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entangled coherent states and parity detection
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Abstract: Traditional intensity-based refractive index measurement methods are constrained by the classical
diffraction limit and the shot noise limit, which severely restricts the improvement of measurement precision.
To address this issue, a novel quantum measurement scheme integrating entangled coherent states (ECS) and
parity detection (PD) is proposed. Taking advantage of the non-classical correlation of quantum entangle-
ment, the scheme constructs a dual-mode entangled coherent state light source and realizes high-fidelity sig-
nal demodulation through a customized parity detection system. Theoretical derivation and numerical simula-
tion results demonstrate that the measurement resolution of the proposed scheme breaks through the Rayleigh
limit, achieving a VN-fold improvement compared with the traditional coherent state measurement method
in the full loss range. In lossless scenarios and cases with loss rates below 10%, the sensitivity surpasses the
shot noise limit. Finally, the experimental challenges are also elaborated in detail. This quantum measure-
ment architecture provides a new technical pathway for precision optical detection, biosensing, and other

fields, exhibiting significant practical value and broad application prospects.
Key words: refractive index measurements; entangled coherent states; parity detection; super-resolution; ul-

tra-sensitivity
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1 Introduction

The refractive index is a fundamental paramet-
er characterizing the optical properties of materials,
and its measurement accuracy plays a crucial role in
advancing technologies in materials science, bio-
medicine, precision manufacturing, and other fields.
The measurement and control of refractive index
can realize beam manipulation'!, study the electron-
ic and magnetic properties of materials®™’! and
identify the composition and concentration of solu-
tions™. With the development of photolithography
and micromachining technology in recent years, re-
fractive index measurement instruments can be
seamlessly connected to computers or other devices
to realize automated measurement and control®.

The traditional high-precision refractive index
measurement methods are mainly depending on the
wave opticst”? which focuses on using interference,
diffraction and polarization™ of light. Such as fiber
optic ball lens interferometer’”, grating diffraction
method!"”), double polarization photonic crystal fiber
sensing method, line array CCD automatic measure-
ment method!"'? and so on. The resolution and sensit-
ivity based on diffraction and polarization methods
are limited by the range of the detected refractive in-
dex. In addition, the experimental repeatability is
poor, the instrument adjustment is complicated and
the measurement work is heavy. The interferomet-
ric method can realize the measurement accuracy of
101" and is theoretically not limited by the refract-
ive index range. However, the complex structure
and optical path make the interferometric strategy
difficult to popularize its application. What is worse,
the existing refractive index detecting methods are
ultimately based on intensity detection (ID), and the
resolution and sensitivity of ID is limited by the re-
fractive index measurement Rayleigh diffraction
limit (RDL) and shot noise limit (SNL)!"¥, the detec-

tion performances are difficult to be further im-

doi: 10.37188/CO.EN-2026-0002

CSTR:32171.14.CO.EN-2026-0002

proved.

To overcome the constraints of classical phys-
ical limits, quantum optical technologies have
emerged as a promising solution for refractive in-
dex measurement. Quantum entanglement, as a core
resource, can enhance the sensitivity and resolution
of measurement systems through non-local correla-
tion properties, and has demonstrated significant ad-
vantages in phase sensing, displacement measure-
ment, and other applications*"]. Among existing
quantum measurement schemes, interferometric
methods based on entangled photon pairs can break
through the shot noise limit!'®). However, the en-
tangled photon pairs state is a discrete-variable
(DV) entangled state, methods using entangled
photon pairs (e.g., Bell states) require SPDC
sources, which have low photon generation effi-
ciency (<1 photon pair per pump pulse) and require
precise alignment of pump lasers and nonlinear
crystals. Additionally, DV systems often need
single-photon detectors and quantum memory to
maintain entanglement, increasing resource com-
plexity and cost.

