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Abstract

Quantum Fisher information (QFI) quantifies the sensitivity encoded in a
parameter-dependent quantum state, whereas an implemented sensor is limited by
the information that survives the physical channel and can be extracted by its actual
receiver. We formulate this distinction through the accessible Fisher information
Fs =supjscs FéM) of a physically admissible measurement family &, and explicitly
factor state degradation from receiver loss. This provides a hardware-facing design
objective rather than a replacement for QFI. Ramsey and NOON interferometry
show how resource normalization and finite visibility change both the optimal operat-

ing point and the survival of a resource-matched quantum advantage. For squeezed
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displacement sensing, a fixed homodyne-axis error ¢ produces a finite optimum
e?™ = | cot |, while bounded calibration uncertainty |¢| < A gives the minimax rule
Trob = %ln[cot Al. In the isotropic pure-loss model studied here, attenuation lowers
the attainable information without moving this optimum. Two-level thermometry
and multiparameter qubit sensing further show how assignment errors, measurement
rank, shot allocation, and nuisance parameters reshape the information delivered to
the estimator. The resulting framework connects state-level quantum enhancement
to receiver tolerances and experimentally extractable advantage, with closed-form

design rules for realistic quantum metrology.

Keywords: quantum metrology; quantum sensing; Fisher information; quantum Fisher

information; realistic readout; measurement noise; squeezed-state sensing

1 Introduction

Quantum sensing is often framed in terms of ultimate precision: prepare a probe, let
the unknown parameter act, and use the quantum Fisher information (QFI) to identify
the smallest locally allowed uncertainty. That viewpoint is indispensable, but laboratory
performance depends on a second question as well: how much of the information stored
in the final quantum state can the available receiver actually turn into useful data?

That gap appears across otherwise very different platforms. A spin sensor may
accumulate phase efficiently and still be limited by fluorescence contrast. A squeezed
optical probe may carry a large QFI while a small local-oscillator error admixes the
anti-squeezed quadrature. In a multiparameter problem, the state may encode several
unknowns even though a fixed measurement resolves only one local combination. None
of these examples diminishes the role of QFI. Rather, they show that state preparation,
parameter encoding, and information extraction are distinct stages of the same sensing
problem.

For outcomes z distributed according to p(z|), the classical Fisher information (CFI)
is
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with the corresponding integral for continuous outcomes. For v independent repetitions,

the classical Cramér—Rao inequality gives

1

o L
Var(6) > e

(2)
If py denotes the parameter-dependent quantum state and M = {M,} a POVM, then

p(x]0) = Tr(pgM.). (3)

Optimizing over measurements yields the QFI and the Braunstein—Caves inequality

FéM) < Fq, (4)
with
A 1
Var(6) > (5)

vFq
under the usual local-unbiasedness and regularity assumptions [1-3].

The distinction between information encoded in a state and information recovered by
a measurement has deep roots in quantum estimation theory [1, 2, 4, 5]. Modern quantum
sensing has emphasized resource accounting, decoherence, and the conditions under which
nonclassical probes retain an advantage [3, 6-11]. In parallel, multiparameter estimation
has made clear that a large QFI matrix alone does not settle attainability because optimal
measurements can be incompatible or rank-deficient [12-14].

Measurement imperfections are now recognized as a metrological limitation in their
own right. Len et al. generalized the metrological optimization problem to noisy mea-
surements and showed that readout noise cannot in general be treated as ordinary probe
decoherence [15]. Subsequent work quantified measurement-noise susceptibility [16], ex-
tended robustness analysis to multiparameter estimation [17], and optimized quantum
preprocessing before a noisy detector [18]. Experimental and platform-specific studies
likewise show that finite fluorescence contrast or imperfect readout can substantially alter

the useful measurement basis and attainable precision [19]. More broadly, finite detector
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resolution, interaction-based readout, programmable sensing, and detector-tomography-
based mitigation have been developed as complementary routes for making quantum
enhancement robust to nonideal measurement [20-23]. Photonic quantum sensing provides
a particularly mature setting in which resource accounting, loss, receiver design, and
practical advantage must be considered together [24]. Recent results further emphasize
fragility of nominally optimal POVMs [25], symmetry-selected optimal measurements [26],
direction-dependent CFI/QFI ratios [27], and detector-estimation limits [28]. End-to-end
variational approaches optimize preparation, dynamics, measurement, and estimation
jointly [29], while Fisher-information optimization is increasingly entering concrete sen-
sor design, including Rydberg electrometry [30]. Calibration uncertainty and nuisance
parameters are also becoming explicit components of operational precision limits [31, 32].

