we have

FP ("), M; ®n
lim % =1, (101)
J (g )

n—o0

(m)

if for each p,  the following are true:

QFl-attainable Encoding
g-c channel ¢-g channel

State pé")

Measurement {M;}®™

FIG. 2. A quantum state pé") in an n-partite system is esti-
mated using n identical noisy measurements acting on each
subsystem, described by {M;}®". The QPFI can approach the
QFI in the asymptotic limit # — oo if the sufficient condition in
Theorem 14 is satisfied. The optimal control is the composition
of a quantum-classical channel 7,(-) = Y7, Tr((.)T}”)) le;) (ei]
where the measurement {Tf")} is asymptotically QFT attainable,
and an encoding channel Eg chosen as the optimal encoding
channel for M®" from the HSW theorem. Note that the decod-
ing channel Ep from the HSW theorem only needs to be used in
a classical postprocessing manner.

(a) There exists a quantum measurement {Tf")} whose
number of measurement outcomes is 7, such that

Flo® (7™ log
('09’—{1}):1’ and lim ogr

lim )
J( 04 ) n—o0o n

n—o0

< C(M),
(102)

where log is the binary logarithm and C(M) is the
classical capacity of the quantum-classical channel
M) =3, Tr((OM;) i) (il ({li)¢} is an orthonor-
mal basis of an auxiliary system Hc).

(b) The regularity conditions are satisfied:

(1) When dpA; #0, A =1/e°™, where A, :=
Tr(py" T") and {T\"} is defined above.
(2) Q1) < J(py") < "™,

Theorem 14 provides a sufficient condition to attain the
QFI using noisy measurements in the asymptotic limit » —
oo. We will first provide a proof of Theorem 14, and return
to the physical understandings of the sufficient condition
later. Readers who are not interested in the technical details
can skip the technical proof and advance to the discussion
part.

In the proof, we will make use of a quantum-classical
channel 7, defined using {Tf-")}, and an encoding channel
Eg, such that F(Ef o '27,(,005")), {M;}®") approaches J(pé”))
asymptotically (see Fig. 2). Intuitively speaking, the first
step 7, is to simulate the (asymptotically) QFI-attainable
measurement {T;")} on pg(") to transform it into a classi-
cally mixed state 7,(p) such that J (7, (,oé”))) =J (,005")).
The second step is to choose a suitable encoding channel
Er such that the classical information in ’Z;,(,oé")) is fully
preserved under M®", ie., J(M®" 0 Ego ’Z;(pof"))) ~
J (’Z:,(,o(g") )), leading to the asymptotic attainability of the
QFIL. Here Eg, along with a corresponding deconding
channel Ep, is chosen such that Ez o M®" o Ep is asymp-
totically equal to a completely dephasing channel with a
transmission rate approximately equal to C(M), which is
guaranteed to exist using the HSW theorem [60,61].

Proof of Theorem 14—We first choose an « such
that lim,_, . logr,/n < o < C(M). According to the
definition of the classical capacity of quantum channels
[68], for any € > 0, there exists an ny such that for any
n > ny, there exist an encoding channel E and a decoding
channel Ep such that

I8p o M® o B — D2 ||, <e, (103)
where D, is a completely dephasing qubit chan-
nel acting on qubit Hilbert space Hp, ie. D,(:) =
0) (O () [0) (O + [1) (1] (-) [1) (1] and [-]|,, is the diamond
norm of a quantum channel [68] defined by | D[, =
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max{[[(® & 1)(X)|;,IX|l; <1} (P and 1 act on systems
of the same dimension, and ||-||; denotes the trace norm).
Moreover, € = e~ %™ (see a proof in Appendix G). For any
operator o, we have

|Ep 0 M®" 0 Bp(o) — DS (o)), < €lloll,. (104)
We also assume r is large enough such that for any n >
ng, 1y < 2191

Let 7,() :==Y_1", Tr((~)Tf")) le;) {e;] where we choose
{le;)}:2, to be a subset of the computational basis in

Hpy lenl Without loss of generality, we assume A; =

Tr(oy”T") > 0 for all i (we can always exclude the terms
that are equal to zero), then T(,o(,")) =" hile) (el
and

F(os" AT™Y) = F(Bp o To(py"), {M;}®")
=J(M®" 0 B o Ty(py"))
> J(EpoM® 0 B oT,(py")), (105)

where we use the monotonicity of the QFI in the first
and third inequalities and J ({p;g}) = J(Q_; pip li) (il) for
any classical probability distribution {p;¢} in the second
equality. Then we have

J(Ep o M® o B o T,(0"))
F(oy" AT

<1.  (106)

Next we aim to show J(Epo M® o Epo ’];(,oé”)))/
F (p(") Yf")}) is lower bounded by a constant that
approaches 1 for large n. First, assume n > ng, we have

J(DF" 0 T,(py"))

=J(To(p")) = F(pi" AT )

x> (Oph)?
_Z — (107)

i=1 !

where we use DY 1l (le;) (ei]) = |es) (ei] in the first equal-
ity. On the other hand, consider

J(D 0o EpoM® o ”‘EOT(pgn)))

_ Z (80771

i

<J(EpoM® o Bz oT(p")),
(108)

where D'() =), ler) (el () ler) (eil, mi=A;+8;, and
8 = (eil(Ep o M®" 0 B — DF*") 0 T,(p")les).  We
will also assume 7 is large enough such that §; < X;, which
is possible due to Eq. (104) and the regularity condition

().

Then we have

(3077: (DpAi + 998:)?
> Z s

i=1

1

& 1 5]
> ; (1) + 209239 ;) o (1 — T,.>

> F(p(”) {Tz@}) Z (39;\) 18] — Z 210910

i=1 i i=1 Ai

_Zn(a Ai + 398:)° i_L)
= L ON; 60 * )\12(1 +€i)2

> F(py" AT}

dori)?
—emax<( 92) +2|—
i A

i

i
A

(109)

J(p én))l/Z)

In the second equality above, we use the Taylor expansion
1/1 + (Si/)‘i =1- 81/)"1/(1 + éj)z for some Ei € [0, 81/)\1]
In the last inequality above, we use Eq. (104) to derive that
> 18] < ellpg” 1 = € and

> 3s8i] < elldnTutog™

<eJ(Tips"N'? <eJ(p™'?. (110)

Here we use the inequality [|ds¢s 1 < J(&p)'/? for any
classically mixed state {p =), u;|i) (i], which is true
because (Y, 18pui])? < 3.(dpp:)?/ ;i from the Cauchy-
Schwarz inequality. Note that it also holds that ||dyoy || <
J (09)'/? for general mixed states oy [84,85].

Finally, from the monotonicity of the QFI [i.e.,
> @A) /A < J (,og"))] and the regularity conditions (1)
and (2), we have

ng
A

(392
max

Y <J(py")e"".

(111)

Taking the limit n — oo in Eq. (109), from € = ¢~ and
Eq. (111), we have

lim 1 i 39771-2
m
= Fpg r(T") S

> 1. (112)

Combining Egs. (106), (108), and (112), we have

J(Epo M® o Eg o T,(p™))

.
£ oy (1))

n—o0

=1.  (113)
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Since lim, 0o F (03", AT ) /J (0S") = 1 and

F]P(pén), {M}®n) > F(Ego ﬂ(pén)), {M}®n)
> J(Ep 0 M® 0 Bz 0 T,(n")).

(114)
we must have
P (o, )
Jim, 7o) =1, (115)
proving the theorem. |

B. Discussion

Here we discuss the intuitions behind the sufficient con-
dition in Theorem 14 and describe the relevant situations
where it is satisfied. We will see that the sufficient condi-
tion is satisfied for a generic class of quantum states pé")
and noisy measurements {M;}.

Let us first explain the meaning of the condition
Eq. (102). It states that there exists an (asymptotically)
QFI-attainable measurement for ,0(5") that has a small num-
ber of measurement outcomes. Specifically, the number of
measurement outcomes 7, should be smaller than 2¢(M)”
(asymptotically) where C(M) is the classical capacity of
the quantum measurement {M;} under consideration, i.e.,
Theorem 14 applies when

logr, < C(M)n + o(n). (116)
The requirement [Eq. (116)] is satisfied by many prac-
tically relevant quantum states and measurements. In
fact, whenever the classical capacity of M is positive,
r, = e°™ is a sufficient (but not necessary) condition of
Eq. (116). Below we provide several typical examples
where the QFI-attainable measurement with a subexpo-
nential number of outcomes exists. See Appendix A for
additional details.

(1) Low-rank states. For pure states, it was known that
there exist two-outcome QFI-attainable measure-
ments [14]. (Note that Ref. [S5] contains another
proof of Theorem 14 when ,0(5") is pure.) More

generally, any p(g") that is supported on a sub-
space with a subexponential dimension also has a
QFI-attainable measurement with a subexponential
number of outcomes.