In recent years, entangled coherent states
(ECS) have attracted increasing attention in the field
of quantum sensing due to their high entanglement
degree!'. ECS is a continuous-variable (CV)
quantum state generated from coherent states (mac-
roscopic photon ensembles, N>>1) via linear optic-
al elements (beam splitters, phase shifters). This
avoids the need for complex single-photon sources
(e.g., SPDCs) or quantum dot emitters, which are re-
source-intensive to fabricate and operate. For ex-
ample, generating ECS with N requires only two co-
herent lasers and a 50/50 beam splitter—resources
that are standard in most optical labs. According to
Ref. [17], ECS also has better loss resistance.
However, DV systems are highly vulnerable to loss.
Even a 10% loss can reduce entanglement fidelity

by >50% (per existing literature [16, 18]), as single-


https://doi.org/10.37188/CO.EN-2026-0002
https://doi.org/10.37188/CO.EN-2026-0002
https://doi.org/10.37188/CO.EN-2026-0002
https://doi.org/10.37188/CO.EN-2026-0002
https://doi.org/10.37188/CO.EN-2026-0002
https://cstr.cn/32171.14.CO.EN-2026-0002
https://cstr.cn/32171.14.CO.EN-2026-0002
https://cstr.cn/32171.14.CO.EN-2026-0002
https://cstr.cn/32171.14.CO.EN-2026-0002
https://cstr.cn/32171.14.CO.EN-2026-0002

B4 1]

HAO Li-li, et al. : A novel high-precision refractive index measurement scheme ...... 985

photon loss directly breaks the entanglement correl-
ation.

To tackle the aforementioned issues, this paper
proposes a novel refractive index measurement
scheme based on the combination of entangled co-
herent states and parity detection!”*"!. By optimiz-
ing the quantum state preparation and detection pro-
cess, the scheme achieves resolution breakthrough
in the full loss range and sensitivity enhancement in
low-loss scenarios. This paper elaborates on the the-
oretical foundation, simulation design, and perform-
ance verification of the scheme, providing theoretic-
al and practical support for the development of high-
precision refractive index measurement technolo-

gies.

2 Measurement principle and scheme
design

2.1 Physical nature of classical measurement lim-

its

The performance bottleneck of traditional in-
tensity-based measurement methods stems from two
core physical limits. Firstly, the Rayleigh limit, de-
termined by the wave nature of light, essentially
limits the spatial resolution due to diffraction ef-
fects during photon propagation, which is mathem-
atically expressed as 4/2 (where A is the incident
light wavelength). Secondly, the shot noise limit,
caused by the statistical fluctuation of photon count-
ing, has a sensitivity upper bound of 1/ VN (where
N is the number of detected photons). These two
limits collectively form the performance ceiling of
classical measurement technologies, which cannot
be fundamentally broken through by optimizing op-
tical system parameters.
2.2 Opverall scheme architecture

The core architecture of the proposed scheme
consists of three parts: an entangled coherent state
light source, a refractive index sensing module, and
a parity detection system, with the specific structure

illustrated in Fig. 1.

Source module Sensing module Detection module

CSS)

a)

Fig. 1 Schematic diagram of the refractive index measure-

ment system

In this setup, the counterclockwise light path,
designated as “a,” serves as the signal path, while
the clockwise light path, marked as “b,” functions

as the reference path. The coherent superposition
states|CS S ) = N, ( a/ \/§> + |—01/ ‘/§>) and the co-

herent states |CS) = |0// ‘/§> are introduced into por-

ts a and b, respectively, where N, = [2(1 + e“"'z)]_l/2
and @ = VN. These states subsequently interfere at
the initial 50-50 beam splitter ]§1/2, resulting in the
generation of entangled coherent states |ECS) =
N, (Ja),]0), +10),la),). As the light traverses the
sensing path a, it accumulates a phase shift
()= 2—; (n—1)/, represented by the unitary oper-
ator U[p(n)], and experiences attenuation charac-
terized by the virtual beam splitter B(T). Here, T
signifies the transmission coefficient, / represents
the length of the sample, n denotes the refractive in-
dex of the sample, and 1 corresponds to the
wavelength of the incident light.

