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A scheme is proposed based on a Mach-Zehnder interferometer with high phase sensitivity, utilizing a two-mode
squeezed coherent state, generated by four-wave mixing, as input. The phase sensitivity of this scheme easily surpasses the
Heisenberg limit when intensity difference detection is applied. Under phase-matching conditions, the quantum Cramér—
Rao bound significantly exceeds the Heisenberg limit. Additionally, the scheme exhibits robustness against photon loss.
When compared with the modified SU(1,1) interferometer with two coherent state inputs, this approach demonstrates
superior measurement sensitivity, evaluated through various detection methods and the quantum Cramér—Rao bound. This

work holds potential applications in quantum metrology.
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1. Introduction

The widely studied Mach—Zehnder interferometer (MZI)
is one of the most crucial optical interferometers in quantum
information.!!'=3! It is commonly used to estimate tiny phase
shifts in quantum precision measurements.* Zuo ez al. ex-
perimentally demonstrated that employing an MZI enables the
measurement of detectable phase shifts surpassing the shot-
noise limit (SNL).['% An MZI consists of two beam splitters
(BSs) and two paths of equal length. When the input to an MZI
is two coherent beams, the measurement sensitivity is limited
by the SNL.['!]

Many research groups have achieved higher precision by
introducing various input states, such as two-mode squeezed
vacuum states,'1:121 NOON states,[!3] twin Fock states and
so on.!'"*191 With these modifications, the phase sensitivity
of the MZI can surpass the SNL and even reach the Heisen-
berg limit (HL). In this context, beating the HL has become a
pressing issue for researchers. Numerous attempts and diverse
approaches have been explored to achieve this goal.[!320-231 T
has been predicted that the phase sensitivity of an MZI could
reach the HL with the input of a single-mode squeezed vac-
uum beam. 2124251 Moreover, efforts have been made to en-
hance the degree of squeezing of the input states for higher
precision,[%-26-301

On the other hand, surpassing the HL can also be achieved
by adopting different detection methods, such as balanced ho-
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modyne detection,*!l parity detection,®) intensity difference
detection (IDD)!*>33] and intensity sum detection.**! How-
ever, in practical experiments, it is impossible to implement all
measurement methods simultaneously. To address this issue,
Braunstein and Caves introduced the quantum Cramér—Rao
bound (QCRB).*>! The QCRB provides the optimal theoret-
ical limit without relying on specific measurement strategies,
effectively solving the problem of experimentally exhausting
all possible detection methods. Therefore, in the field of pre-
cision measurement, the QCRB is frequently used to evaluate
the performance of different schemes.

In recent times, numerous precision measurement works
based on an MZI have been published. These studies em-
ployed various input states and achieved notable phase sensi-
tivity with different detection methods, as well as with respect
to the QCRB. %! For example, Zhang et al. selected a multi-
photon catalysis two-mode squeezed vacuum state as the input
state, which improved the phase sensitivity.” Ataman et al.
chose two coherent light beams as the input state, and used two
different detection methods to reach the QCRB.B7! Liu et al.
employed a squeezed coherent light beam along with vacuum
light in their scheme, achieving phase sensitivity that beats
the SNL.*8 Zhang er al. applied a number-conserving gen-
eralized superposition of product operations on a two-mode
squeezed vacuum state as the input to the MZI to obtain phase
sensitivity that can consistently surpass the SNL.[**] Haldar et
al. employed a two-mode squeezed coherent state as the input
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and introduced losses in both arms of an MZI to investigate in-
ternal losses. Their work provided an in-depth analysis in this
area.!?3] In contrast to previous studies, our research focuses
more on the ultimate precision achievable with the two-mode
squeezed coherent state and the conditions required to reach
such high precision. To this end, we introduce the QCRB,
SNL and HL as benchmarks, which allows us to explore the
problem from multiple perspectives. Moreover, while study-
ing losses we concentrate on external losses at the detection
stage, thus addressing a gap that has been less explored in ear-
lier research.

In this paper, we utilize a two-mode squeezed coher-
ent state as the input to the MZI and investigate the phase-
matching relation by studying the phase of the input light. Liu
et al. experimentally implemented the relation.*®! This rela-
tion helps identify the point of phase sensitivity that can sur-
pass the SNL and the HL. We calculate the QCRB to evalu-
ate the ultimate accuracy of our scheme by studying multiple
parameter combinations. On the other hand, photon loss is
inevitable in practical applications. Therefore, we also study
the effect of photon loss on phase sensitivity by placing ficti-
tious beam splitters (FBSs) in front of the detectors to simulate
photon loss. Additionally, we compare our scheme with exist-
ing ones, such as a phase-insensitive modified SU(1,1) inter-

41 Our scheme

ferometer based on two coherent-state inputs.
exhibits superior phase sensitivity at low photon numbers.

This paper is arranged as follows. In Section 2, we be-

gin by presenting the fundamental structure of the MZI and
its input—output relationship. Then, we consider the input
state to be a two-mode squeezed coherent state generated by
four-wave mixing (FWM) and derive the corresponding out-
put state. The phase sensitivity is evaluated by the intensity-
difference detection method. In Section 3, we compare the
phase sensitivity, the QCRB, the SNL and the HL. We inves-
tigate the dependence of phase sensitivity on different experi-
mental parameters and establish the phase-matching relation-
ship. We also analyze the system’s tolerance to photon loss. In
Section 4, we compare our scheme with existing ones. Finally,
in Section 5, we summarize our work.

2. Measurement sensitivities of an MZI

In this section, as the foundation of our measurement
scheme, we first introduce the configuration of an MZI with
two coherent states. Then, we describe our MZI scheme based
on a two-mode squeezed coherent state generated by FWM.