(2) Symmetric states. The second example with a
QFI-attainable measurement with a subexponential
number of outcomes is symmetric (permutation-
invariant) states (e.g., tensor products of # identical
mixed states). According to the Schur-Weyl dual-
ity [86,87], Hs = (CP)®" can be decomposed as

€)

040305-17

P, (H,(UMD)) ® H,(Sy)), where H,(U(D)) and
‘H,(S,) are irreducible representation spaces of the
unitary group U(D) and the permutation group S,
with index v. Any symmetric state ,0(3") can be
written as

1
(n) _ (n) v
o =D (p”p” ¥ dim(%(Sn))) - 4

v

where p(" are mixed states acting on H, (U(D)) and
py satisfies ) p, = 1 (both of which can be func-
tions of ). Then a QFI-attainable measurement with
a subexponential number of outcomes {P,(77), ®
1,}of pé") can be constructed from a QFI-attainable
measurement {€P, (7;),} of @, pvp”. Let us esti-
mate the number of measurement outcomes: v cor-
responds to Young diagrams (i.e., partitions of n
into D parts), implying the number of different
indices v is OmP~"). For any v, dim(H,(U(D))
is equal to the number of semistandard Young
tableaux, which is at most O(n?P~Y/2) according
to the Weyl dimension formula [88]. The number
of measurement outcomes is thus upper bounded by
3", dim(H, (U(D)) = OnP~D®/2+Dy,

Gibbs states. For classically mixed states pé"), the

projection onto the eigenstates of pé") is QFI attain-
able but has exponentially many measurement out-
comes. However, we argue that in many cases, a
subexponential number of projections onto direct
sums of eigenspaces are sufficient to attain the QFI
up to the leading order, so that Theorem 14 applies.
For instance, consider the Gibbs state

: ! :
= g 2o vl 18)

e

where {|v)} are energy eigenstates with eigenvalues
{E,} and 6 is the inverse temperature to be esti-
mated. The QFI is equal to the variance of energy,
ie.,

2
J(og") =) poEl — (vaEv) ., (119

where p, = e /3" e %%, Assume the energy
eigenvalues lie in [O,E), where £ = ® (n) (which is
a standard assumption in condensed-matter systems)
and divide them into intelvals {I, = [Ek,EkH)}ZZ:l,
such that Eg =0, E, = E and E;,| — Ey = AE =
E/n2. Consider the projections {II;};_, onto the
direct sums of eigenspaces corresponding to all
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eigenvalues in [;. The Fl is

n 2
F(pg" AT = Y pukf — (vaEv) , (120)
k=1 v

where pr =3, 5 o pv and Ex = 1/pi 3", 5 cp Do
E,. Then we have J (py") — F(py" {TIi}) < 34 px
(E},, — E}) < 2EAE = ©(1). Combining with the
regularity condition (2), it implies that F (,oé"), {IT:}H
is equal to J (pé")) up to the leading order.

Next, let us explain the intuitions behind the regularity
conditions:

(1) Regularity condition (1) states that when the proba-
bility of obtaining measurement outcome i depends
on 6 (i.e., dgA; # 0), it must be no smaller than an
inverse of a subexponential function of n, that is, the
probability to detect i cannot be exponentially small.
This is also a practically reasonable assumption as
we would want to exclude the singular cases where
an exponentially small signal provides a nontrivial
contribution to the QFIL.

(2) Regularity condition (2) requires that the QFI of
pé") does not decrease with n asymptotically, which
should be satisfied in any practically relevant cases.
It also requires the QFI to be subexponential,
which is a natural assumption in quantum sensing
experiments [note that the Heisenberg limit implies
J(pg") = O(n")].

Lastly, we briefly comment on the resources required to
implement optimal preprocessing controls. First, the total
number of ancillary qubits required to implement the
desired preprocessing channel Eg o 7, is at most O(n),
because in general log(D"r,) ancillary qubits are suffi-
cient to implement the QFI-attainable g-c channel 7, and
another log(D"r,) ancillary qubits are sufficient to imple-
ment the encoding channel Egz. The gate complexity to
implement 7, is expected to depend on the structure of the
quantum state ,oé"). For example, for symmetric states, the
Schur transform, efficiently implementable [89], can be an
important step in 7,,. Unitary gates that are used in align-
ing the output basis of 7, to the input basis of the encoding
channel Ey should also be taken into consideration. For
example, in the special case where p,, is a low-rank classi-
cally mixed state, 7, should be a rotation that matches p,
eigenstates to the input basis of Eg. The gate complexity to
implement the optimal encoding channel Eg is high in gen-
eral. However, when r,, is subexponential (as we discussed
above), the encoding channel does not need to be capacity
achieving as it needs only to reliably transmit an exponen-
tially small amount of information, potentially making it
relatively easier to implement (the details are left for future

discussion). For example, when r,, = 2, a simple repetition
code mapping |0) to [0)®” and |1) to |1)®” will be optimal.
Finally, note that although we have shown that Bz o 7, is
optimal, other simpler optimal preprocessing channels may
still exist. For example, for pure states, unitary controls are
optimal according to Theorem 5, requiring no ancillas; and
a design of an optimal preprocessing unitary is presented
in Ref. [55].

C. Examples

Lastly, we present three simple but natural examples
with powerful global preprocessing controls that can be
efficiently implemented using O(log® n)-depth circuits,
assuming arbitrary two-qubit gates and all-to-all con-
nectivity (see details in Appendix H). In these three
examples, we always assume H = H’' = span{|0),|1)}
are qubit systems and the quantum measurement is
{M;} = {My, My}, where My = (1 —m) [0) (0] + m|1) (1]
(0<m<1/2),and M} = 1 — M,.

In the first two examples, our preprocessing circuits
manage to achieve a FI that is asymptotically equal to
the QFI for any noise rate m. In the third example, our
preprocessing circuit achieves a FI that is asymptotically
equal to 2/m of the QFI, which still beats local con-
trols in the noise regime m > 0.1011. The guideline to
design these circuits is to convert the quantum state to a
two-level state in span{|0)®",|1)®"} whose probability (or
amplitude) distribution encodes 6. Then a majority voting
postprocessing method can be used to estimate 6 with a
vanishingly small measurement error. Specifically, in the
majority voting postprocessing method, we partition the
measurement outcomes from measuring the two-level state
using {My, M1}®", which are represented by n-bit strings in
{0, 1}", into two sets depending on whether the Hamming
weight of the string is larger than |n/2]. The FI of this
binary probability distribution achieves the desired value
asymptotically.

The first example is phase sensing using GHZ states [5],
where

ein0 |0>®n + efme |1>®n

7 ;

1y = (121)

and an optimal preprocessing circuit UC that achieves

n—o0

FUOW" U (M) == T (") = 4n® (122)
is shown in Fig. 3(a), mapping |1//(§")) to
cos(nf) |0)®" + isin(nd) [1)®". (123)

The majority voting postprocessing method gives an opti-
mal estimator of 6.
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(b)
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Ssorting —| ) |0> —69—

FIG. 3. Examples of preprocessing circuits (U9 or £9). (a)
Phase sensing using GHZ states. The optimal circuit is com-
posed of two caNoty*! gates, which, conditioning on the first
qubit being |1), performs X ®"~! (X is the Pauli-X gate) on the
remaining » — 1 qubits, and a Hadamard gate H acting on the
first qubit between them. The circuit depth is O(log n). (b) Phase
sensing using product states. The optimal circuit is composed of a
global H gate and a global Pauli-X rotation, a desymmetrization
gate DS that maps W state 1/4/n(]10---0) +1010---0) +--- +
[0---01)) to [10---0) and [0---0) to |0 --0), and a C(NOT)"~!
gate. The circuit depth is O(log n). (c) Phase sensing using classi-
cally mixed states. Ssoring is a sorting channel with circuit depth
0(log2 n), that uses O(n log2 n) ancillary qubits and outputs one
qubit in state Eq. (129). It first sorts the bit string and then swaps
the first qubit with the |z sin® 6, |th qubit. (The D-shape detectors
mean the qubits are completely discarded.).

The second example is phase sensing using product
pure states (usually known as Ramsey interferometry [90]),
where

. e"9|0>+e-"9|1>>®”
ity = (L1 10)”

and an optimal preprocessing circuit of depth O(log n) that
achieves

(124)

n—oQo

FUSy" U (M)®) == T (") =4n (125)
is shown in Fig. 3(b). Here we assume 6 is a rough esti-
mate of 6 such that |6 —6y| < 1//n. The first step is
to implement global Hadamard gates and Pauli-X rota-
tions such that ") is mapped to (e~ 0¥ )& & |y (V) =
(cos(h — 6y) |0) + isin(d — 6y) |1))®". The second step is
to apply a desymmetrization gate DS and a C(NOTY"~! gate
such that the state is approximately mapped to

cos(+v/n(60 — 6)) [0)®" + isin(+/n(6 — 60)) |1)*", (126)

with an error O(n(8 — 6,)?). The majority voting postpro-
cessing method gives an optimal estimator of 6.

The third example is phase sensing using classically
mixed states [which can be seen as Eq. (124) after global
Hadamard gates and completely dephasing noise], where

s = (cos? 6 10) (0] + sin>6 [1) (1])*" . (127)
We assume 6 € (0 + &, 1/4 — ¢) for some constant € > 0.

We show a preprocessing channel £9 [in Fig. 3(c)] of
circuit depth O(log2 n) that achieves

n—o0

8§ 2
FES(pg"), (Mi}®") —n="J()").  (128)

After a sorting channel Sging and discarding all qubits
except the first qubit, the first qubit is in state

Po 10) (0] + (1 — po) [1) (1], (129)
where py is the probability that after flipping n coins whose
probability of getting heads are sin® #, the number of heads
are smaller than or equal to |nsin®6,] (6y is a rough
estimate of @ satisfying |0 — 6y| < 1/4/n). A FI asymp-
totically equal to (8/m)n can then be achieved using a
c(NoT)"~! gate with n — 1 ancillas initialized in |0)®"~!
and the majority voting postprocessing method.

Note that ,oé") is a symmetric state. According to the
discussion in Sec. VIIB, the QPFI should be asymptoti-
cally equal to the QFI, but whether there exists an efficient
implementation of the optimal preprocessing circuits is
unknown. Here we demonstrate the advantage of global
controls by providing an efficient but suboptimal circuit
in Fig. 3(c). The first part (Ssoring) Of our circuit can be
viewed as the optimal quantum-classical channel 7, in
Theorem 14. The second part that encodes one qubit into
n qubits is, however, suboptimal. [In order to faithfully
transmit all probability distribution information, the encod-
ing channel in the second part needs to encode log(n + 1)
qubits into 7 qubits.]

Nonetheless, our circuit in Fig. 3(c) is superior to any
local preprocessing controls in the noise regime where

1

> — ~ 0.101.
2

m (130)

1
27
This can be proven noting that the optimal FI achievable
using arbitrary local channels satisfies

max F(g(pé")), {M;}®")

E=E1Q&ER--®Ey,

= FP(py" {Miphn < (1 = 2m)*n,  (131)
from Eq. (100). Thus it is always smaller than (8/m)n
when m > % — 1/+/27. Specially, when m — %, the linear
constant of the locally optimized FI is vanishingly small,
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while the suboptimal global one is still above a positive
number.

VIII. CONCLUSIONS AND OUTLOOK

We conducted a systematic study of the preprocessing
optimization problem for noisy quantum measurements
in quantum metrology. The QPFI (i.e., the FI of noisy
measurement statistics optimized over all preprocessing
quantum channels), that we defined and investigated in
depth, sets an ultimate precision bound for noisy measure-
ment of quantum states. Our results provide, in many cases,
both numerically and analytically, approaches to identify-
ing the optimal preprocessing controls that will be of great
importance in alleviating the effect of measurement noise
in quantum sensing experiments.

