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High-precision refractive index measurement has become a research hotspot in recent years. However, traditional
refractive index measurement often adopts intensity detection, whose performance is restricted by the classical detection
limit and is thus hard to improve further. In order to break through this limitation, we propose a quantum-enhanced refractive
index sensing scheme utilizing even-coherent-state sources in combination with parity detection. In this paper, we analyze
the detection performance of the proposed system. Due to the inevitable photon loss in practical applications, the effects of
photon loss on resolution and sensitivity are also investigated. Numerical results show that the resolution of the proposed
strategy breaks through the Rayleigh limit and achieves super-resolving refractive index measurement. Relative to existing
coherent-state schemes, our strategy leads to a twofold resolution improvement. Furthermore, the physical origins of the

super-resolution are analyzed.

Keywords: refractive index measurement, even coherent state, parity photon counting, detection, super-

resolution
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1. Introduction

The refractive index (RI) is a key optical parameter
defined as the ratio of the speed of light in a vacuum to
that in a medium.''! As a fundamental property that char-
acterizes material characteristics, the RI plays a pivotal role
in a wide range of scientific and industrial fields, such as
biology,>! medicine,[® petrochemicals,!”#! and environ-
mental science.[>!% The extensive use of RI measurements
arises from their capability to provide essential information
about samples via nondestructive testing. By measuring the
RI, various sample properties can be determined, including
liquid concentration, food quality, and so on. Given its broad
applicability and significance in material characterization, ad-
vancing accurate and sensitive Rl measurement techniques has
become a major research focus.

In the early stages of high-precision RI measurement,
most methods were based on wave optics principles and imple-
mented using optical interferometers. Typical optical interfer-
ometers include Fabry—Pérot interferometers, '3 Michel-

[14-16] and Mach—Zehnder interferometers

son interferometers,
(MZIs).!"-191 These instruments utilize optical interference
phenomena to transform RI variations into optical path length
differences, enabling high-precision measurements based on
the detection of interference fringe displacement or phase
shifts. Despite their high measurement accuracy, optical in-
terferometers face challenges in practical applications due to
their relatively large physical dimensions and susceptibility to

environmental disturbances. In parallel, RI sensors based on

TCorresponding author. E-mail: yangxiaohao0508 @ 163.com

CSTR: 32038.14.CPB.ade8de

surface plasmon resonance (SPR) have emerged as a major
research focus. In contrast to interference-based approaches,
SPR sensors demonstrate remarkable competitiveness across
multiple fields due to their unique sensing mechanism.?%-2!
Recent advances in optical fiber micro/nanofabrication tech-
niques have enabled the successful integration of both in-
terferometric structures and SPR sensing mechanisms within
optical fibers. This innovation has led to the development
of fiber-optic RI sensors that combine high sensitivity with
electromagnetic interference immunity, miniaturization, and
low optical loss, >3] establishing them as a predominant re-
search direction in this field.”*! Pengcheng Chen et al.!'!]
proposed a compact RI sensor based on a Fabry—Pérot in-
terferometer, which was spliced to a single-mode fiber by a
small section of thin-core fiber and achieved an average sen-
sitivity of 240 dB/refractive index unit (RIU) over a wide RI
range of 1.3326-1.4305. Jin Wang et al.!"*! proposed an in-
line optical fiber RI sensor based on a Michelson interferom-
eter, which was fused and spliced with a single-mode optical
fiber and hollow-core silicon tubes; it achieved a sensitivity of
8.1498 rad/RIU in the RI range of 1.331-1.387. Jing Zhang et
al.'"") proposed an all-fiber RI sensor based on an MZI which
was spliced from coreless few-mode fibers; it achieved a max-
imum sensitivity of up to 25.29 nm/RIU in RI measurement.
The traditional RI measurement techniques based on
wave optics mentioned above typically rely on interferometric
spectrometers to detect wavelength shifts or intensity varia-