Subsequent to the initial beam splitter B, 12, the
state can be expressed as ;) = |[ECS ) ®]0),. ®[0)ye
with the subscript e indicating the ambient mode.
The density matrix of this state is given by
Pin = [Win) (Win|. The transformation of |if;,) through
the phase shifter, virtual beam splitter, and the 50-
50 beam splitter is represented by the operator
M = Bl/zéa (T) B, (T) l7(go). By tracing out the am-
bient mode, the output state of the MZI is obtained

as
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where simplified parameters o/ = aV7T/2 and R =
1—T is the reflection coefficient or photon loss rate.

Equation (1) shows that the non-diagonal part
(representing coherence) is obviously suppressed by
the photon loss, thus de-coherence is inevitable. Sig-

nal intensities of one output port can be expressed as
2

I=(n)= INUIZTN(I —e Sin(77t (n— l)l)). Resolu-

tion of ID signal can be approximately character-

ized by the period An; = A/l of the interferometric

signal, which is in agreement with the results in Ref.

[13], and the resolution is not improved at all.

3 Parity detection and derivation of
measurement model

Building on the insights from the existing liter-

ature, we present a quantum-based approach, spe-

cifically parity detection, to construct the output sig-
nal. This method not only enhances the resolution
and sensitivity of refractive index measurements but
also achieves a performance that is N times superior
to conventional coherent state techniques.

Initially proposed by Bollinger?! and sub-
sequently implemented in phase measurements by
Gerry??, parity detection operates via a parity oper-
ator IT=e™ . This operator categorizes photon
counting data {r, m} into binary outcomes *1 based
on whether the photon number N at the output ports
is even or odd. Specifically, if N is even, /T = +1,
otherwise /7 = —1. We then project the output states
Pou ONto the two-mode Fock states |r,m).

In accordance with equation (1), the joint con-
ditional probability P (r,m) = (r,m|peu|r,m) for de-
tecting » photons at output port a and m photons at

output port b can be calculated as

P(r,m) = IN,P {270/ P / (rim?) + &7 [(—ila’|ze"¢)r(z’|a/’|2e‘i‘”)m /(rim)+Hel} &)

The conditional probability P(+1), obtained by summing over the photon counts corresponding to either

even or odd photon numbers at one of the output ports, is given by:

even/oddn
P(x1)=

rm

P(r,m) = % £|N,[* [e‘TN +e N(Tsin(F-DD) ¢ (TNCOS(% (n— l)l))} . (3)

Therefore, the output signal for the parity detection strategy can be expressed as:

<17> = P(+)=P(=) = 2N, [eTN 4 e N(-Tsin(E-11)) (o (TNCOS(% (n— l)l))] , €y

this result aligns with the findings of Zhang et al''®],

A A A2
Given that <IY> =1 and employing the Gaussian error-propagation formula 6np = <U2>—<17 > /

|<9 <ﬁ > /0n|, the sensitivity can be derived as:

Anp =

—=N|
eN+e

1- {2INHI2

2n
1T sin| — (n—1)I

2

cos (TNcos(Z—I (n- 1)1))H

-N

4n
—|N,I*TNI
;) [N e

2
o Sm[ z (H)I]] [cos (TNCOS(% (n— l)l))cos(%rE (n— l)l) + sin(TNcos(z—/;T (n— l)l))sin(z—;[ (n— l)l)]

(5
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4 Results and discussion

Fig. 2 (color online) illustrates the super-
resolving signals achieved via the ECS-PD scheme,
depicted as a red solid line. For comparative pur-
poses, the normalized ECS-ID signal curve and the
CS-PD signal curve are also presented, marked by
blue dashed and green dotted lines, respectively, and
all curves are plotted with N=9. As evident from
Fig. 2, the signal peak of ECS-PD scheme is nar-
rower than that of ECS-ID and CS-PD schemes.
This indicates that ECS-PD scheme has the narrow-
est full width at half maximum, thereby demonstrat-

ing the best resolution.