The present work occupies a narrower, complementary niche. We do not introduce
a new quantum Fisher information, nor do we optimize arbitrary controls that precede
an imperfect detector. Instead, we hold the physically admissible receiver family and
resource budget explicit and ask a design question: which probe setting, interrogation
time, squeezing strength, calibration tolerance, or shot allocation mazximizes the Fisher
information that the implemented receiver can actually deliver? This viewpoint is useful
precisely when the laboratory architecture is already constrained and the remaining task
is to co-design the probe and operating point around that receiver. The emphasis on
experimentally accessible information, quantum-limited measurement, and hardware-
aware optimization is directly aligned with current quantum-metrology efforts to translate
nonclassical resources into measurable performance gains.

Against this background, we use a simple three-stage view of a quantum sensor,

generation — preservation — extraction |, (6)

and ask how the last stage feeds back into the choice of probe and operating point.

We do not propose a replacement for QFI. Instead, for a physically accessible family of
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measurements S, we define

Fs(6) = sup F¢™(6). (7)

and the corresponding extractability

When it is useful to compare the complete device with an ideal pre-channel state, we also

define the state-survival factor

Fpost
Q
Tlstate = ~opre » (9)
ko
and the receiver extractability
Fs
Tlrec = post - (10)
ko
Their product gives the end-to-end information survival,
Fs
Nop = Fgre = TNstateIrec- (11)

Equation (11) is deliberately a bookkeeping identity, not a new quantum bound. Its value
is diagnostic: a low 7)ate points to preparation or channel engineering, whereas a low 7pec
points to the receiver, calibration, or measurement architecture.

Throughout this work, the ratio in Eq. (8) compares the accessible CFI with the QFT of
the same post-channel quantum state, for the same encoded parameter and the same local
operating point. If preparation loss, decoherence, or another physical channel changes the
state, the corresponding post-channel QFI is recalculated before forming the ratio; receiver
imperfections are then applied at the measurement level. The point of Eqgs. (7)—(8) is
practical rather than formal: once the receiver family and resource budget are stated
explicitly, one can ask whether the setting that maximizes QFI is also the setting that
maximizes the information that reaches the estimator. Our contribution is therefore not a
redefinition of QFI, but an analytic design layer between quantum-state sensitivity and the

implemented sensor. The novelty lies not in any single Fisher-information identity, but in



112

113

114

115

116

117

118

119

120

121

122

preparation decoherence / noise receiver

(e o e o o ]

ideal probe prepared probe post-channel state measured data

Information losses at different stages require different engineering interventions

Figure 1: Information-budget view of a realistic quantum sensor. Preparation errors,

channel noise or decoherence, and receiver limitations reduce distinct stages of the available

information and therefore call for different engineering interventions. Here FCSOSt denotes

the QFT of the post-channel state, consistent with the normalization used in ns = Fs/ FQPOSt.

the unified receiver-constrained design formulation and in the closed-form hardware-facing
operating laws that follow from it. Across the examples below, the same construction yields
directly testable operating rules for interrogation time, visibility, squeezing, calibration
tolerance, thermometric operating point, and measurement allocation; the state-level and

device-level optima need not coincide.

2 Methods

2.1 Receiver-constrained Fisher-information framework

We first collect the few definitions needed for the examples. The symmetric logarithmic

derivative Ly is defined by

Dopy = ;(Lepo + poLo), (12)
and
Fo = Tr(psL}). (13)
For a pure state,
Fo = 4 ((09%]000) — |(¢1090)]?) - (14)
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For unitary encoding |7,D9> = 649G|¢0>7

Fq = 4(AG)%. (15)

Large generator fluctuations can therefore make a probe highly sensitive at the state level.
Whether that sensitivity survives the measurement stage is a separate question.