tions in interference fringes for RI determination. Spectrome-
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ters measure signal intensity using an optical power meter, an-
alyze the change of fringe numbers, record the corresponding
optical path difference, and then calculate the wavelength of
the signal light. Therefore, intensity detection (ID) is still their
underlying fundamental principle. However, the performance
of these intensity-based methods is fundamentally constrained
by the Rayleigh diffraction limit (RDL)!>! and shot noise limit
(SNL),?%1 and faces challenges for further performance en-
hancement. Recent developments in quantum optics have pro-
vided novel approaches that can overcome these limitations.
Since the pioneering work by Boto et al.,!*”] the utilization of
quantum phenomena and detection methods has demonstrated
the potential to significantly improve interferometric sensing
performance. This quantum-enhanced approach promises to
surpass classical detection limits and achieve super-resolution
RI measurements.

In this paper, we propose a scheme for achieving super-
resolution RI measurement using even coherent superposition
state (ECSS) sources and a parity detection (PD) strategy, in
addition to comprehensive theoretical derivations and numer-
ical analyses.
coherent state (CS) sources with PD matches the SNL, while

The results show that the sensitivity of even

their resolution significantly surpasses the RDL and enables
Compared with the CS

scheme, the ECSS scheme has twice as much resolution in

super-resolution RI measurements.

lossless cases. Even in lossy environments, the ECSS scheme
still has certain advantages. In the conclusions, we explain the
nature of parity-detection super-resolution and even-coherent-

state super-resolution.

2. Principle

The RI measurement scheme with even CS sources and
PD is realized by a modified MZI, which works as shown in
Fig. 1. The even CS |BCSS) =N, (|iat) +

uum state |0) are injected into ports a and b of the MZI, re-

|—ic)) and the vac-

spectively, and interfere at the first 50-50 beam splitter, BS1.
Path b passes through the RI shifter (RIS) labeled RIS(n),
which produces a phase shift of ¢ =k (n— 1)/, where k is the
wave number of the incident light and / is the sample length
in the direction of beam propagation. The two beams inter-
fere at BS2 after being reflected by mirrors M and attenuated
by the virtual beam splitter B(T'). The interference signals are
acquired at the output port, and postprocessing operations are

performed. Different detection strategies are adopted to esti-

mate the RI of the sample, and the detection performance of
the system is analyzed.

Fig. 1. Schematic of the super-resolution RI measurement with ECSS
and PD. BS: 50-50 beam splitter; RIS: RI shifter; M: mirror; B(7):
virtual beam splitter.

3. Methods
3.1. Intensity detection

The even CS beam |[BCSS) = N (|iat) + |—icx)) and the

vacuum state beam |0) are inputs to the MZI, where N, =

1/y/2[1+exp(—2N)] is the normalized factor and N = |et|*

is the average number of photons in CS. The output state after
BS1 can be expressed as

o o o o
wen([5-5)-5m) o

After the beam has passed through RIS(n) and two virtual
beam splitters B(T'), the state can be further expressed as

(‘ ﬁa7 VT ocexplik(n—1)]] >

v2 = N,

+\/\2a7\/Tocex;§Z<(nl)l]>). @

The beams corresponding to the two paths interfere again at
the second beam splitter BS2, and the output state is obtained
from

Wout :Ne(|( ik(n=1)1 +1)(fYa \Fﬁ>
+ (e 1) (—VTY,VTB))),  (3)

where vy = ocsin[nl (n—1) /A], B = acos[nl(n—1) /A], and
A is the incident light wavelength. The output signal of the
MZI is detected. The specific expression for the ID signal is

(f) = NTtanh (N) sin? [’;l @-1)} @)

According to Eq. (4) and the Gaussian error propagation for-

mula 8n; = /() — <f>2/ |0 (I) /dn|, the sensitivity of the

ID signal is

Sy — NTsm[

(n—1 ]se,ch2 N) + sin?