CS-PD

NT

— ECS-PD - -ECS-ID
1.0 T T I/ OO

gnal
o
W

Refractivity n

Fig. 2 Signals of the refractive index measurement system
for ECS-PD, CS-PD, and normalized ECS-ID

schemes

The resolution of refractive index measure-
ment in this work is defined as the full width at half
maximum (FWHM) of the parity detection signal
curve (<ﬁ > vs. refractive index n), consistent with
the signal characteristics of quantum sensing
(FWHM directly reflects the minimum detectable
change in n).

The oscillatory behavior of <I7 > (which determ-
ines signal periodicity and FWHM) is dominated by

2n
the cosine term €Os (TNCOS(7 (n— 1)1)). The sig-

nal’s oscillation period Angcspp (reciprocal of resol-
ution-related frequency) is determined by the condi-

tion that the argument of the outer cosine term

changes by 2m:

TNcos(zjn(nz— 1)1)—TNCOS(2—; (n, — l)l) =2n
(6)

Using the trigonometric identity cosA —cos B =

. (A+B\ . (A-B
—2Sln( )SIH(T) and for small An=n,—
sin(A_B) A-B n( ) h
~x——=x—(n,—n =
ni, 3 > 7\~ m)l, where A

T T
=4 (n—1)! and B = = (ny = 1)1, Substituting these

into the period condition, we obtain:

ZTN‘Sin(z_nwl)
A 2

T

—Angcsppl =2

1 NECS-PD T
D

Simplifying (ignoring the sine term’s mag-

nitude for average period, as it varies slightly with n):

A
AnECS-PD ~ T_IW . (8)

For the CS-PD scheme, according to Ref.[13],
the signal’s oscillation is dominated by a exponen-

tial term, in small-angle approximation, leading to:

A

D)
INTN

Ancs pp =

1
Since resolution R o« n (smaller An indicates

higher resolution), the ratio of resolutions is:

Recspp

Ancs.
= DMesto _ \NT (10)
Resep Angespp

However, in the ideal lossless case, T (trans-
mittance) is set to 1 for the core resolution scaling
analysis. Thus, TN=N for T=1, and the FWHM of
ECS-PD signal (resolution metric) scales as 1/ VN
relative to CS-PD, leading to the VN-fold resolu-
tion enhancement. This relationship is numerically
depicted in Fig. 3, which shows the ratio of resolu-
tions with the photon number N. The ratio of resolu-
tions varies approximately linearly with VN.

Figure 4 (color online) illustrates the sensitiv-
ity characteristics of three detection schemes under
A=1532nm, /[ = 53mm and N = 9. The ECS-PD
scheme (red solid curve) exhibits consistently en-
hanced sensitivity compared to the ECS-ID baseline
(blue dashed line) and CS-PD approach (green dot-
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ted curve). Notably, the optimized sensitivity of the
ECS-PD system achieves breakthrough perform-
ance beyond the standard noise limit (RIM-SNL),
demonstrating unprecedented potential for refract-
ive index quantification at ultralow detection
thresholds.

13

(144,12) 169, 13)

—_ = =
S = N

Ratio of resolutions

W A W N 9 0 O

©.3) | | | | | |
0 20 40 60 80 100 120 140 160 180
Photon number N

Fig. 3 Relationship between the ratio of resolutions and the

photon number N

107! T
|
|
\
-2 L
10 N

Sensitivity
N
.