For a fixed measurement M we write

¢ (16)

Then the ratio between the measurement-specific local Cramér—Rao uncertainty and the
QFT limit is

00 —1)2
% =Ny - (17)

For example, recovering one quarter of the QFI doubles the local Cramér—Rao uncertainty.
A useful consistency check follows from the classical data-processing inequality for
Fisher information. Suppose an ideal measurement produces outcome x with distribution

p(z]0) and a parameter-independent receiver channel maps it to a recorded outcome y

through R(y|z). Then

q(yl0) = >_ R(ylz)p(x|0) (18)

satisfies

Felq) < Felp). (19)

Thus assignment errors, thresholding, binning, finite resolution, and unobserved coarse
graining cannot create Fisher information. This elementary monotonicity property is
important for the interpretation of the examples below: any apparent gain produced solely
by classical post-processing would signal inconsistent resource or likelihood accounting.
That comparison is only meaningful once the resource budget is fixed. Depending
on the platform, the relevant constraint may be probe number, total interrogation time,
average photon number, energy, bandwidth, or cycle time. We therefore distinguish

information per shot from information accumulated under a fixed total resource rather
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than treating “the optimum” as a resource-independent quantity.

3 Results

3.1 Resource accounting in Ramsey and NOON sensing

We begin with two familiar interferometric examples because they make resource accounting
transparent. The goal is not to revisit their standard limits, but to show how an apparently
simple optimization can change once the experimentally relevant cost function is stated

explicitly.

3.1.1 Ramsey magnetometry: the optimum depends on the resource

Consider a qubit magnetometer with

B h~yB

prepared in a transverse superposition. Under Markovian pure dephasing,

1 1 671“1‘,67'[7315
pp(t) = 5 A (21)
e—FtewBt 1
The QFT for B per interrogation is
chl) _ ,}/2t2€721“t . (22)
Maximizing Eq. (22) gives
g = T (23)

This is the correct optimum if each interrogation is counted as an equal-cost resource.
If the total available interrogation time is instead fixed at T and dead time is neglected,
then v = T'/t and

F§t = Tyte ™, (24)
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which is maximized at

. 1
ttime = ﬁ . (25>

Thus a sensor does not possess a unique “optimal interrogation time” independent of the
resource definition.

If each cycle carries dead time t,4,

Ry =TI (26)
and the stationary condition reduces to
2Tt + (2Tty — 1)t — 2ty = 0. (27)
The positive root is
L= Mty + \/(14; 20ta)? + 16Tt | )

It continuously approaches (2I') ™! as t; — 0.
A finite readout visibility Vz provides a separate limitation. At a maximum-slope

operating point, a Ramsey fringe with readout visibility Vy gives
Fo = VEy*2e M, (29)
SO

= V. (30)

This separates two experimentally distinct losses: dephasing reduces the information
present in the state, whereas finite readout contrast limits how much of the surviving

information reaches the data stream.
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Figure 2: Resource normalization changes the Ramsey optimum. The per-shot QFI
is maximized at ['t = 1, whereas the Fisher information accumulated during a fixed
total interrogation time is maximized at I't = 1/2. Each curve is normalized to its own
maximum to emphasize the shift in operating point.

3.1.2 Receiver-limited NOON interferometry

For the ideal NOON state
_|N,0) +10,N)

a relative phase gives
_|[N,0) + eN?|0, N)
[Yn(9)) = NG , (32)
with
Fq = N2 (33)

Here Vy is taken to be an effective receiver/interference-readout visibility: the premeasure-
ment probe is still the ideal NOON state, while the detected fringe contrast is reduced by
the receiver. This distinction matters because optical loss or decoherence acting on the

probe itself would also reduce its QFI and must be modeled at the density-operator level

10
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[9, 10, 33]. Under the receiver-limited model, suppose a binary parity-like receiver has

visibility Vi,
_ 1£Vycos(No)

P+ 5 : (34)
Its CFT is
Fo = 1N_2@S:::2((]>[\f(2) (35)
At quadrature,
FEox = N?V2. (36)

Using N independent phase probes as a resource-matched shot-noise benchmark gives
Fgqi, = N. Here the benchmark is the ideal classical reference under the same total
probe-number budget, while V) represents a visibility penalty specific to the implemented
NOON receiver/interference readout. If the reference sensor is subject to the same or
a different receiver penalty, its measured CFI must be modified accordingly and the
threshold below must be recomputed. Within the present fixed-N model, operational

quantum advantage therefore requires

NVZ > 1| (37)

This makes the distinction between superresolution and supersensitivity explicit: an
N-fold fringe period does not by itself imply an information advantage.