[
NT (% )2tanh2 (N)sin [T”

;L(l(n—l ]tanh(N). )

n—1)]
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The RDL and SNL represent the best detection perfor-
mance that can be achieved using a classical CS light source
and traditional intensity measurement methods. As demon-
strated in Ref. [28], RI measurements using coherent-state
light sources with ID can achieve resolutions of up to A/I
(RDL), and sensitivities of up to A /(27tlv/TN) (SNL). The ID
performance of the ECSS proposed in this chapter is the same
as that of the CS scheme; that is, the resolution and optimal
sensitivity of this scheme reach the RDL and the SNL, respec-
tively. Theoretically, the traditional measurement methods are
limited by this bottleneck. To overcome the classical limit in
RI measurements, detection schemes must be revolutionized.

3.2. Parity detection

PD was originally proposed by Bollinger et al. in 1996%°!
and later adopted for phase estimation by Gerry.**! PD guar-
antees the best measurement of phase shift in optical inter-
ferometers in a variety of nonclassical input states. Com-
pared with classical ID, PD can break through the clas-
sical resolution limitations and sensitivity limitations and
realize super-resolution and super-sensitivity measurements.
The parity operator IT = eiV7 g intimately related to the
Wigner function, which can be expressed as the expectation
value of the displaced parity operator.l*!! For the input state
|[ECSS),, (ECSS| ® |0),, (0], the Wigner function can be ex-

pressed as

Win (7, B) = Wiecss), () Woy, (B)., (6)
|

where Wgcss), (¥) and W), (B) are the Wigner functions cor-
responding to the even CS and vacuum states, respectively. We
make the following replacements in Wi, (v, B):

v =yeos | 3 o= )] 4 psin| T =m0
B - Bi = —ysin [’;l (n— 1)} +Beos [’;l (n— 1)} L ®

and the Wigner function for the input state is then transformed
as follows:

Wou (v, B) = Win (71, B1) - )

Finally, the average value of the parity operator at the output
port can be expressed as

A oo
<H>=§ _ Wou (0,8) %B. (10)

After considering the influence of photon loss, the specific ex-
pression for the PD signal is

(1) = 2N { e 2NTs )]

+672NTC052[%(H71)]72NR}, (11)
where R represents the photon lossand R=1—-T.

According to Eq. (11) and the Gaussian error propagation
formula, the sensitivity of the parity signals is

1— ‘4|Ne|4 {e—ZNTsinz[”T](n—l)] + e—ZNTcos2[”7(n—1)]—2NR}

. 2

onp =

’4\Ne\2NTsin [%1 (n— 1)] %z {672NTsin2[”Tl(n71)] T 672NTcosz[”Tl(n71)]72NR}‘

4. The resolution and sensitivity of intensity de-
tection and parity detection

Figures 2(a)-2(c) show the normalized ID and PD sig-
nals for photon numbers N = 5, 10, and 15, respectively,
where T =1, [ = 5.3 mm, and A = 532 nm. Figure 2
shows that PD has a narrower peak width, which indicates
that PD has better resolution. With increasing N, the peak
width of the intensity-detected signal does not change, while
the peak width of the parity signal becomes narrower, in-
dicating its excellent resolution. The reason for this char-
acteristic is that the resolution of the intensity-detected sig-
nal is determined by sin® 4! (n— 1)], which does not contain
the photon number N, so its resolution is not affected by N,
and N only affects its amplitude. However, the resolution
of the PD is determined by exp{—2NTsin’ [2Z (n—1)] } +
exp{—2NT cos? [%l (n— 1)] — 2NR}, which, in the small
angle limit, is effectively exp [-2NT (ml/A)* (n— 1)2] +

5. (12)

exp (—2NT). Its shape conforms to the characteristics of the

Gaussian distribution function f(x) = exp [— (Xz_c’é)z]; thus,
the peak width can be expressed as 6 = A /(27l/TN), while
o becomes smaller with increasing N. This indicates a nar-
row peak and results in excellent resolution. The result of
0 = A/(27l\/TN) is the same as that of the CS scheme. From
a mathematical point of view, the parity signal for an even CS
source contains two Gaussian distribution terms, while the CS
parity signal contains only a single Gaussian term; therefore,
the number of peaks of the even CS parity signal is twice that
of the CS parity signal. This confirms the doubled resolution.
In order to show the doubled super-resolution of the even CSs
more intuitively, the resolution of the signal is expressed in
terms of the full width at half maximum (FWHM), and then

the average resolution of the signal can further be expressed

Sa FWHM
as SX ~ l+exp(—2NR)"

of the photon number N on the resolutions of ID and PD. As

Figure 2(d) demonstrates the influence

the photon number N increases, the resolution available via

124202-3
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ID remains constant, while the resolution available via PD be-

comes progressively better and is always superior to that ob-
tained via ID. Simultaneously, the PD available via ECSS rep-