10 ——ECS-PD b
- - -ECS-ID U

CS-PD
O e > 5 e A s
”@’ﬁ;\, ”@’ﬁ;\, ”@’ﬁ;\, ”@’ﬁ;\, ”@’ﬁ;\, S
N N N N N N N

Refractivity n

Fig. 4 Sensitivity curves of ECS-PD, ECS-ID and CS-PD

schemes

The quantity of photons, denoted as N, is a
pivotal factor that greatly impacts on both resolu-
tion and sensitivity. Figure 5 (color online) graphic-
ally demonstrates the interplay between resolution
and sensitivity as the photon number fluctuates. On
this diagram, the left-hand axis signifies resolution
(inversely proportional to FWHM), which is illus-
trated by solid lines. In contrast, the right-hand axis
represents the best sensitivity (i.e. the minimum
sensitivity), depicted by dotted lines. A distinct pat-

tern emerges: with the sole exception of the ECS-ID

scheme (blue line), both signal resolution and sensit-
ivity show marked improvement as the photon num-
ber rises. Notably, the ECS-PD scheme (red line)
surpasses the CS-PD (green line) and ECS-ID (blue
line) schemes in terms of resolution and sensitivity,
thus breaking through the classical barriers that have
long constrained these parameters. It's important to
highlight that the resolution of the intensity detec-
tion scheme remains impervious to changes in
photon number, while its sensitivity diminishes as
the photon number increases - a clear departure
from the conventional CS-ID strategy. To encapsu-
late the findings, as the photon number grows, the
ECS-PD measurement approach not only enhances
resolution but also boosts sensitivity, thereby facilit-
ating super-resolution and super-sensitivity in re-

fractive index measurements.

100 S L0
10!
1022
= Z
= 10" 103 2
2
------------- —ECS-PD - ECS-PD 1045
’ CS-PD CS-PD &
: —ECS-ID - ECS-ID .
o T .

1 2 3 4 5 6 7 8 9 10
Photon number N

Fig. 5 Impact of photon number on resolution and sensitiv-
ity

Figure 6 (color online) illustrates the variation
of resolution with transmittance T for three distinct
detection schemes across different wavelengths. The
red lines correspond to the ECS-PD scheme, the
blue lines to the ECS-ID scheme, and the green lines
to the CS-PD scheme. It is evident that the resolu-
tions of both the ECS-PD and CS-PD schemes di-
minish as losses increase (i.e., as transmittance de-
creases). Notably, the resolution of the ECS-ID
scheme remains unaffected by losses, a fact that is
also evident from the expression of the ECS-ID sig-
nal. Across the entire range of losses, the resolution

of the ECS-PD scheme outperforms that of the CS-
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PD and ECS-ID schemes. The ECS-PD strategy
transcends the traditional resolution limit. Addition-
ally, it can be observed from the figure that all
FWHMs decrease as the wavelength increases, fur-
ther corroborating the inverse relationship between

resolution and wavelength.

10°

—-~ECS-PD, /=480 nm ==
------ ECS-PD, /=630 nm
- ~ECS-PD, ;=780 nm

.~ - -
Semal e,

= ECS-ID. /=480 nm
------ ECS-ID, /=630 nm
= = ECS-ID, /=780 nm

L L L

102 ———
0.1 02 03 04 0.5 06 0.7 08 09 10

Transmissivity 7'

Fig. 6 Relationships between FWHM and T for ECS-PD,
CS-PD, and ECS-ID schemes used different

wavelengths

Figure 7 (color online) presents the relation-
ships between the best sensitivities and transmit-

tance (7)) for three distinct schemes.

10! .
—ECS-PD
10° ¢ CS-PD
—ECS-ID
g 10! §
'z 10>
3
Z 10° X: 0.9 !
- Y:5.912 x 1076
£ 10+ E
107
10 : : : :
0 0.2 0.4 0.6 0.8 1.0

Transmissivity T
Fig. 7 Relationships between sensitivity and 7 for ECS-
PD, CS-PD, and ECS-ID schemes

As illustrated, the sensitivity of the ECS-PD
signal is inferior to that of the ECS-ID only under
conditions of extremely high loss (when transmit-
tance 7 is less than 0.1), but it is superior in the re-
maining range. When T is below 0.9, the sensitivity
of CS-PD signal outperforms that of the ECS-PD,
which may be attributed to the quantum decoher-
ence of the entangled state in a lossy environment™ 4],

Quantum decoherence disrupts the coherence of the

quantum system and leads to the loss of quantum in-
formation in the detected signal, ultimately dimin-
ishing the detected sensitivity. When T exceeds 0.9,
the optimal sensitivity of the ECS-PD surpasses that
of the CS-PD and breaks through the RIM-SNL.