If visibility decays phenomenologically as Viy = eV, then

FE™ = NN, (38)

Treating N continuously gives

N,=a'| (39)

with the physically relevant integer obtained by evaluating the neighboring integers.
This result is model dependent; it is not a universal lossy-NOON bound. If visibility

degradation originates in probe decoherence or photon loss rather than receiver contrast,

11
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Figure 3: Operational quantum advantage for visibility-limited NOON sensing. The
contour NVZ = 1 separates the region where the detected Fisher information beats
the resource-matched shot-noise benchmark from the region where the formal N? QFI
enhancement is lost before readout.

the mixed-state QFI and the resource-matched benchmark must both be recalculated. Its
role here is to show explicitly how increasing a nominal nonclassical probe resource can

eventually reduce the information reaching the detector.

3.2 Receiver-constrained squeezed sensing

The Ramsey and NOON examples separate resource normalization from receiver visibility.
We now consider a case in which the receiver setting feeds back directly into the useful
amount of a nonclassical probe resource. Squeezed displacement sensing is particularly
transparent because both the state QFI and the homodyne CFI are available in closed

form, allowing the tradeoff to be followed analytically from the probe to the estimator.

12
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3.2.1 Squeezed-state sensing with readout mismatch

Consider a pure squeezed Gaussian state with quadrature variances
Vx = 56_2T, Vp = —e”, (40)
and a displacement encoding (X) = k6. Ideal X homodyne detection gives [34, 35]
Fq = Fo(0) = 2k%e*". (41)
Now let the measured quadrature be
X, =X cosp + Psing. (42)

The mean slope is x cos ¢ and the variance is

Vi, = ; (e_zr cos® ¢ + €* sin® ap) : (43)
Therefore
Folr.p) = e~2r COi’;j;iii sin? o (44)
and
n(r, @) = cos? goc—lcis;fsin? 0 (4)
For |¢| < 1,
n= 1+ 24%02' (46)

Thus increasing r has two competing consequences: it raises the ideal sensitivity along
the squeezed quadrature, but it also amplifies the penalty associated with a fixed angular
error.
Writing y = €?", Eq. (44) becomes
2k21 cos?

Fe = : 47
¢ cos? ¢ + y2sin? o (47)

13
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The stationary condition 9, F¢ = 0 gives

e = |cot o]} (48)

or

1
re = §1n|c0t ol | (49)

For 0 < || < /4, this is the global maximum on the positive-squeezing branch. At the

optimum,

FE* = g?| cot | |. (50)

Equation (48) is presented as a closed-form design consequence of this sensing model, not
as a priority claim for the mathematical stationary condition itself.
3.2.2 Pure loss does not move the squeezing optimum in this model

Let 7 be an isotropic transmissivity acting after displacement encoding. A pure-loss
Gaussian channel maps

Vo V4 (1—7)1/2 (51)

and reduces the detected displacement by /7. The CFI becomes

27K% cos? @
P _ ) 52
C(T7 12 T) 1—7+ 7'[@_27" cos? @+ 2" sin? QD] ( )

The numerator is independent of r, so maximizing Eq. (52) is equivalent to minimizing

the variance denominator. With y = e?",

d <cos2 )

& + ysin? <p) =0, (53)

which again yields Eq. (48). For this isotropic pure-loss model, attenuation lowers the
available information without moving the optimum squeezing. The result relies on the loss
contribution being independent of r and should not be extrapolated to phase-sensitive

loss, excess noise, or a different ordering of loss and parameter encoding.

14
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Figure 4: Extractable Fisher information for a squeezed displacement sensor as a function
of squeezing r and homodyne misalignment |p|. The dashed curve is the analytic optimum
r. = (1/2)In[cot |¢|]. Stronger squeezing is beneficial only while the readout remains
sufficiently well aligned.