Normalized signal

Normalized signal

—ECSS ID for N=5
— ECSS PD for N=5
- CS PD for N=5
1.0
(a)
0.8+
0.6
0.4t
0.2+

0 .
1.33340 1.33345 1.33350 1.33355
Refractive index n

1.33360

— ECSS ID for N=15
— ECSS PD for N=15
- CS PD for N=15
1.0
()
0.8
0.6
0.4+
0.2f

0 -
1.33340 1.33345 1.33350 1.33355 1.33360

Refractive index n

resents about a twofold resolution improvement compared to
the resolution available via CS. All of the above indicates that
the scheme using ECSS and PD surpasses the RDL.

Normalized signal

FWHM

—ECSS ID for N=10
— ECSS PD for N=10
= CS PDfor N=10
1.0
(b)
0.8
0.6f
0.4+
0.2+
O -
1.33340 1.33345 1.33350 1.33355 1.33360
Refractive index n
1.0
(d) —ECSS ID
— ECSS PD
0.8+ --CS PD
0.6 -
0.4+
\
N
0.2F ~_
O 1 1 1 1
6 12 18 24 30

Photon number N

Fig. 2. Output signals obtained using ID and PD for 7 =1, A =532 nm, and / = 5.3 mm. (a) N =5, (b) N = 10, (c) N = 15. The horizontal axis
represents the RI n, and the vertical axis represents the normalized signal. The blue solid line, red solid line, and black dashed line represent
the signals of ID for ECSS, PD for ECSS, and PD for CS, respectively. (d) Variation of the resolutions of ID and PD with photon number N.
The horizontal axis represents the photon number N, and the vertical axis represents the FWHM.

Sensitivity(én) (105)

Sensitivity (dn) (10-?)

2.0

1.6

1.2

0.8

0.4

0 . . .
1.33340 1.33345 1.33350 1.33355 1.33360

Refractive index n

— ECSS ID for N=15
— ECSS PD for N=15
20 - CS for N=15

(c)
1.6}

1.2
0.8

0.4

0 1 L 1
1.33340 1.33345 1.33350 1.33355 1.33360

Refractive index n

Sensitivity(dn) (107°)

The best sensitivity (107°)

— ECSS ID for N=10
— ECSS PD for N=10
- CS PD for N=10
2.0
(b)
1.61
1.21
0.8
0.4
0 . . .
1.33340 1.33345 1.33350 1.33355 1.33360

Refractive index n

Photon number N

Fig. 3. The sensitivities of ID and PD for 7 = 1, A =532 nm, and / = 5.3 mm. (a) N =5, (b) N = 10, (c) N = 15. The horizontal axis represents
the RI n, and the vertical axis represents the sensitivity. The blue solid line, red solid line, and black dashed line indicate the sensitivities of ID
for ECSS, PD for ECSS, and PD for CS, respectively. (d) Variation of the best sensitivity of ID and PD with photon number N. The horizontal
axis represents the photon number N, and the vertical axis represents the best sensitivity.
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Their sensitivities are depicted in Fig. 3. Figures 3(a)-
3(c) show the sensitivity of ID and PD for photon numbers
N =5, 10, and 15, respectively, where T = 1, A = 532 nm,
and / = 5.3 mm. It is clear from Fig. 3 that the best sensi-
tivities for ID and PD are always the same and that all these
best sensitivities can reach the SNL. Figure 3(d) demonstrates
the influence of photon number N on the best sensitivities of
ID and PD. Compared with CS sources using the PD scheme,
when N is comparatively small, the best sensitivity value of
the parity signal for ECSS is larger than that of CS, which
means that the best sensitivity of ECSS is slightly poorer than
that of the CS. After that, all the best sensitivities converge
to the same level, and they all become better with increasing
N. The above analyses show that all the best sensitivities of
the two detection methods can reach the SNL except in the
case of low photon numbers; thus, the PD scheme can realize
super-resolution RI measurement based on the SNL.