We also considered, specifically, the asymptotic limit
of the QPFI in multiprobe systems with individual mea-
surement on each probe. We proved the convergence of
the QPFI to the QFI when there exists an (asymptotically)
QFI-attainable measurement with a sufficiently small num-
ber of measurement outcomes, by establishing a connec-
tion to the classical channel capacity theorem. It would be
interesting to explore, in future works, if the number of
outcomes for QFI-attainable measurements can be easily
bounded given a quantum state.

Although we have discussed only two types of quan-
tum preprocessing controls, CPTP maps and unitary maps,
our biconvex formulation might be generalized to cover
other more restricted types of quantum controls. We also
narrowed the analytical forms of optimal controls for pure
states and classically mixed states down to rotations onto
the span of two basis states and coarse-graining channels,
respectively, but it remains open whether a simple method
exists to help us determine the exact operations.

Finally, there are a few important directions to extend
our results to, e.g., incorporating the state preparation
optimization into the QPFI optimization problem, con-
sidering the preprocessing optimization in multiparameter
estimation where the incompatibility of optimal prepro-
cessings for different parameters might become an issue,
and finding optimal preprocessings for other information
processing tasks beyond quantum metrology, such as state
tomography and discrimination.
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APPENDIX A: QFI-ATTAINABLE
MEASUREMENTS

In this Appendix, we provide several simple facts about
the QFI-attainable measurements for quantum states, that
will be useful in the main text.

(1) Necessary and sufficient condition [14]. Given a
quantum state py, {M;} attains the QFI if and only
if

Vi=1,...,r, 3¢; € R, such that

1/2

M p,* = M Lopy”, (A1)

where Ly is the symmetric logarithmic deriva-
tive (SLD) operator, which is a Herminian oper-
ator defined by dyp9 = %(Lg,o(; + poly) and the
QFI J(pg) = Tr(psL?). (Note that although the
definition of Ly is not unique when py is not full
rank, one can chose an arbitrary one and the QFI
and the necessary and sufficient condition will be
invariant.) Clearly, the necessary and sufficient con-
dition Eq. (A1) is satisfied when the measurement is
chosen as the rank-one projection onto eigenstates
Ong.

(2) Low-rank states. If py and dgpy are supported on
a D'-dimensional subspace of Hg (D’ < D) (which
should be true when py is supported on a |D’/2]-
dimensional subspace), there exists a SLD Ly sup-
ported on the D’-dimensional subspace. Moreover,
let Ly = 2, € ]i) (i where £; > 0 and {]i)} is an
orthonormal basis for the D’-dimensional subspace,
it can be verified that {M,»}?:/ , (that has D" measure-
ment outcomes) is QFI-attainable when M; = |i) (i
fori=1,...,D' —land My = 1 — Y2, M;. That
means, a state of a subexponential rank must have
a QFI-attainable measurement with a subexponen-
tial number of measurement outcomes. In particular,
for pure states, binary measurements are sufficient to
attain the QFL.

(3) Classically mixed states. For classically mixed
states pg = Z?:I ;i i) (i], the SLD is also diagonal
in the basis {|)}. It implies that the rank-one projec-
tion onto the basis is QFI attainable for classically
mixed states.

(4) Block-diagonal states. More generally, consider
block-diagonal states pg = @D pyopve, Where py g
are supported on different orthogonal subspaces.
The SLD can also be block diagonal, implying that
there exists a QFI-attainable measurement of the
form {P,(T}),}, whose number of measurement
outcomes is at most the rank of pg, where {(7}),}
is a quantum measurement for each fixed v.
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APPENDIX B: MATHEMATICAL PROPERTIES
OF THE QPFI

& by definition. Or equivalently, F*(py, {M;}) >
FP(pg, (ET(M;)}) where ET is the dual map of &.

Here we briefly discuss the mathematical properties (4) Convexity. The QPFI is convex in quantum states

of the QPFI. We will always assume quantum measure-
ments are nontrivial in this Appendix (i.e., 3M; ¢ 1 for all

{M:}).

(1) Faithfulness. The QPFI is faithful, that means,
F¥(pg, (M3}) = 0, (B1)

and the equality holds if and only if dypy =
0. The non-negativity follows from the faithful-
ness of the classical FI. In order to see when
dpo #0, F¥(pg,{M;}) >0, we use Lemma 13
in Sec. VI. Assume dypg # 0. FF(py, {M;}) >
F¥(T (py),{M;}), where T (py) is a classically
mixed state that satisfies J(7 (pg)) =J(pg) > 0
(from the faithfulness of the QFI). Consider the
following simplification of measurements: dividing
{M;} into two subsets and restricting them in a two-

when {M;} is fixed. That is, for p € (0, 1) indepen-
dent of 9,
FE(pps + (1 = p)og, {Mi})
= sgpF(S(p,Oe + (1 = p)oy, (M;}) (B3)
< Sl;ppF(g(pe), {Mi}) + (1 = p)F(E(0g), {Mi})
(B4)
< pF* (pg, {M}) + (1 — p)F* (09, {M3}), (BS)

where we use the convexity of the classical FI in the
second step. Similarly, we also have

F¥ (pg, {(pM; + (1 — p)M})
< pF* (po, IM3}) + (1 — p)F* (pg, IM]}). (B6)

dimensional subspace such that the measurement (5) Additivity. When quantum states under consider-

becomes a nontrivial binary measurement on a qubit
{M,1 — M}. Then we see that F*(T (py), {M;}) >
F¥(T (py), {M,1 — M}) > 0 from the exact expres-
sion of the QPFI in Eq. (91).

(2) QFI as an upper bound. The QPFI is always no
larger than the QFI. Note that

F(E(pp), IMi}) = F(pg, (ET(M)}) < J(p), (B2)

where £ is the dual map of £ and the second
inequality follows from the definition of the QFI
and the fact that {E7(M;)} is still a POVM when £
is a CPTP map. Taking the supremum over £ on
both sides in the above inequality, we have proved
F¥ (09, {M;}) < J (pp).

(3) Monotonicity. The QPFI is monotonic, ie., F*
(09, IM}) = F¥(E(py), {M;}) for any CPTP map

J

FF(pp ® py, {M;}) = max 16(1 — 2m)? cos(0)° sin(0)>

ation are pure, the QPFI is additive because of
Eq. (40) and the additivity of the QFL i.e., FF (s ®
W, AMi}) = F¥ (Y9, {M;}) + F¥ (5, {M;}) when g
and v, are pure.

For general mixed states, there is no general
inequality relation between F¥(py ® 0y, {M;}) and
FP(pg, {M;}) + FF (09, {M;}). Consider the simple
example where one (or two identical) qubit state
po = cos2 0 |1) (1] +sin® 0 |2) (2| (8 € (0,7/2)), is
measured using the binary measurement on a qubit:
Mi=0—-m) 1) (1| +m|2) (2] and M, = 1 — M,
(0 < m < 1/2). We have, from Eq. (91), that

4(1 — 2m)? sin(20)?
1 — (1 —2m) cos(20)?’

F¥(pg, (M}) = (B7)

and

16(1 — 2m)? sin(6)? cos(6)°®

(1 —m)ym + (1 —2m)2(cos 0)*(1 — (cos 0)*) (1 — m)ym + (1 — 2m)2(sin§)*(1 — (sin@)*) }’

(B8)

Consider the limit m — 0, we have F'(py ®
po, (M;}) < 2F%(pg,{M;}) (which is expected
because {M;} when m = 0 is QFI attainable for
pe and the QFI is additive). On the other hand,
one can immediately find cases where FF(py ®
09, {M;}) > 2F%(pg, {M;}), e.g., when m = 0.1 and
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6 = /8. For any fixed m > 0, there is a threshold
of 6 above which the sign of F¥(pg ® pg, {M;}) —
2F%(py, {M;}) changes from positive to negative.
Finally, we can consider multiple states under
multiple measurements. We have, by definition,
F¥(po ® 09, {M;} ® {M]}) = F (g, {M;}) + F" (03,
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{M]}) and the inequality can be strict (see the con-
vergence to the QFI in the asymptotic limit in
Sec. VII).

APPENDIX C: ATTAINABILITY OF THE QPFI

Here we prove several results that are related to the
attainability of the QPFI and the QUPFIL.

We first show the existence of the optimal controls (or
unitaries) for generic noisy measurement that has nonzero
noise in all subspaces.

Lemma 15.—For arbitrary quantum states py and noisy
measurements {M;} such that min; Ay, (M;) > 0, the supre-
mums in Egs. (7) and (10) are attainable. Here Amin(-)
represents the minimum eigenvalue of an operator.

Proof—DBy definition, there exists a sequence of quan-
tum channels (&,...,&,,...) such that

F(&Ex(po), (M}) = F¥ (pg, {M:}) — 1, (C1)
where lim,_, o 1, = 0. Since the set of quantum chan-
nels is bounded and closed, there exists a limiting point
of (&1,...,&,,...) that we denote by £. Without loss of
generality, we assume the sequence converges and £ =
lim,,_, o &,. And

: o (Tr(E, (35 p0)M))*
lim F(E,(po), (M) = lim Z TrE. (on )
(C2)
_y lim,,_ oo (Tr(E, (30 00 ) M;))>
T limyn oo TH(E(00) M)
(C3)
_y (Tr(& (36 00 ) M;))>
Tr(E(ps)M;)
= F(E(pa), (M), (C4)

where we use Tr(E,(pg)M;) > min; Ay, (M;) > 0 for all
n. Then we must have F(E(pp), {M;}) > FF(pg, {M;})
using Eq. (C1). Since F(E(po), {M:}) < F*(pg,{M;}) by
definition, we have

F(E(pe), IMi}) = F* (pg, (Mi}), (C5)

proving the existence of the optimal channels. The exis-
tence of the optimal unitaries can also be proven analo-
gously. |

As a corollary of Lemma 15, we show that for any mea-
surement whose QPFI (or QUPFI) may not be attainable,
there always exists a measurement in its neighborhood
such that its QPFI (or QUPFI) is attainable and close to
that of the original measurement.