3.2.3 Bounded and stochastic calibration uncertainty

A fixed but imperfectly known angle and a fluctuating unobserved angle require different

statistical treatments. If the receiver only guarantees

ol <A <7/4, (54)

a minimax design solves
max min Fg(r, ¢). 55
aix min Fo(r, ) (55)

For Eq. (44), the worst case occurs at the largest absolute misalignment, giving

Trob = %ln[cot Al (56)

15
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Figure 5: Effect of isotropic pure loss on the squeezed-state readout for |p| = 5°. Loss
lowers the attainable Fisher information but all curves share the same optimum 7., as
predicted analytically by Eq. (48).

In squeezing decibels,

Sap.« = 101ogyo[cot A] |. (57)

A laboratory tolerance on the homodyne angle can therefore be translated directly into a
target squeezing level.

If ¢ fluctuates randomly and its realization is recorded for every shot, the appropriate
likelihood is the joint record (z,¢) and an average of conditional information can be
meaningful when the distribution of ¢ is parameter independent. If the fluctuation is not

observed, however, the accessible likelihood is instead

plal6) = [ dpa(e)p(alo. o). (58)

16
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and the physically accessible information is

[Ogp x|9
mar d °
& / - p(zlo) (59)
In general,
Fausg 7 [ doa(9)Fel0l). (60)

The order of operations matters: when the calibration variable is hidden, marginalization
must precede the Fisher-information calculation. Coarse-graining cannot increase the
available Fisher information, so the information in the marginalized record cannot exceed
that of the corresponding joint record. Averaging conditional FI values would otherwise

credit the estimator with information it never observes.

3.3 Readout errors and multivariable information

The receiver-level viewpoint is not specific to interferometry. Two-level thermometry and
a simple two-parameter qubit model show how detector errors and additional unknown
parameters can reshape the information available to the estimator even when the underlying

probe is unchanged.

3.3.1 Two-level quantum thermometry with assignment errors

For a two-level probe H = Ale){(e| [36], the excited-state probability is

1

Pe = T RJksT) (61)
An ideal energy measurement saturates the thermal QFI,
A2
Fo(T) = ———pe(1 —pe) | 62
a(T) k%T4p( Pe) (62)

If a binary detector has symmetric assignment error €, the observed excitation probability
is
Ge = €+ (1 — 2¢)pe. (63)

17



263

264

265

266

267

269

270

271

272

273

274

275

276

277

The CFI is
(1— 26)2(8Tpe)2

Fo = 4
¢ Qe<1 - Qe) ’ (6 )
and therefore
e 1 - pe)
=(1-2 21)(7 . 65
" ( 6) Qe(l _Qe) ( )

The readout penalty is temperature dependent, so assignment errors can move the optimum
operating point rather than simply multiplying the ideal sensitivity by a constant. Figure 6
shows this shift explicitly.

With x = A/(kgT),

ea:

T?’Fy = 2?————.
Q=7 (1 +e%)?

(66)

The ideal optimum obeys

xrtanh(z/2) = 2|, (67)

with z, ~ 2.399, or kgT, ~ 0.417A. For € > 0, the preferred operating point is obtained
from 9,[T?*F¢(x,¢)] = 0 and is readily evaluated numerically; for the values plotted in
Fig. 6, x, ~ 2.140, 1.963, and 1.810 for € = 0.02, 0.05, and 0.10, respectively. Thus the
shift visible in the figure follows directly from the likelihood model rather than from
graphical inspection alone.

3.3.2 Multiparameter accessibility and measurement rank

For parameters @ = (6, ...,60,), the CFI matrix is

0Pz Oup
I:FC]MV :ZMT, (68)

and the symmetric-logarithmic-derivative QFI matrix is

Fol = 3 Telp(LuLy + L L) (69

18
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Figure 6: Dimensionless thermometric Fisher information T?Fy versus © = A/(kgT) for
several symmetric assignment-error probabilities €. Readout error lowers the information
and shifts the optimum toward smaller = (higher temperature), demonstrating that
detector imperfections can change the preferred operating point.