S. The impact of photon loss on resolution and

sensitivity

In practical applications, photon loss is unavoidable.
Such loss is mainly due to absorption and diffraction by the
medium.?! Photon loss is simulated by the reflectance R.
When loss exists, T # 1.

Figures 4(a)-4(c) show normalized ID signals and PD

—ECSS ID for T=0.9
— ECSS PD for T=0.9
- CS PD for T=0.9
1.0
(a)
= 0.8r
=
20
wn
- 0.6}
[
8
E 0.4}
g
5]
Z 0.2}
O 1
1.33340 1.33345 1.33350 1.33355 1.33360
Refractive index n
— ECSS ID for T=1
— ECSS PD for T=1
- CS PD for T=1
1.0
(c)
— 0.8
<
E
20
“ 0.6
el
o}
N
= 0.4}
g
-
o
Z 0.2F

O -
1.33340 1.33345 1.33350 1.33355 1.33360
Refractive index n

signals for transmissivities 77 = 0.9, 0.95, and 1, respec-
tively, where N = 10, A = 532 nm, and / = 5.3 mm. In
Fig. 4, the peak width of the ID signal is not affected by T,
which indicates that its resolution is unchanged. The peak
width of the PD signal is influenced by T': its resolution de-
teriorates with increasing loss. At the same time, as loss
increases, half of the signal peaks for PD are sharply re-
duced until they disappear, which indicates that the doubled
super-resolution is lost. The reasons for these phenomena
are that the signal of an even CS source with PD is deter-

mined by the exponential part exp {—ZN T sin’ {W} } +

exp {—ZNT cos? {W} - 2NR}, where half of the signal
peaks are determined by the first part and the other half of the
peaks are determined by the second term associated with pho-
ton loss. The amplitudes of the peaks relative to loss sharply
decline (exponentially) when the loss increases slowly, and
this is the root of the disappearing doubled super-resolution
characteristic. Figure 4(d) demonstrates the effect of 7 on the
resolutions obtained via ID and PD. As the loss increases, the
resolution obtained via ID remains constant, while that ob-
tained via PD becomes less effective, although it is still better
than that obtained via ID. ECSS has significantly better resolu-
tion than CS in the lower-loss region; however, the resolution

of ECSS remains the same as that of CS at higher loss values.

— ECSS ID for T=0.95
— ECSS PD for T=0.95
- CS PD for T=0.95
1.0
(b)
— 0.8+
S
&
% 0.6}
o
Q
N
s 0.4r
g
[9)
Z 0.2¢
O 1,
1.33340 1.33345 1.33350 1.33355 1.33360
Refractive index n
1.0
(d) — ECSS ID
— ECSS PD
0.8r - S PD
= 0.6f
z
= 0.4
0.2 (0.78,0.13415)

0.4 0.6 0.8

Transmissivity T'

0 L
0 0.2 1.0

Fig. 4. Output signals obtained using ID and PD for N = 10, A =532 nm, and / =53 mm. (a) T = 0.9, (b) T =0.95, (c) T = 1. The
horizontal axis represents the RI n, and the vertical axis represents the normalized signal. The blue solid line, red solid line, and black dashed
line indicate the signals of ID for ECSS, PD for ECSS, and PD for CS, respectively. (d) Variation of the resolutions obtained using ID and PD
with transmissivity 7. The horizontal axis represents the transmissivity 7', and the vertical axis represents the FWHM.
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—ECSS ID for T=0.6
—ECSS PD for T=0.6
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2.0
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S
g7
5 04f
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- CS  PDfor T=038
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(b)
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o
=
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c
E
z 08t
5
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g 04t
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Fig. 5. The sensitivities of ID and PD for N = 10, A =532 nm, and / = 5.3 mm. (a) T = 0.6, (b) T = 0.8, (¢c) T = 1. The horizontal axis
represents the RI n, and the vertical axis represents the sensitivity. The blue solid line, the red solid line, and the black dashed line indicate the
sensitivities of ID for ECSS, PD for ECSS, and PD for CS, respectively. (d) Variation of the best sensitivities of ID and PD versus transmissivity
T. The horizontal axis represents the transmissivity 7', and the vertical axis represents the best sensitivity.