Lemma 16—For any quantum state py, quantum mea-
surement {M;} and n > 0, there always exists {Ml-(e)} and a

constant ¢ > 0 such that the corresponding QPFI and the
QUPFI are attainable, and when € < c,

F¥(po, (M{}) = F¥(pg, (Mi}) =, (C6)
FU (09, AM{)) = FY(pg, (Mi}) = 1. (CT)

Proof—Assume  F*(pg, {Mi}) — 1 = F"(pg, (M;}) —
n > 0. By definition, we can pick £ and U such that

F(E(po), AM}) = F (pg, {Mi}) — /2, (C8)
F(UpoU', {M}) = FY(po, {M;})) = 1/2. (C9)
Let
, . { Tr(E(po)M;)
¢ = min m _—
iTr(E(pg)Mp#0  Tr(M;)
T M;
i r(U(pg) U'M)) } (C10)
T (Upg) Ut M;)2£0 Tr(M;)
define [assuming d = dim(Hy)]
© 1
M;" = (1 _G)A/[i‘i‘ETr(Mi)Ea (C1D)
and assume e is small enough such that
€ FY(pg, {M;}) —
l—e——({0—¢€) > . C12
dc’ FY(pg, (M;}) — /2 (12

Note that a similar construction of p(©, instead of M,
was used in Ref. [91] to remove singularity of the QFIL.
Using Lemma 15, it is clear that the QPFI and the QUPFI

for {Mi(é)} are attainable. Furthermore, we have

FE (g, (M)
(€)
.y (Tr(g(aepe)f‘/f(,-é) )2
iTH(E (pg)M()#£0 Tr(E(po)M;™)
5 (1 — €)2(Tr(E (3 po)M;))?
" e e = OTHE (M) + Tr(Me/r
(C13)
(Tr(E (39 o) M;))? ¢
> l—e——(1—¢
i:Trw%M#O Te(E (pg)M;) ( dc )
(C14)
FUpy, (Mi}) — 1
F(& AM;
= F &) M) 50, " — /2
> F¥(pg, {M}) — n, (C15)

proving Eq. (C6). Equation (C7) is also true, similarly.
When FF(pg, {M;}) —n < 0 or FY(pg, {M;}) —n <0, the
results also follow trivially. |
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Finally, we are ready to provide a proof of Theorem 1,
which shows a way to calculate the QPFI by considering
the limit of the QPFI for a set of generic noisy measure-
ments in its neighborhood. (Note that the theorem stated
below also holds for the QUPFI.)

Theorem 1—Let M = (1 —e)M; + eTr(M;)1/d,
where d = dim(Hg) and 0 < € < 1. Then

F¥(pa, (Mi}) = Tim F¥(po, (M7, (C9)

and the QPFI FF(py, {M“}) is attainable for any € €
(0,1].
Proof—For any n > 0, following Lemma 16, we have

F¥(pg, {M3}) < F¥(pg, (M) + 1, (C16)

when € is small enough, where Mi(e) ={1-eM;+
€Tr(M;)1/d. Take the limit € — 0™ on both sides, we
have FF(pg, {M;}) < liminf,_ o+ FF(pg, {M”}) +n for
any 1 > 0, implying

F¥(pg, (M) < liminfF* (pp, (M) (C17)
e—0

On the other hand, consider a quantum channel for 0 <
€ <1,

1
E(o)=(1—-¢€)o + eTr(cr)E, (C18)

Then we have Tr(E.(0)M;) = Tr(o &L (M;)) = Tr(o M)
for any o. By definition, we have

F¥ (g, (M) = Sl;pF(S(pe), {Mi})
> Sl;pF(&(c‘:(pe)), {Mi})

= FP(IOH, {g:(Ml)}) = FP(,OQ, {M(E)})
(C19)

Take the limit € — 0" on both sides, we have

FP(,O@, {Ml}) 2 llm SupFP(pG’ {Ml(f)})

e—0t

(C20)

The theorem then follows from Egs. (C17) and (C20). W

APPENDIX D: GLOBAL OPTIMIZATION
ALGORITHM FOR BICONVEX OPTIMIZATION
PROBLEMS

In Sec. III, we showed that the QPFI can be
obtained from the following biconvex optimization prob-
lem [Eq. (20)]:

F¥(pp, (M)~ = inf Tr((X; ® PR, (D1)

such that 2 > 0,
Tre (Q) = 1s, Tr((X ® pg)2) =0,
Tr((X ® dppg)S2) = 1.

The constraints on 2 guarantee any feasible €2 is contained
in a convex compact set R, [the absolute value of each
entry of € should not be larger than dim(Hs)]. We could
also set a convex compact region R; on X, so that the fol-
lowing optimization problem generates the same optimal
value as Eq. (20):

min Tr((X; @ PR),

such that Q > 0,
Try (Q) = 1s, Tr((X ® p])Q) = 0,
Tr((X ® d501)Q) = 1,

X € R, Q eR,. (D2)
As discussed in Sec. III, this is possible when the size of
R, is suffciently large, in normal cases when the infimum
in Eq. (20) is attainable. Otherwise, the optimal value of
Eq. (D2) can still approach that of Eq. (20) for sufficiently
large size of R;.

Here we describe the global optimization algorithm
[81] for Eq. (D2) that is guaranteed to converge to the
global optimum of Eq. (D2) in finite steps. One may seek
[59] for a general survey on algorithms from biconvex
optimization.

We first rewrite Eq. (D2) as

min_ f (x, ),
(x,2)€R| xR,

such that @ > 0, Vi, 4;(x,Q) =0, (D3)
where f (x, €2) is the biconvex target function and 4;(x, 2)
are biaffine functions. The global optimization algorithm
finds the global optimum of Eq. (D2) by solving a set of
primal problems and relaxed dual problems, which gener-
ate upper and lower bounds on the optimum, respectively.
The upper and lower bounds converge to the global opti-
mum up to a small error in finite steps. The algorithm is
described as follows.
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Step 1: Initialization.

Define initial upper and lower bounds (fY,f*) on the
global optimum, where 'V and —f* can be chosen as two
very large numbers. Set the counter K = 1. Set a conver-
gence tolerance parameter £. Choose a starting point x'.
Define three empty sets &7 (set of feasible problems),
Rinfeas (set of infeasible problems), & (set of candidates of
lower bound).

Step 2: Primal problem.

(1) Consider the primal problem for x = xX ifit is feasible
(that is, if there exists some 2 € R, that satisfies the
constraints):

PX) = &ianf@K, Q),

such that @ > 0, Vi, i;xX,Q) =0. (D4)

The strong duality theorem [76] indicates that P(xX)
can be solved through

P(x*) = max min L(xX, Q,y, Z),

D5
v,.Z>0 QeRy ( )

where the Lagrange function

L, Q.Y.2) =1 (%, Q) + Y yihi(x,Q) — Tr(Q2),

(D6)

Z is a semidefinite positive matrix acting on Hy ® Hsg
and y is a vector of real numbers.

Solve Eq. (D5) and store the optimal values
(QK,yK, ZK). Set £V = min{f Y, P(xX)} and R =
ﬁfeas U {K}

(2) If Eq. (D4) is infeasible, solve the relaxed primal
problem for x = xX instead:

§x*)= min a,

QeRy,a>0

such that Q + algg > 0,
(D7)

The strong duality theorem implies

s(xK) = i hi(x, Q
(") = max Qer]g;{gzoaJrZyl i(x, Q)
1

—Tr((2 + alys)Z)

= max  min Ll(xK,Q,y, Z),
v,Z>0,Tr(Z)<1 Q€R,

(D8)

Vi, (x5, Q) = 0.

where the Lagrange function L (x, 2,y,Z) := ), yih;
(x, 2) — Tr(QZ).

Solve Eq. (D8) and store the optimal values
(QK’ yK,ZK). Let ﬁinfeas — Rinfeas U {K}

Step 3: Determine the current region of x.

Suppose 2 is parameterized by a vector of real num-
bers €2;. Since Q2 is contained in a compact set, £2; has
upper and lower bounds that we denote by QY and QF.
Consider the partial derivatives of the Lagrange func-
tions defined by gf‘(x) = 3/0QL(x, R, ¥¥, Z")| ok for k €
£l and gh(x) 1= 9/9QL1 (x, 2, ¥, ZF) | o for k € finfess,
Define the set of indices for connected variables [ :=
{i|gf(x) is a nontrivial function of x} = {i|g{“(x) =0, Vx}
(the last equality follows from the KKT conditions
[76]) and €2; is called a connected variable of the
Lagrange functions if i€ l,. We can also define
the linearized Lagrange functions L(X, Q,yk, Z")|1;2‘}c =
Lx, Q595,78 + 3, gF (0 (2 = ) and Li(x, R, ¥,

NS = Lix, Q59 2 + 3, gﬁ(x)(sz,- — Q5. The
linearized functions L(x,Q,yk,Zk)llg‘z‘}{ and L;(x, L,y

Zk)|1£}f are functions of the connected variables only and
independent of €2; if i ¢ I;.

Let BF := ¢, {QF, Q) be the set of combinations of
upper and lower bounds on ; for all i € I;. We abuse
the notation a bit and use © € B* to denote the case
where the part of connected variables €2; in € is con-
tained in B and the other part is arbitrary. We will
see that the other part is irrelevant in our calculations
and can be ignored. In this sense, there are in total
2l number of Q € B, which is finite. We also define
R(k,2) to be a region of x as a function of Q ¢ B*
defined by

R(k, Q) = {x|Vi € I gf(x) <q, 0}, (D9)

> represents “<” if @; =QUV, and “>” if

where “<q’ b

Q= Qb

Let BHO = (Q e B xK € R(k,Q)}. The relaxed
dual problem in the next step will be solved in the region
of x that is contained in ﬂf;ll Nacs@x) Rk, Q).

Step 4: Relaxed dual problem.

Determine the set of indices for connected variables
Ig. Note that for any k, L(x, Q,yk,Zk)lg}{ is a function of
the connected variables only and is fixed if the connected
variables €2;, of Q is fixed. Therefore, we will also write
L(x,Q,¥, Zi)|g; = L(x, Qy, Y, Zk)|gg.