For a fixed measurement, v =< Fp. On the support of F, the normalized matrix
An = Fy PFoF (70)

has eigenvalues between zero and one. We use Aj; only as a diagnostic of the parameter-
space directions that a given receiver accesses. It is not a substitute for attainable
multiparameter bounds such as the Holevo bound or for explicit incompatibility tradeoffs
[14].

As a simple example, consider

1 1 Ve
Ve 1

19
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Its QFI matrix is

V2 0
Fo = . (72)
0 (1-V?)-!

An equatorial binary projective measurement oriented at angle « has

_ 1+ Veos(p — a)

b+ B . (73)
Writing 0 = ¢ — «,
- 1 V2sin2§  —Vsindcosd (74)
C=7T""5 5%
1 —VZcos?d —V'sind cosd cos?§

Its determinant vanishes, so this one-bit measurement resolves only one local combination

of (¢, V). Direct normalization gives

spec(Apy) = {1,0}. (75)

The rank deficiency belongs to this restricted one-bit receiver, not to the quantum model
itself. A simple way to recover both local directions is measurement splitting. At the
operating point ¢ = 0, choose one equatorial basis with ov = 7/2, which is locally optimal
for phase, and a second with a = 0, which is locally optimal for coherence. If fractions f
and 1 — f of the shots are allocated to the two bases, respectively, the total normalized

Fisher matrix becomes

Fo0
Asplit - ) (76)

0 1—-Ff

with

spec(Agpue) = {f, 1 = [} (77)

The worst-direction accessibility is therefore

Tlworst = min(f7 1- f)v (78)

20
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Figure 7: Measurement splitting in the two-parameter qubit example. Allocating a
fraction f of shots to the phase-optimal basis and 1 — f to the coherence-optimal basis
produces normalized accessibilities {f, 1 — f}. Their minimum defines the worst-direction
accessibility, whose unique maximum occurs at the balanced allocation f* = 1/2, where

TNworst = 1/2

and is maximized by the balanced allocation

fe=1/2, s =1/2) (79)

The blind direction is therefore removed by giving up single-direction optimality and
allocating measurements between the two tasks. This simple construction turns receiver
rank deficiency into a concrete hardware-allocation problem; more general incompatibility

limits require the full multiparameter theory [12-14].
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3.3.3 Nuisance parameters

Suppose the target 6 is accompanied by unknown nuisance parameters A. Partition the

classical Fisher matrix as

F F,
s | T I (80)
Fyo  Fx

When the nuisance parameters must be inferred from the same data and the relevant

inverse exists, the effective information for 6 is the Schur complement

Fyn = Fpo — ForFy,\ Foo | (81)

Thus Fyn < Fypg. Treating gain, visibility, loss, timing, phase offset, or decoherence rate
as perfectly known can give an unrealistically optimistic sensitivity. Recent work on
optomechanical gravimetry makes this point explicit by treating interrogation time itself
as a nuisance parameter and showing how the resulting coupling degrades sensitivity [37];
related work shows how calibration uncertainty can modify quantum speed limits and

produce explicit tolerance conditions [31].

3.4 From state-level enhancement to operational advantage

Taken together, the examples point to a useful distinction between a probe that contains

a state-level quantum advantage and a device that actually delivers one. Let F2*' denote

the best classical FI under the same resource constraints. A state may satisfy Fg > F3°°,

yet the implemented sensor only outperforms the classical benchmark when

Fg > Fhest, (82)
Equivalently,
F?eSt
> =, 83
s Fo (83)

Equation (37) is one concrete instance of this condition. The relevant device-level question

is therefore not only whether the probe has enhanced QFI, but whether the available
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receiver extracts enough of that enhancement to survive a fair resource comparison.

3.5 Operational design rules and experimental interpretation

The common value of the preceding examples is that each converts a formal information
statement into an experimentally actionable setting. Table 1 collects the resulting rules
under a common resource-and-receiver language. Their domains differ, so they should
not be interpreted as universal bounds; rather, they illustrate how specifying the physical

receiver and the cost function turns Fisher information into a design objective.

Table 1: Operational design rules and optimization criteria obtained in the models
considered here. Each entry is tied to the stated receiver and resource assumptions.