The effect of loss on sensitivity is analyzed next. Fig-
ures 5(a)-5(c) show the sensitivity of ID and PD for trans-
missivities 7 = 0.6, 0.8, and 1, respectively, where N = 10,
A =532 nm, and / = 5.3 mm. It can be found from Fig. 5 that
all the best sensitivities are always the same and deteriorate as
the loss increases. Figure 5(d) demonstrates the impacts of the
transmissivity 7' on the sensitivity of ID and PD. As T decays,
the best sensitivity decreases; notably, this optimal sensitiv-
ity remains identical for both detection methods, and in both
cases, the sensitivity reaches the SNL. For small T values, the
best sensitivity curve demonstrates significant variation, while
larger T values yield more gradual sensitivity changes. The
above analysis shows that enhanced resolution and sensitiv-
ity can be achieved by increasing the incident photon number,
while minimizing loss is crucial for maintaining measurement
precision. The combined implementation of these strategies
enables the simultaneous improvement of both resolution and
sensitivity.

Loss is the most critical factor affecting detection perfor-
mance, and suppressing its impact in practical applications
remains a significant challenge. Quantum error correction
schemes have emerged as effective technologies for mitigat-
ing losses, and substantial research is currently underway in
this field. Related teams have investigated quantum state be-
havior and error correction techniques through MZIs, confirm-
ing the effectiveness of Shor’s code in correcting both bit-
flip and phase-flip errors. Their experiments demonstrate that

the MZI framework achieves significant error correction for
known coherent superposition states but still exhibits limita-
tions in handling unknown superposition states. This pro-
vides critical directions for optimizing future quantum error
correction technologies.*3! In addition to the above methods,
preparing quantum states with strong robustness against pho-
ton loss is also a viable approach. Taking entangled states!34]
and squeezed states®®! as examples, their unique physical
properties can meet the requirements of loss resistance: if
the influence of visibility is ignored, entangled states rely
on quantum correlation redundancy to retain key information
and maintain measurement accuracy in low-loss scenarios;
squeezed states can still approach the quantum limit sensitivity
in moderate-loss environments through noise component sup-
pression mechanisms. In practical applications, it is necessary
to adapt the corresponding state types according to specific
scenarios and optimize error correction strategies in a coordi-
nated manner to achieve a balance between loss suppression
and performance improvement.

6. Discussion

So far, we have seen that the combined ECSS and PD
scheme can offer superior super-resolution compared to the
Rayleigh limit while maintaining sensitivity at the SNL. How-
ever, why is the resolution of ECSS double that of CS? And
why does PD have narrower peaks than those of ID? What are
the reasons for these phenomena? The even CS scheme uses
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the same interferometer as the CS scheme,3°! so the perfor-
mance improvement is independent of the interferometer used
and depends mainly on the light source and detection method.

If the same interferometer and the same incident light
sources are used, the improvement in detection performance
can only be related to the detection strategy. ID is a method
that can directly detect the optical intensity of the output sig-
nal, but its resolution is limited by the RDL and is difficult to
improve. On the other hand, PD can be seen as projecting the
output state onto an odd or even photon state to obtain the in-
finitely compressed state,*”] which is a photon state possess-
ing a pure quantum nature that can be used to improve the sig-
nal resolution. 38! PD is similar to using the compressed state
directly as an incident light source, omitting the cumbersome
process of compressed state preparation.