For each Q, € BX = ./ {QF, QY} (there are 2! dif-
ferent €2, in total), solve the following relaxed dual
problem:
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ek !
n = L(x, Q,¥", 25|
such that x € Rk ),
0 = Ll (X’ Qa yk’Zk)|lin
X € R(k, 2),
> L(x, Q. y5, Z5)|
X € R(ka Q*)a
O 2 Ll (X5 Q*n yKazK)PSin;(:
X € R(k5 Q*)a

For each ,, store the solution (u,, X,) of Eq. (D10) in &.

Step 5: Select a new lower bound and determine
xK+1
From the set &, select the minimum g™ and the cor-
responding x™". Set f* = ™" and xK*+! = x™", Delete
(™" x™in) from the set of candidates of lower bound &.
Step 6: Check for convergence.
Check if /1 > Y — ¢, if yes, STOP; otherwise, set
K = K + 1 and return to Step 2.

The global optimization algorithm described above works
in a branch-and-bound way where x is partitioned into dif-
ferent regions and different candidates of lower bounds
of the global optimum are explored in each iteration. The
subproblems that are solved in each iteration are semidef-
inite programs [Egs. (D5) and (D8)] and quadratically
constrained quadratic programs [Eq. (D10)], which can
be solved efficiently (for a moderate system dimension)
using algorithms for convex optimization [76]. The run-
ning time of the entire algorithm depends largely on the
number of subproblems that are solved in each iteration,

J

xymy + xp(1 —my)
(VP v1-p) < 0

Geimy + x2(1 —my))?
(7 Vo) (M

} K e ﬁinfeas .

ok } VQeBH 1 <k <K-—1, ke g,
ok } VQe B 1 <k <K -1, k e ginfess,

} K e ﬁfeas

(D10)

(

which is exponential in the number of connected variables.
Methods that can reduce this complexity were discussed in
Ref. [81].

APPENDIX E: BINARY MEASUREMENTS ON
PURE STATES

1. Measurement on a qubit

Here consider a binary measurement on a single qubit
where X :X]Ml +X2M2, M] =M and Mz =1-M.
Without loss of generality, we assume

M= (”é‘ 0 > my,ms € [0,1] and m; > m,. (E1)
ny
Our goal is to find (x,U) such that the two necessary
conditions in Lemma 4 are satisfied.
Let [¢) = /P 1) + /T —p|2) where 0 <p <1 (any
additional phases in the amplitudes of |¢) do not change
the results). Condition (1) translates into

0 VP _
xymy +x2(1 — mz)) <m) =0, (E2)

0 oYL (E3)
eimy +x2(1 —m)* J\V1=p) ~ an’

and Condition (2) is trivially true when p = 0, 1, otherwise translates into

(@1X%|p)  (ximy +x2(1 —my))? _ Gamp +x(1 — m;))?

= =y({M;)) <1, E4
GGl0) e 2 —m) - mra(l—my D= 9
where we use
N (P1X2]0) -
FYWo, (M) ™' = (91 Xa|¢p) = ——"L . (¢|X?|p) = M)J b E5
(Yo, {M;}) (p1X2]0) e (PIX7|9) = (¥ {M:DJ (¥s)) (ES)

and J () = 4n.
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Solving the system of equations [Eqs. (E2)HE5)], we
find the following results.

(1) When 1 > m; > my > 0, according to Lemma 15,
the QPFI is attainable. Moreover, the only solution
satisfying the necessary conditions [Eqgs. (E2)HE5)]
is

2 _ —\/ i , (E6)
X (I —m)(1 —my)
» my(1 —my) E7)

~ (0 —my) + (L —my)
|

y((M}) = lim y({M})
e—0t

i (S5 me 250 (5w =

2. Measurement on a qudit

Now consider a d-dimensional system with d > 2 and
a binary measurement M} =M and M, =1 — M on it
where

which must be the optimal solution. It gives

yAMY) = 1 = (Jmim; + (L —m) (1 — my)).
(E8)

(2) When 1 =m; > my =0, we must have X? = X;,
implying y ({M;}) = 1. The QFI is achievable as
long as a solution to px; + (1 — p)x; = 0 and px? +
(1 —p)x? = 1/(4n) exists, which means that any
0 < p < 1is optimal.

(3) When 1 > m; > my = 0, the necessary conditions
[Egs. (E2)~(ES5)] have no solutions. Thus, this is a
singular case where the QPFI is not attainable. And
we have from Theorem 1 that

(

and 1 >m; > --->my > 0.

Let |¢) = Zf: | @i li). We now show that the support of
|p): supp{l¢p)} = {i : ¢; # 0} must correspond to at most
two different values of m; when |¢) is optimal. We prove
this by contradiction. Without loss of generality, assume

m |¢1,2,3| > 0 and m; > m; > ms3. Condition (2) implies that
m
M= ? , (E11)
mgq
(11X2[1) _ (21X2(2) _ (31X2[3) (E12)
(Xl @22 GiXl3)’

im +x2(1 —=m)*  my +x2(1 —mp))*  (eymy + x2(1 — m3))? (E13)

x3my +x3(1 — my) ximy +x3(1 — my) ?my +x3(1 —m3)
_ _\/ mny =_\/ myms =_\/ mams , (E14)

(1 —m)(1 —my) (1 —my)(1 —m3) (I —my)(1 —mj3)

which contradicts m; > m, > mj3. Thus, we conclude that the support of |¢) must correspond to at most two different

values of m;.
Therefore, we have

y MY = max yu((M) = max1 = (g + /(1 =m0 =m))”

In fact, assume m; > mp > --- > my, we must have

y (M) =1 — (Jmimg + V(A —my) (1 — my))’.

(E15)

(E16)
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The reason is that when m; > m;, increasing my; or decreas-
ing m; while the other element is fixed will only increases
yu({M;}). We see that by computing the derivative of
vu({M;}) with respect to my. We have

0 (1 —mp)my
— MY =1-2m— ———(1 —2my) >0,
oy vin({M;}) I m( k)
(E17)
when  myp >m;  because 1 —2my;//(1 —mpm; =

N —=mfmp— mp /1 —my > 1 = 2my/ /(1 — mp)my.
APPENDIX F: COMMUTING-OPERATOR
MEASUREMENTS ON PURE STATES

We take one step further from binary measurements and
consider the commuting-operator measurements where

1. Proof of Theorem 6

We first prove Theorem 6:

Theorem 6.—For commuting-operator measurements
[Eq. (63)], there always exists an optimal solution
to (I¢),l¢")) such that |¢p) = /plk) ++/T—p|l) and
lp+) = VT —p |k) — /p |]) for two basis states |k) and |/)
and0 <p < 1.

Proof—Assume (x, |¢)) satisfies Condition (2) in
Lemma 4, where we write x; = y(x 4+ «;), X # 0 and the
support of |¢) contains |1) and |2). Then according to
Condition (2), we must have

(x + (a)))? _ (x + (a),)?
x2+2(a) x+(a?),  x?+2(a)yx+ (@),
2
_ (p1X |¢>, (F2)
(@1 X2]0)

where (a); =), aim;i) and (az)j = iaizm@. We also

J

M, — n, ’ (F1) define (Ad?); = (a*); — (a);. . .
Assume (a); > {(a),, we have the following possible
mg) solutions of Eq. (F2).
and ) ; M; = 1. We also assume mj(-i) > 0 foralli,j.
(1) When (Aa?); = (Ad?),,
2
1 (PIX]p) ViAd), +/(Ad?),
¥ =yl @), and e ) _1+( (@)1 — () ) | )
(2) When (Aa?), — (Ad?), # 0, we have either
A (a), (A02>1 + (a), (Aa2)2 — ((a), — {a),)V/(Aa?), (Aa?), (F4)
(Aa?)) — (Aa?),
and
2
(@1l9) _ | (VIAa) + VA, ) F5)
(91X 21) (a); — {a),
or
o = (@), (Aa®); + (a); (Ad®), + ((a); — (a)2)y/(Aa?); (Ad?), (F6)
B (Aa?); — (Ad?),
and
2
@lle) _ | o (VA@) - Va@), ) )
(P1X219) (a)y — (a),
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Next we show that there always is an optimal solution such
that its support contains only two elements. Without loss of
generality, assume |¢*) = Zle ¢ |i) is an optimal solu-
tion (which is guaranteed to exist thanks to Lemma 15).
The corresponding error vector x* is written as x; =
y*(x* 4+ a;). We have from Condition (1) in Lemma 4
that YL, 167 (" + (@),) = 0and 3L 67 P (" +
(a*)))? = 1/(4n). Clearly, we must have some i #j,
such that )qs;;.‘ >0, (@), # (@), and (x* + (@*)) (" +
(a*);) < 0. Without loss of generality, we assume i =
1,j =2 and (a*); > (a*),. Then (x*,|¢*)) must satisfy
either Egs. (F3) or (F4) and (F5) from the previous dis-
cussion. [Note that if Egs. (F6) and (F7) cannot be true
because (x* + (a*),)(x* + (a*);) < 0.]