Platform/model Constraint Design rule Operational meaning
Ramsey sensor Ma;“k(;:/l:,n dephasing; equal- ot = 1 /T Maximize information per interrogation.
st shots
Ramsey sensor ixe(ﬁ total interrogation ¢ —1/(20) Resource normalization changes the pre-
Y time; negligible dead time time ~ ferred interrogation time.
NOON interfer- Receiver visibility V and N- NV2Z > 1 The detected data retain a resource-
ometer probe SQL benchmark N matched quantum advantage.
Squeezed dis- Fixed homodyne misalign- More squeezing becomes counterproduc-
placement sensor  ment ¢ €2 = | cot | tive beyond the receiver-limited opti-
um,
Squeezed dis- Bounded alignment error =1 Infcot A] 1FA[1 calibration tolerance maps directly to
placement sensor || < A rob = 3 a target squeezingf level. ;
Detect hifts th d tem-

Two-level ther- Symmetric assignment error 2 SUECLOT STTOr SULILS L6 Prelerred. e
mometr Oz [T*Fc(z,€)] =0 perature; the optimum is evaluated nu-

Y € merically for e > 0.
Two-parameter Two complementary binary fo=1/2 Balanced allocation maximizes the
qubit bases with shot fraction f T worst-direction accessibility.

STATE CHANNEL RECEIVER ESTIMATOR
preservation extraction inference
pre post
Fo Fo Fs Fo|a

state-level QFI post-channel QFI accessible nuisance-aware

before channel after noise/loss receiver inference

probe resource loss, dephasing, visibility, basis, gain, timing, loss,

and encoding finite coherence alignment, assignment phase offsets

Optimize the quantum resource against the information that actually reaches the estimator

Figure 8: Operational information chain used throughout the manuscript. FQpre denotes
the state-level QFI before the physical channel, while F5°St is the QFI recalculated for the
post-channel state after loss, decoherence, or noise. The receiver then delivers Fs, and
nuisance-aware inference yields Fyy. Accordingly, the extractability s is formed with
F(SOSt, not with the pre-channel QFI.
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This summary also clarifies the scope of the framework. The receiver restriction &
may represent a fixed detection technology, a restricted set of local measurements, a finite
calibration range, or an architecture with prescribed shot allocation. The optimization
is therefore hardware-aware by construction. In an experiment, one would first identify
the physically available POVMs and the dominant nuisance variables, then optimize the

relevant resource-normalized CFI rather than the unrestricted QFI alone.

4 Discussion

A common structure now emerges across the examples. QFI remains the natural state-
level benchmark, while the operating point preferred by a practical sensor is set by the
information delivered under the stated resource and receiver constraints. The two can
differ because information is lost during encoding, because the receiver accesses only part
of what survives, or because additional unknown parameters change what can be inferred
from the same data.

Ramsey sensing gives the simplest illustration of the first issue. The familiar dephasing-
limited QFI has one optimum when each interrogation is treated as a unit resource and
another when total interrogation time is fixed. The result is not a new Ramsey limit;
its role here is to make the resource denominator explicit. The receiver-limited NOON
example adds a second layer: even an ideal N? state-level QFI does not guarantee a
measured advantage if the detected visibility falls too rapidly. We deliberately separate
this receiver model from full lossy-state treatments, where the probe QFT itself must be
recomputed [10, 33].

The squeezed-state example is more revealing because the receiver constraint feeds
back directly into the useful amount of squeezing. In the ideal alignment limit, the QFI
grows as e?”. For any fixed nonzero homodyne error, however, the measured FI develops
a finite maximum at €™ = |cot |. The result is intuitive in hindsight: increasing r
narrows the useful quadrature while magnifying contamination from the anti-squeezed

one. In the isotropic-loss model, loss reduces the height of this maximum but not its
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position, so alignment tolerance and transmissivity play distinct roles. The bounded-error
result, 7., = (1/2) In[cot A], then turns an experimental calibration specification into a
probe-design rule.

Thermometry and multiparameter estimation extend the same reasoning to different
statistical structures. Assignment errors alter the temperature dependence of the observed
FI and can move the preferred operating point. In the two-parameter qubit model, a
one-bit receiver is locally blind to one direction even though the state contains information
about both parameters; splitting the measurements restores access at the cost of a
transparent allocation tradeoff. These examples are intentionally simple. Their purpose is
to show how receiver imperfections and extra unknowns enter the same Fisher-information
bookkeeping without implying that the resulting CFI bounds replace Holevo-type or other
attainable multiparameter limits [12-14].