5 Experimental implementation chal-
lenges

Experimental implementation of the ECS-PD
scheme faces several key challenges, which may af-
fect the predicted sensitivity and resolution. The
most significant challenges and their potential im-
pacts are summarized below.

5.1 Preparation of high-quality ECS

The ECS in our scheme is generated via inter-
ference of coherent states at a 50/50 beam splitter
(Section 2.2), but experimental realization requires
high coherence and stability of the input coherent
states and precise control of the beam splitter ratio.
Fluctuations in the amplitude @ = VN or phase of
the input |CS) and |CSS) will reduce the entangle-
ment degree of the generated ECS. For example, a
5% fluctuation in @ would decrease the off-diagon-
al terms of the density matrix ., (Equation 1) by
~10%, weakening the signal contrast and increasing
the FWHM (lowering resolution) by ~8%—12%. A
deviation of +5% from the 50/50 splitting ratio
would introduce imbalance between the |a),|0), and
|0),]a), components of ECS, leading to a ~15% drop
in sensitivity (calculated via Equation 5) under low-
loss conditions (7>0.9).

5.2 Photon loss and decoherence

As shown in Fig. 6 and Fig. 7, photon loss
(characterized by transmittance 7) directly affects
resolution and sensitivity. Experimental sources of
loss include absorption in the sample, scattering in
the optical path, and inefficiency of detectors. A loss
rate of 20% (7=0.8) would reduce the VN-fold res-
olution enhancement to ~V0.8N and increase the
sensitivity by ~12% (degrading performance) com-
pared to the ideal lossless case.

Decoherence from environmental noise includ-
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ing thermal fluctuations or electromagnetic interfer-
ence can disrupt the coherence of ECS, suppressing
the oscillatory term in Equation (4). This would fur-
ther broaden the signal FWHM and reduce the sig-
nal-to-noise ratio (SNR), making it harder to distin-
guish small changes in 7.

5.3 High-precision parity detection

Parity detection relies on distinguishing even/
odd photon counts at output ports, which requires
low-noise photon detectors and high-speed count-
ing and data processing. Detectors with dark counts
(>10 counts/s) or quantum efficiency (<90%) would
introduce errors in parity judgment. For example, a
quantum efficiency of 85% would reduce the meas-
ured amplitude by ~15%, leading to a ~20% de-
crease in sensitivity. The ECS-PD signal exhibits
rapid oscillations as a function of the refractive in-
dex n, so slow data acquisition would miss subtle
changes in signal peaks, underestimating the actual
resolution.

Although the experimental implementation of
the ECS-PD refractive index measurement scheme
faces several technical challenges, the rapid devel-
opment of quantum optics, precision optical engin-
eering and high-performance photoelectric detec-

tion technologies in recent years has made it pos-

References:

sible to address these challenges.

6 Conclusions

This paper proposes a novel refractive index
measurement scheme based on entangled coherent
states and parity detection. By leveraging quantum
entanglement properties to break through classical
physical limits, high-precision detection is achieved.
According to quantum theory, the signal and sensit-
ivity models of ECS-ID and ECS-PD schemes are
derived, simultaneously, the detected performance is
analyzed and compared with the classical coherent
strategy. The investigation results show that the res-
olution of the ECS-PD scheme is higher than the
RIM-RDL and has VN times resolution improve-
ment relative to that of the CS-PD strategy throug-
hout the entire loss regions. In the case of no or low
loss, the sensitivity of the ECS-PD scheme exceeds
the RIM-SNL and achieves ultrasensitive refractive
index measurement. In conclusion, the refractive in-
dex measurement with ECS-PD scheme can break
through the classical diffraction limit and the shot
noise limit. The proposed scheme provides a new
technical pathway for high-precision refractive in-

dex measurement.
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