We then assert that [¢™*) = /p |1) + /1 —=p2) (0 <
p < 1)is also an optimal solution, when p satisfies

0

x* + (a*)
(ﬁ «/1 —P) < 0 : x* + <Cl*>2>

VP _
y ( M) o, (F8)
Using Egs. (F3)HF5), it is easy to see that
*)2
(A(a*)”), (F9)

p= :
V(A@)?), +/(A@)?),

J

Let (x*,|¢*)) be an optimal solution when |¢) , |¢*) are restricted in span{|k),|])} and |¢*)
*)1). Using Eq. (17), we see that the optimal a}

(we also assume (a*), > (a

* *

We take x}* = y**(x* + a}), where y** is solved from

(x* + *)) 0
(vp VI ”)< (x*+<a*>2>2>
1

Both equations are derived from Condition (1). Now we
have a new solution (x**,|¢**)) such that y** and |¢**)
are solved by the equations above. Note that we still let
ai* = af and x™ = x*. The new solution have the same
FI as the original, i.e., (¢|X;|¢) does not change, because
(P1X>19) / (9| X ?|¢p) is independent of y [due to Egs. (F3)
and (F5)] and (¢|X?|¢) = 1/(4n) is invariant. The new
solution is thus supported on a two-dimensional subspace

spanned by {|1),|2)}, proving Theorem 6. |

2. Optimal solution for commuting-operator
measurements

Now we proceed to compute general y({M;}) for
commuting-operator measurements. First, consider the
optimization for measurements restricted in a two-
dimensional subspace spanned by |k), |/} for some k # [,
ie.,

(M) = m k) (k| 4+ m” |1y (1],

and ), (M)i = Lpan(i), 1)

(F11)

= J/pu k) + /1 —pull)

pum (x* + (a >k>+(1 —pk»m,”(x + (@)

e Y @IMXTYY
YV +a)=x = =
vu({M:})  (9*|M;|p*) Yu({M:}) pklmk +(1 —p;d)m
et ta)  om) —m) F12)
Yu({M:}) p;dmk + (1 —pk;)m
where we use
(@7 1X19") = puy™ (" + (@")p) + (1 — p)y™ (" + (a*))) = 0, (F13)
in the last step. From Eq. (F12), we have,
2 @ _ (l) 2 (l)
*\ 2 *2+2 + (pkly (x+( ))) (m ) ' ’ Fl4
O 2@+ (@) = (5 Z o 1 (1= pk»m}'))z (F14)
2 @ @y2,,, @)
Y202 4 2 + (pkzy(x + (a ))) (my, —M)mlA _ F15
O + 2@ + (@) = (Z5 Z S rRa—r (F15)
According to Condition (2),
() +2(a*)e 2™ + (@) () +2 (@), x* + (@),
= . (F16)
(% + (a*))? (* + (a*))?
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From Egs. (F13)+(F16), we have

@ _ l) 2 (l) (@) N2, ()
P2 (Z (my, 1 )m ) = (1 — pp)? (Z (my’ —m;")°m, 1))2> (F17)

(pk,m(l) + (1 —px )ml,’))2 (pklm(l) + - pk)ml

It will give us a unique solution to py because the left-hand side is a monotonically increasing function in [0, ) i(m,Ei) —

mgi))z] of pyy € [0, 1] and the right-hand side is a monotonically decreasing function in [0, Zi(m,(f) - mgi))z] of pyy € [0,1].
However, a simple analytical solution to py; from Eq. (F17) might not exist because it is a root of a high degree polynomial.
Then we have

(Re[ (¢*[Mi]¢™*)]) P —pp)m —m)?
ya(M) =Y D D (F18)
p (9*|1Mi|p*) =~ pim + (1 —piym,
where p/; is the unique solution to Eq. (F17).
Finally,
y ({M:}) = max yu({Mi}), (F19)

using Theorem 6. Note that although Eq. (F17) might only be solvable numerically in practice for a multiple-outcome
measurement. Our solution for pure states and commuting-operator measurements still has a huge simplification compared
to the original biconvex problem for general states and measurements.

3. Proof of Theorem 7

Here we prove a simple upper bound on the normalized QPFT:
Theorem 7—For commuting-operator measurements [Eq. (63)], the normalized QPFI y ({M;}) satisfies

y({Mi}) <1 —min (Z m,ﬂ’>m§’>> . (F70)

When there exists a (k, /) that minimizes ), m,(:)m;’) such that the set {m,(;) /m;i), 1<i< r} contains at most two
elements, the inequality is tight.
Proof—From the discussions in Appendices F 1 and F 2, we have that

p(1 —p)(m} —m’)) pi(1—pi)(m —m)?
v ({Mi}) = max (oTpai‘l T m ) T S e (F20)
=177 pm” + (1 P)m T pamy + (L—pim;

Equation (70) is then proven, noting that for any p € [0, 1],

yoed —p)m’ —m"y? .
® 6} (F21)
. pm + (1 —p)ml
_yoed =)’ —m")? — pm” + (1 = pym’y? 2)
pm,ﬂ’) + (1 —pym)”
i 0?2 DI
_y - )’ — (1 = pmf™) —4p(1 = pymm’ F23)
- pm + (1 —pym”
(1 =2p) (@mf + (A = P = m") = @p = Dm"mf") = 4p(1 = pymm?
= Z @ (F24)

pm? + (1 —p)m!”

040305-29



ZHOU, MICHALAKIS, and GEFEN PRX QUANTUM 4, 040305 (2023)

@ (0
_ (Z . my o m; p)m(i)> (mel(cl) (1— (z)) < - (Z /m m ) (F25)
- i

i pmk+(1 i

where in the first equality we use ) ; pm(’) + (1 - p)m(') = 1, in the last equality we multiply the expression by a factor
of 1 =Y, pm” + (1 — p)m”, and the last inequality follows from Cauchy-Schwarz.

Assume (k, /) minimizes ), m,(cl)mfl) Then the equality above holds when Jp, such that for any i,7,

@ (@) G). G)
m; " m m, m
k1 = — — (F26)

em’ + (1 —pym”2  (pm{ + (1 — pym!’)?

When there are at most two different 7 and j (i.e., » = 2), such a p always exists, and the upper bound is tight [which also
follows directly from Eq. (62)]. In general, when the set

{ Ej ! Sifr} (F27)
contains at most two distinct elements, the upper bound is tight and the optimal preprocessed state can be chosen as
6%) = /i 1) + /T =pig D), 1¢7%) = /1 =pi ) = /piy 1), (F28)
where {m,((i)/mgi), 1<i< r} = {my,1, M2} and pj; = 1/1 + /myg1my>. Note that in this case {m,((i)/mgi), 1<i< r}
must contain at least two distinct elements—otherwise, {/;} must be trivial.

Alternatively, we can also prove Eq. (70) directly from its original definition [Eq. (42)] without using Theorem 6. We
have

2
0
R M 1y1\2 ka akbk
y({M;}) = max Z( o |Mil¢ )] = max Q, (F29)
@lg)=1, (ptlpt)=1 (BIM;|) Seg=L =T Y mla
(@lp1)=0 >4 axbp=0

where a; = (k|¢) (which we assume to be real, without loss of generality) and b; = Re[(k|¢*)] forall 1 < k < d. Clearly,
the maximum is reached at }, b7 = 1. For any {a,} and {b;} satisfying }_, a? = 1, Y, b2 = 1 and )_, ayb; = 0, we have

. 2
0 i oG
Z (ka akbk) Z Zk(m() bi + Zk;é[ m](c)mg )akbkalbl

i ; (F30)
i 2k mz(f)ak i Dk ml(c)ak

(Zk m,@ai) (Zz m(l)blz) + 1 Zk# mk ml ) Qaybrab; — aib? — alb?)

= > o (F31)

i KMy dg

1 m(i)m(i)

=1—= (b —app)?y —+—L_ (F32)
2 ; Xz: Dk ml(cl)a%

N 2
@, @)
o mm 0 2 o @, @)
<1 rlggl ( E o E mpa; | <1 n}c}n E my m, , (F33)
] 1

where we use ), m\"b? =1 in the second step, along with the identities Y, a2 = Y,b? = 1, and 3", azb; = 0 to
simplify %Zk s(akb — aby)? = %(Zkl a?b? + atb? — 2aybra;b;) = 1 in the third step, which allows us to minimize
the remaining expression, multiplying by 1 =", km,(c)ai to leverage the Cauchy-Schwarz inequality in the last step.

Equation (70) is then proven. |
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APPENDIX G: CLASSICAL CAPACITY OF
QUANTUM CHANNELS

In this section, we prove the following lemma, which is
generally known to be true in quantum information theory
(see, e.g., Ref. [92]):

Lemma 17.—Consider a quantum channel &, its clas-
sical channel capacity C(®) and a constant « satisfying
0 < a < C(P). Then for all but finitely many positive
integers n, there exist channels Ex and Ep, such that

|Ep 0 %" 0 By — DF*"flo<e",

for some B8 > 0, with D, and ||||, defined in the proof of
Theorem 14.

Lemma 17 essentially states that, fixing any « that is
smaller than the classical channel capacity of ®, in the
large n limit, ®®" with suitable encoding and decoding
channels can be used to transmit classical binary informa-
tion reliably at a rate o with an exponentially small error
with respect to n. The proof of Lemma 17 follows almost
exactly from the proof of the HSW theorem [60,61], with
a slight refinement in the error analysis using Hoeffding’s
inequality, i.e.,

Lemma 18—(Hoeffding’s inequality [93]). Let X1, ..., X,
be independent random variables such that 0 < X; < 1 for
i=1,...,n Then for any ¢ > 0,

Xidoo 4 X
Y, = 1+ +
n

Pr(|Y, —E[Y,]] > &) < 2¢ 2",

satisfies

(GI)

to show that the error is exponentially small. Therefore,
we will only provide the error analysis part for the proof of
Lemma 17 that is different from the standard proof of the
HSW theorem and skip the steps that can readily be found
in standard quantum information theory textbooks [68,94].

Following the proof of Theorem 8.27 in Ref. [68], it
is clear that in order to prove Lemma 17, it is sufficient
to prove the following lemma (which is a refinement of
Theorem 8.26 in Ref. [68]):

Lemma 19—Letn = (p(a),o0,) be an ensemble of quan-
tum states satisfying ) " p(a) = 1, where o, are density
operators and a € X (X is an alphabet whose order is equal
to the square of the dimension of the system the o, act on).
Let

o < x( i=H( Y p@a,) = Y p@HG@,), (G2)

acx aexy

where H(o,) is the von Neumann entropy of o, and
m = |an]. For all but finite number of #n, there exists a
function f : {0,1}” — X" and a quantum measurement

{My}befo,1ym such that

Tr(Myoy @) > 1 — e P", (G3)

for every b = b] . ‘-bm S {O, 1}m’ Of (b) = Of (b); -
Of (b), and some 8 > 0.