This positioning clarifies the specific advance. General imperfect-measurement theory
asks for ultimate precision in the presence of noisy detection [15], preprocessing approaches
optimize controls placed before that detector [18], and susceptibility measures quantify
local robustness of a chosen measurement [16, 17]. End-to-end variational sensing instead
addresses joint numerical optimization of preparation, dynamics, measurement, and estima-
tion [29]. The present work isolates a different engineering layer: for a receiver family and
resource budget that are already fixed by the apparatus, we derive probe- and operating-
point rules that maximize the information reaching the estimator. The contribution is
therefore the combination of (i) explicit pre-channel/post-channel /receiver bookkeeping,
(ii) resource-matched quantum-advantage tests, and (iii) closed-form hardware-facing
design laws across several sensing modalities. The treatment is complementary to general
theories of imperfect measurements [15], robust-POVM analyses showing fragility of
nominally optimal readout [25], and recent constructions of optimal measurements under
structural restrictions [26]. Normalized CFI/QFI comparisons are not introduced as a new
quantum metric; here they provide a common diagnostic for how much of a state-level
advantage remains accessible under a stated measurement architecture [27].

Finally, the entire analysis is local. A large FI says that neighboring parameter
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values are distinguishable near a chosen operating point, not that a globally unambiguous
estimate is guaranteed. NOON fringes provide the clearest example: increasing N improves
local phase sensitivity while shrinking the unambiguous interval. For broad priors or
strongly multimodal likelihoods, Bayesian risk, minimax criteria, Ziv—Zakai-type bounds,
or direct global mean-square error should complement the Fisher analysis; recent Bayesian

quantum-metrology formulations make this distinction explicit [32].

5 Conclusions

We have examined how measurement restrictions and resource definitions modify Fisher-
information-optimal quantum-sensor design. The central distinction is between the QFI
carried by a parameter-dependent state and the CFI delivered by an available receiver.
Writing the latter as Fis = sup,;cs FéM) simply makes the receiver family explicit in the
optimization rather than treating it as an idealized final step.

The examples lead to several closed-form consequences. Under Markovian dephasing,
Ramsey sensing favors different interrogation times depending on whether information is
optimized per shot or per unit total interrogation time. In the receiver-limited NOON
model, the measured advantage survives only when NVZ > 1. A particularly useful
closed-form result is that squeezed displacement sensing with a homodyne error ¢ has the

finite optimum

e = |eot o]} (84)

and a bounded calibration uncertainty |p| < A gives the robust setting

1
Trob = 5 Infcot A] |. (85)

For the isotropic pure-loss model considered here, attenuation lowers the attainable FI
without shifting this optimum.
The resulting design principle is operational: quantum resources should be optimized

against the receiver and resource budget that will actually be used. State-level enhance-
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ment matters only to the extent that it survives the channel, remains accessible to the
measurement architecture, and is not consumed by calibration or nuisance-parameter
uncertainty. In this sense, receiver-constrained, resource-normalized Fisher information
supplies the missing design layer between a large QFI and a demonstrable device-level

sensing advantage.

A Verification of the squeezed-state optimum
Let y = €%, ¢ = cos ¢, and s = sin ¢. Then

2 2,2
Fe = Ry (86)

2 +y?s?’
Differentiation gives

OFc _ 0,22 ? —y?s?

By @t 57

Hence y. = |¢/s| = |cotp|. For 0 < |¢| < 7/4, the derivative is positive below y, and
negative above it, while Fo — 0 as y — oo. The stationary point is therefore the global

maximum on the positive-squeezing branch.

B Verification with isotropic loss

With loss, the r-dependent part of the denominator is

2

c
D(y) = m + s%y. (88)
Then
c? 2c2
D'(y)=—-—+s*  D'(y)==>0. (89)
) Y
Thus D has a unique minimum at y, = | cot |, proving that isotropic pure loss leaves the

optimum unchanged within this model.
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CFI: classical Fisher information; FI: Fisher information; NOON: path-entangled N-photon
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