In addition, if the same interferometer and the same de-
tection method are used, then the resolution improvement can
only be associated with the light sources. In an MZI, if a CS
beam passes through the RIS(n), angular accumulation occurs.
When a monochromatic beam of the ECSS passes through
RIS(n), twice as much angular accumulation occurs, resulting
in twice as much super-resolution, due to the fact that ECSS is
a highly nonclassical quantum state formed by the superposi-
tion of two CSs with opposite phases.3°! The latter is equiva-
lent to the passage of each of the two CSs of opposite phases
through the RIS. It is the coherent superposition that produces
the doubled resolution. This principle is somewhat similar to
the NOON state, ! with the difference being that an alternative
light source is used.

Both even coherent superposition states and NOON states
exhibit unique enhancement effects in quantum precision mea-
surements, yet their underlying mechanisms differ fundamen-
tally. The even coherent superposition state is formed through
the linear superposition of two CSs, while the NOON state rep-
resents a quantum entangled state that correlates and super-
poses the states of multiple photons. This entanglement en-
ables the NOON state to amplify phase variations by a factor of
N, thereby achieving an N-fold improvement in resolution and

(251 This performance

a significant enhancement in sensitivity.
markedly surpasses the twofold resolution enhancement char-
acteristic of even coherent superposition states. However,
while the entanglement properties of NOON states confer supe-
rior detection capabilities, they also render the system highly
susceptible to decoherence effects. Even minimal losses dur-
ing transmission can lead to a sharp decline in measurement
visibility, compromising the reliability of the results despite
the state’s exceptional precision.**! In contrast, although even
coherent superposition states offer comparatively lower mea-
surement precision, their non-entangled nature ensures robust
preservation of visibility, representing a distinct advantage in

certain practical scenarios. In summary, both even coherent

superposition states and NOON states possess unique merits,
and their relative advantages cannot be simplistically ranked.
The choice between these states should be guided by specific
application requirements, particularly considering factors such
as system loss tolerance and the desired measurement preci-
sion.

The proposed scheme has demonstrated experimental
feasibility.[*!! while still presenting challenges in the prepa-
ration of large-photon-number even coherent superposition
states and the implementation of PD. Currently, ECSS states
can be prepared through two experimentally verified ap-
proaches: photon subtraction and addition techniques!*’!
or by injecting squeezed vacuum into a beam splitter fol-
lowed by photon counting in the auxiliary mode.*3! While
ECSS states with photon numbers up to |a|* = 3 have been
successfully prepared,**! ongoing research aims to extend
this capability to higher photon numbers.!*! PD, which re-
quires one to distinguish the odd or even nature of photon
numbers, is typically realized using photon-number-resolving
detectors.[*>#7] The current technological solution employs
Geiger-mode avalanche photodiode arrays. However, these
detectors exhibit fundamental limitations, as they can only
register photon presence or absence rather than providing ex-
act photon number resolution. Consequently, accurate mea-
surements necessitate operation under weak light conditions,
where photon statistics are obtained by accumulating detection
events across the entire detector array. The practical imple-
mentation of PD is fundamentally constrained by the resolv-
ing capability of existing detection systems. Current detector
technologies in this domain remain at a relatively early stage of
development, indicating substantial potential for improvement
in both detection efficiency and photon-number resolution ca-
pabilities.

7. Conclusions

This paper proposes a quantum-enhanced RI measure-
ment scheme utilizing even CS sources combined with PD.
Theoretical analysis demonstrates that the proposed method
achieves SNL sensitivity while surpassing the RDL in res-
olution. Specifically, while conventional ID remains con-
strained by the RDL, the PD scheme exhibits significantly
enhanced resolution under identical experimental conditions
while maintaining comparable sensitivity. Compared to con-
ventional CS approaches, the ECSS-based scheme achieves
a twofold resolution improvement in lossless environments.
This quantum enhancement originates from two fundamen-
tal mechanisms: first, PD’s inherent property of projecting
the output state onto a compressed state with an odd or even
number of photons, which inevitably improves the resolution
of the detected signals; second, the ECSS’s coherent super-
position characteristic that induces a doubled phase shift, di-
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rectly enabling the observed doubled super-resolution. These

combined effects explain the scheme’s simultaneous achieve-

ment of narrow-peak super-resolution and twofold resolution

enhancement while maintaining SNL sensitivity.
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