Proof—Choose a sufficiently small ¢ such that o <
x(n) — 3e. Following the proof of Theorem 8.26 in
Ref. [68], there exists a function /" : {0,1}" — X" and a
quantum measurement {Mp}peo,1y» such that

Tl’(MbO'f(b)) >1— 8, (G4)

for every b = b; - - - by, € {0, 1} where

8 = 4(3 —2Tr(Mo®") = Y p(ar) -~ ‘P(an)Tr(AaUa))
acx”

+ omA-4—n(x (n)*ZS). (G5)

Here a=a;---a, € X", 0 =) 5 p(a)0,, 04 =04 ®
---®ay,, Il is the projection onto the e-typical sub-
space with respect to o, A, is the projection onto the
e-typical subspace conditioned on a = a; - - - @,. Specifi-
cally, let o = ) p'(a) lu,) (uq| where {|u,) ,a € X} is an
orthonormal basis and p(a)o, = ) .. p(a,c) luac) (tacl
where {|u,.),a € I'} is an orthonormal basis for each a €
Y. Letp(a) =) . p(a,c) and H(p(a)) be the Shannon
entropy of p(a). Then the definitions of IT and A, are

M= |ua) (tte | ® -+ @ |tta,) {tha, |, (G6)
acTe

Aa= " ltaye,) (aye,| ® -+ ® [thaye,) (aye, |, (GT)
ceKae

where 7T, is the set of a satisfying 27 "H@' @)te) o
pl(@)---p'(ay) <27"H@' @)= and K,, is the set of ¢
satisfying 27" @@D-H@@O)+e) ~ p(q; c1)---p(ay,c,)/
play)---pla,) < 27"HP@N=HP@)=8) for any a satisfy-
ing p(ay)---pla,) > 0. We have

Tr(Mo®) = ) " p'(ar) - -p'(an), (G8)
aeT;
Y Tr(Agow) = ) Y pla,e))---planc). (G9)
aex” acX” ceKy e

Define two random variables X : ¥ — [0,xy,p] and Y:
2 x I' = [0, yuppl, Where xypp = max,.y )20 — log(p’(a))
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and yupp = MaXgpp a0 —10g(p(a, c)) + log(p(a)), as
X (a) = —log(p’(a)) if p'(a) > 0, and 0 otherwise,

(G10)
Y(a,b) = —log(p(a,c)) + log(p(a)) if p(a,c) > 0,
and 0 otherwise. (G11)

Let Xj,...,X, be n independent random variables each
identically distributed to X . Using the Hoeffding inequal-

ity, we have
)

Xi+ -+ X,
Pr (‘L —H@' ()
n
On the other hand, according to the definition of 7., we

(G12)

< 2exp (—2ns2/xﬁpp) .

have
Xi+--+X,
Pr(‘L—H(p’(a)) 28)
=1-) p'ta)p'(a). (G13)
acT;
It implies Tr(ITo®") > 1 — 2exp (—2n82/x121pp using
Eq. (GS8). Similarly, using the Hoeffding inequal-

ity for independent random variables distributed to
Y and Eq. (G9), we have ), 5.Tr(Azos) >1—

2 exp (—2}’182 / yfpp) . Plugging in these bounds in Eq. (G5),

we have

S < 16@727!82/)631)}’ + 8672ns2/y&pp + 24—n£’ (G14)

proving the lemma. n

APPENDIX H: EXAMPLES OF GLOBAL
PREPROCESSING CONTROLS

1. Achievable FIs

We first calculate the asymptotic limits of the achievable
FI using circuits shown in Fig. 3.

The first example is phase sensing using GHZ states.
The initial state is

ein@ |0>®n + e—in@ |1>®n
V2
The optimal circuit US is composed of a cNOT)" ™! gate,

a Hadamard gate and another c(NOT)"~! gate. The final
state is

W) = (H1)

[Py = U8 [y = cos(nf) 10)®" + isin(nd) |1)®" .
(H2)

The noisy measurement is {M;}®" = {My, M1}®" where
My = (1 —m) [0) (0] +m |1) (1] (0 < m < 1/2)and M, =

1 — My. The probability of getting a measurement result
b e {0,1}"is
Pr(b) = Pr(b1b; - - - b,) = cos(n®)>m® (1 — m)"~IP!

+ sin(n)?m"PI(1 — m)P!, (H3)
where |b| is the weight of b. We divide the measurement
outcomes into two sets where the outcome is 1 when |b|
is larger than |[n/2] and the outcome is 0 when |b| is

smaller than or equal to [n/2]. We call this a majority
voting postprocessing method. Let

Moy = Z My @---QM,,, and
[bl<[n/2]

Ml,mj =1- MO,mj = Z Mb1 Q- Mbn- (H4)
[b|>1n/2]

Then the probability of getting outcome 0 is

Pr(0)mj = Tr(yry”" "™ Mo mj)

— cos(nf)2Pr (Yn </ 2J)

n

+ sin(n0)2Pr <Y,, NEe
n

) . (HS)

Here we let X,...,X, be independent identically dis-
tributed (IID) random variables such that X; = 0 with
probability 1 — m and X; = 1 with probability m and Y, =
(X1 + -+ + X, /n. According to the Hoeffding’s inequal-
ity (Lemma 18),

Pr(|Y, — m| > &) < 22 (H6)
For a sufficiently large n, we have [n/2]/n —m = Q(1),
and

Ln/2]

n

| — 2e~2n(n/2l/n=m? _ py (Y,, < ) <1, (H7)

Ln/2J>

n

05Pr(Y,,>1—

< 2672n(17|_n/2j/n7m)2‘ (H8)
Without loss of generality, we assume that w/6n <6 <
7 /3n. Otherwise, we can always first find a rough estimate
of 6 such that |6 — 6y| < /12n and then insert a Pauli-X
rotation e~ %X after the Hadamard gate, such that the final
state becomes

cos(n(f — 6p)) [0)®" +isin(n(@ — 6y)) |1)®",  (H9)
and 7/6n < 0 — 6y < w/3n. Then one can estimate & —
using the majority voting post-processing method.
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Assuming 7 /6n < 0 < w/3n, the achievable FI is

FrS" ™ Mo mjs My mi})

A2
_ (3o Pr(0)mj) (H10)
Pr(0)m; (1 — Pr(0)m;)
2
- 4 (H11)

(2 byn)bp— a,, Q- 2bnan)cos(2n9)
1+ ay s1n2(2n9) + a,, sin (2n0)

where a, =Pr (Y, < |n/2]/n) —Pr (Y, > 1— |n/2]|/n)
and b, =Pr (Y, < |n/2]/n)+Pr(Y, > 1— |n/2]/n).
Noting that sin’(2n0) € [3/4,1], lim,_  a, = lim,_
b, = 1, we have

n—o00

F ("™ (Mo amj, My mi}) > 4n?. (H12)

To illustrate the importance of global preprocessing con-
trols, we also compute the FI when we measure 1//9 using
a noisy local Pauli-X operator measurement, which is
equivalent to applying a transversal Hadamard gate H®"
as the preprocessing control. Let M = (1 — m) [+) (+| +
m|—) (—| and M| =m|+) (+] + (1 —m) |=) (=, where
|4) = |0) £ |1)/+/2 is the basis of Pauli-X operator. We
have

Fd, (Mg, M)y = F(H®" " H®", (M}®") (H13)

_ (86'170dd)2 + (89peven)2
Podd Peven
B 4n? sin(2n6)?

"~ sin(2n6)2 — 1 4+ (1 —2m)~2"°
(H14)

where podd (OF Peven) 1S the probability of obtaining mea-
surement outcomes that form an odd (or even) parity bit
string, and

Podd = = (14 (1 —2m)") sin” nd
1

1
2
+

(1 — (1 —2m)") cos® nf, (H15)

Peven = (1 - (1 - zm)n) SiIl2 no
1

+ 5 (141 = 2m)") cos® nf. (H16)

Note that when m = 0, the FI F(H®"y" H®", {M;}®") =
4n? is equal to the QFI. However, when m > 0, the FI
FH ®”1ﬁé")H ®n (M;}®") = e~ ig exponentially small,
demonstrating the necessity of performing global prepro-
cessing controls. In general, it was illustrated in Ref. [55]
that in the presence of noisy measurements, Heisenberg
scaling cannot be achieved with local control.

The second example is phase sensing using product
states, where

@ el’9|0>+e—”’|1>)®”
1) = (—\/z

The optimal circuit is composed of a global Hadamard
gate, a global Pauli-X rotation of angle 6y/2, a desym-
metrization gate DS and a c(NOT)"~! gate. Here 6, is
chosen such that 1/n < |0 — 6| < 1/4/n (assuming n is
large enough). After the first two gates, the quantum state
becomes

(H17)

(cos(6 — 65) |0) + isin(@ — 6p) [1)®". (H18)

The desymmetrization gate DS is a unitary gate such that

1
) = —=(10-

+o 410

05" > 10)", 0) +1010---0)

01)) > [10---0).
(H19)

After DS and c(NOT)"~! gates, the final quantum state is

Y ) = cos” (0 — 6) 10)®" + iv/nsin(® — 6p)
x cos" (0 = 60) IN®" + -+, (H20)
where we omit in “- - - a state perpendicular to |0)®" and

|1)®" whose norm is of magnitude O(n(9 — 6,)?). Using
the majority voting method as in the first example, we have

Pr(0)my = Tr(yg"”"™ Mo,mj) = cos™ (6 — 6o)Pr (Yn L/ ”) (H21)
+ nsin(® — 6;)? cos*" V(O — 6y)Pr (Y,, >1— J) + 0?0 — )", (H22)
Pr(1)y = T ™ M ) = cos™ (6 — )P (Yn . “) (1H23)
+ nsin(® — 6;)? cos*" V(6 — 6y)Pr <Y <1- ﬁ) + O (0 — 6p)%). (H24)
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For a sufficiently large n, we have |n/2]|/n — m = (1), and the achievable FI is

F M Mo i My i) =

(36 Pr(0)m;)? (H25)
Pr(0)mj(1 — Pr(0) )
_ (2nsin(@ — 6y) cos? 1O — 6y) + e D + OO — 6y)3))? (H26)

ncos™=2(0 — 6p) sin(8 — )% + e~ + 026 — 6p)*)

Note that the first terms in the numerator and the denom-
inator must be dominant terms because we have assumed
|0 — 6] <« 1/n. Therefore, we have,
F ™™ (Mo mj, My mi}) > 4n. (H27)
The third example is phase sensing using classically mixed
states, where
s = (cos® 6 10) (0] + sin>6 [1) (1])*" . (H28)
Our preprocessing circuit is composed of a sorting channel
Ssorting, discarding n — 1 qubits and preparing 10)®"~! and
a C(NOT)"~! gate. In particular, the sorting channel Ssorting
first performs a sorting network such that
|b1bs - by) = [1P10" Py (H29)
where b € {0, 1}". The second step of the sorting channel is
to swap the first qubit with the |z sin® 0, |th qubit, where 6,
is chosen such that |0 — 0y| < 1/4/n, i.e., |0 — 6y /n =
o(1). Note that Sgyiing 1S not a unitary channel. It can
be viewed as an optimal quantum-classical channel as

in Theorem 14 that converts the state into a (n+ 1)-
level quantum system with no sensitivity loss. We will

Then we have

Do = Pr(Yg < Lnsinzeoj/n) =F,

2
Jn (—L" - %l _ gin? 9)

(

later specify a circuit implementation of Sgring using
O(n log? n) ancillary qubits.
After discarding all but the first probe qubit, we have

26 10) (0] + (1 = po) [1) (11,

where pg = Pr(Y? < |n sin® 0y | /n) is the probability that
after flipping n biased coins whose head probability is
sin? @, the number of heads are smaller than or equal to
Lnsin® 6y ). Here we let X,...,X? be IID random vari-
ables such that X/ = 0 with probability cos?(9) and X/ =
1 with probability sin®(9) and Y = (X! +--- + X?)/n.In
particular, we use the Berry-Esseen theorem, which states
the following.

Lemma 20.—(Berry-Esseen theorem [95,96]). Let
Bi,...,B, be IID random variables such that E[B;] = 0,
E[B?] = 02 > 0, and E[|B;’] < co. F, is the cumula-
tive distribution function of 4,/n/o, where 4, = (B, +
By+---+B,)/n and ® is the cumulative distribution
function of the standard normal distribution, i.e., ®(x) =

[ (1/\/271) /e=(1/2* @y Then for all x and n,

(H30)

() — D) < ——

|cos(0) sin(0)|

where we use ®(0) = 1/2 and |nsin® 6| /n — sin®> @ = o(1/4/n). On the other hand,

dopo = 0p Pr (Y] < |nsin® 6p]/n)

= 3 Z

0<nj,<|nsin? ;|

H31
o3 (H31)
for some constant C.
Jn (—L" Sirj %l _ gin? 0)
- (H32)
|cos(0) sin(0)|
(0] ! ! +o0(1) (H33)
_ . 0 5
Jn 2
(H34)
" ) sin? @ cos>"~") g (H35)
np
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= Z (”) (2ny sin® =1 0 cos® W9 — 2(n — my) sin®t! O cos? 1 9) (H36)
0<nj<|nsin? 6] i
— _n n—1 sin2l sin 0 | +1 0 cos2(n—ln sin? 6 )—1 0 (H37)
|7 sin® 6 | ’
and asymptotically we have (using ~ to mean asymptotically equivalence),
9 2n (n =) (H38)
bPo = — - X
V27 |_n Sin2 QOJ Lnsin? 90j+% (n — 1= |_n Sin2 QOJ)n_%_Ln sin? 6ol
(n—1) sin® 0+cy n—1) cos? 6—c,
2/ [ (n—1)sin®6 e (n—1)cos2p " Do o=
~ ) (H39)
V2r \(m—1)sin“ 6 + ¢, (n—1)cos?8 —c,
2/n c c
= — exp|—((n—1)sin’0 + ¢, 1n<1+—") —((n—=1)cos’0 — ¢, 1n<1 ——"))
V2 p( (( ) ) (n—1)sin’6 (( ) ) (n—1)cos?8
(H40)
2 2c2 3 2
_ 2 (—;2 0<C—2)> ~ 2 (H41)
V2 (n—1)sin”(26) n 2w
where we use Stirling’s formula [97] in the first step, use ¢, := —(n — 1) sin® @ + |nsin® 6| in the second step, use the
Taylor expansion In(1 + x) = x — x%/2 + O(x*) and ¢, = o(y/n) in the last step.
After resetting the discard qubits to be [0)®"~! and performing the c(NOT)"~! gate, we have
P = py [0)®7 (019" + (1 — po) [1)®" (112" (H42)
Using the majority voting method, we have
2 2
Pr(O)s = Tr(o" ™ Mong) = poPr (Yn < J) (1= po)Pr (Yn 1 J) , (H43)
n n
2 2
Pr(1mj = Tr(o ™ M, i) = pePr (Yn J J) (1= py)Pr <Yn <1/ J) . (H44)
n n

For a sufficiently large n, we have |n/2|/n —m = Q(1),
and the achievable FI is

F (P(Sn)’ﬂnal, {Mo mj, M1 mi})
(3pPr(0)mj)?

= (H45)

Pr(0)mj (1 — Pr(0)mj)
9 —Q(m))2

= Gopo ¢ ) . (H46)

(pe + e—Q(”))(l —po + e—Q(n))
Therefore, we have,
n n—o0 8
F(,Oé ),ﬁnal’ {MO,mjaMl,mj}) —— ;l’l. (H47)

Note that the reason that the QFI is not achieved here lies in
the second step where all but one probe qubit are discarded.

(

If, instead, we can perfectly encode the entire (n + 1)-level
system that we obtain in the first step to a n-qubit state
that is immune to measurement errors, the QFI will be
achieved.

2. Gate complexity

Finally, we discuss the gate complexities of imple-
menting c(NOT)"~!, DS, and Ssorting. We will show that,
assuming arbitrary two-qubit gates and all-to-all connec-
tivity, the c(NOT)"~! and the desymmetrization gate DS
can be implemented using O(n) gates in depth O(logn).
The Ssorting channel can be implemented using O(n log2 n)
gates and O(n log? n) ancillary qubits in depth O(log? n).

We first investigate the implementation of c(NOT)"~!
gates and DS gates. Note that in experimental platforms
like Rydberg atoms where long-range interactions are
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available, the c(NOT)Y"~! gate can be implemented in a
single step [98]. However, we focus on the standard quan-
tum circuit model here where only two-qubit gates are
allowed.

Reference [99] included detailed quantum circuits for
cNoT)"~! gates and DS gates using O(n) gates in depth
O(logn). For completeness, we briefly discuss these cir-
cuits here, in the case where n = 2.

To implement C(NOT)"~!, one starts with a Hadamard
gate on the first qubit, and then implement C;(NOT); (which
means a CNOT gate where the control qubit is the first qubit
and the target qubit is the second) in the first step, C;(NOT);
and C,(NOT)4 in the second step, and so on. The circuit con-
tinues in the same way. In the final step, i.e., the kth step,
Ci(NOT)pt—1,, for I =1,2,... ,25=1 are implemented. One
can verify the above O(log n)-depth circuit implements a
c(NoT)"~! gate using O(n) single- or two-qubit gates.

To implement DS, one can equivalently consider the cir-
cuit implementation of DST and then conjugate and reverse
the orders of each gate. DS is a gate that prepares ¥ states,
where

1
10---0) = —([10---0) 4+ [010---0) + - - -

410 100---0) > [00---0).

(H48)

01)),

To implement DST, one starts with a Pauli-X gate on the
first qubit, then performs a two-qubit gate that is a com-
position of a CyH, (controlled-Hadamard) gate and then
a CpNOT; gate (again, we use subscripts / to denote the
Ith qubit) in the first step. C;H3 + C3NOT; and CrH4 +
C4NOT; in the second step, and so on. The circuit continues

in the same way. In the final step, i.e., the kth step,
CiH k-1, + Cop-1,NOT; for [ =1,2,. .. , 21 are imple-
mented. One can verify the above O(log n)-depth circuit
implements a DS gate using O(n) single- or two-qubit
gates.
Finally, we discuss the implementation of Syoring Which
can be decomposed into a sorting network that implements
|biby -+ by) +> (1"~ (H49)
for b € {0, 1}" and a SWAP gate that swaps the first qubit
with the |z sin® 6, |th qubit. Now we discuss the implemen-
tation of the sorting network [Eq. (H49)], which directly
follows from a classical sorting network because our input
state is a classically mixed state and the sorting channel is
incoherent. To be specific, we define a comparator to be a
two-qubit quantum channel such that

i) > {"”

/iy whenj > i.

wheni > j, (H50)

It can be implemented using a unitary gate acting on two
probe qubits and one ancillary qubit such that

177} 10)
i) 11)

wheni > j,

77)10) = { (H51)

whenj > i,

and discarding the ancillary qubit afterwards. Our sorting
network [Eq. (H49)] then follows from a classical sorting
network, replacing all its classical comparators with the
two-qubit sorting channels described above.

Here we use a classical sorting network called a bitonic
sorter [100] that uses O(nlog?n) comparators in depth

Input: arr: the array to be sort.
Output: arr: the sorted array in descending order.
1: arr = BITONICSORT(arr, “descending”)
2: function BITONICSORT(arr, direction)
n = the length of arr
4 if n > 1 then
5 BITONICSORT(arr([l:n/2], “ascending”)
6: BITONICSORT (arr[n/2+1:n], “descending” )
7
8

MERGE(arr, direction)
end if
9: end function
10: function MERGE(arr, direction)
11: n = the length of arr
12: if n > 1 then

13: fori=1,2,...,n/2 do

14: Exchange arr[i] and arr[i+n/2] if they are not in the right order
15: end for

16: MERGE(arr[l:n/2], direction)

17: MERGE(arr[n/241:n], direction)

18: end if

19: end function

ALGORITHM 1. Bitonic sort algorithm.
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O(log? n). Note that it is also possible to construct sorting
networks of depth O(logn) [and size O(n log2 n)] [101],
although the linear constant is large, making it impractical.
We briefly summarize the bitonic sort algorithm in the fol-
lowing pseudocode. Note that here we assume n = 2% (we
can always add more qubits in prepared in |0) to make n a
power of 2).

The bitonic sort algorithm can be divided into two
steps: (1) forming a bitonic sequence; (2) sorting a bitonic
sequence. A bitonic sequence of length 7 is defined to be a
sequence b where there is an index i such that (by,...,b;)
is monotonically nondecreasing, and (b;yi,...,b,) is
monotonically nonincreasing, or a sequence that can be
cyclically shifted into the above sequence. MERGE(arr,
direction) sorts a bitonic sequence arr in the required
order. It can be proven that the MERGE function contains
O(logn) parallel computing steps; and the BITONICSORT
function contains O(log? n) parallel computing steps. As
a result, one can see that the bitonic sorter uses O(n 10g2 n)
comparators in depth O(log? n).
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