2.1. MZI with two coherent states

A schematic of an MZI with two coherent states is shown
in Fig. 1, where two coherent modes interact at the first 50:50
BS without passing through the FWM section indicated by the
first dashed part. Two phase shifters are placed in the two arms
of the interferometer. After the phase shifts ¢; and ¢, the two
beams are combined at the second 50:50 BS and are finally
detected by the detectors for intensity measurement.

P

Phase shift
°

Detector

N

Input state

Mach—Zehnder interferometer

Detection 50-50 BS

Fig. 1. Two coherent beams pass through a Rb cell to produce a two-mode squeezed coherent state that serves as the input of the MZI. The
output states of the MZI are then subjected to intensity difference detection by the detectors. 6 is the total phase shift of the FWM. ¢; and ¢»
are the phase shifts of the phase shifters. We set ¢; = ¢ and ¢, = 0. FWM, four-wave mixing; BS, 50:50 beam splitter.

The relation between the output and input modes of the
first 50:50 BS is given by

1 1 .
Gy = —ay +i—by, 1
2 54 ﬁl (D
by = iy + b 2)
=1—da —=01,
VRV

where d; and b, represent the two input modes and the light
intensities are I, = (&I&Q and I, = <lAJJ{lA71> In this part, we
set the phase ¢; = ¢, ¢» = 0. We focus on the phase difference
between the two arms.

Subsequently, the two beams go through the phase
shifters: d3 = d,el®?, 53 = 132. Then they combine on the sec-
ond BS; the output modes are

1 1. ap, .131 i

— i34 i—by=— (e’ —1)+i—(e'?+1), 3
. 1 . i
by=i——dy+——by =i

V2T V2 2

S

(el +1)+ 31(1 —ei?). (@)
According to Egs. (3) and (4), the intensities of the two

output modes from the second BS of the interferometer are
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respectively given by

(I,) = (a}as)

1—cos¢ .+, sing _+n
= 5 (ajar) + 5 (@lhy)
i ~ 1 ~ ~
DO bian+ ik, ©
(o) = (bibs)
14+coso , .+ . sing , .+
= (aa) - = (alby)
SiNQ ~v 1—cos¢ ~in
- blan + by, ©

~ -
AT

where d;, b;, 4; and 5? (i =2, 3, 4) are annihilation and cre-

ation operators of the modes during the process.

2.2. MZI with a two-mode squeezed coherent state

Next, we consider a two-mode squeezed coherent state
as the input of the MZI; this is generated by the FWM in the
dashed box in Fig. 1. The generated two-mode squeezed state
then passes through the MZI.

The relation between the output and input modes of the

FWM process is given byl38,42J
ar = coshrdg + e'? sinh by, (7)
by = ¢'?sinh rdg + coshrby, @®)

where r is the parametric strength and 6 is the total phase shift
of the FWM. 4, Bg, dz; and l;g are annihilation and creation op-
erators of the input probe modes. For the coherent input beam,
we have (dy) = e'% |a,|, (bo) = ¢'% |0y, <d(§> = e 10 q,|,
(Bg) = ¢ 10 | o), N, = || and N, = | 0|, where N, Ny, 6,
and 6, represent the photon numbers and phases of the input

light, respectively. After the FWM process, the total photon
number of the amplified probe beams is

N = Ial +Ib1
= (cosh®r+ sinh? r) (N, + Np) + 2sinh? r
~+4coshrsinhry/N,N,cos(6 — 6, — 6). 9)

The input state must satisfy the condition N > 1. The SNL and
HL are 1/v/N and 1/N,['?] respectively. The output inten-
sity of the interferometer can be obtained by simultaneously
solving Egs. (5)—(8). To achieve the optimal phase sensitivity,
we introduce the QCRB (see Appendix A for details),*38]
which is given by

(Adg)? > %7 Fo FddFssFSSFdstd7 (10)
where Fy4, Fys, Fsq and Fs are the difference—difference,
difference—sum, sum—difference and sum—sum Fisher matrix
elements of F, which are given by

Fyg = Fys

= [(1+ 8sinh® 7 4 8sinh* r)| (N, + Np)
+ 8[cosh® rsinh 7 + coshrsinh® 7|
x /NNy cos(8 — 8, — 6;) + 4[sinh® r + sinh* 7],
Fas = Fy
= 4N,[cosh? rsinh 7+ coshrsinh® 7] sin(6 —26,)
— 4Nj[cosh? rsinh r + cosh rsinh® r] sin(6 — 26,
—24/N,Np[cosh* r 4 6 cosh? rsinh? r
+ sinh* 7] sin(6, — 6). (11)
As indicated by Eq. (11), A¢g decreases as F' increases.
By substituting Eq. (11) into Eq. (10), we find that to mini-
mize A@q we need to maximize F. Since Fyq and Fy, are larger
than 0, to maximize F we need to maximize Fyq and minimize
Fys. Achieving the maximum value of F requires 6 — 6, — 6, =
2krm, 6 —26, =km, 0 —26, =k and 6, — 6, = kx, where k
is an integer. In this case, the QCRB can be written as
1

Adqcr = (AQd)min = T

12)

2.3. Intensity difference detection

In this work, we employ the intensity difference detection
method to obtain the phase sensitivity. The intensity difference
of the output of the MZI is given by

I =ajas,—blb,. (13)

The observable /_ depends on the parameter ¢, which is
the phase shift in the MZI. The expectation value of [_ is

~

(I-(9)) = (Winll- ()| Win), which is

(1) = (Yinla}as — biba| yin)- (14)
The phase sensitivity is given by
Al
Ap = NENTEVE (15)
|2400)]

~

where Al = [(I?) — (I_)?]"/? is the standard deviation of [ _.
To evaluate A@, we need to calculate the numerator and the
denominator in Eq. (15). First, the square of the numerator is
given by
AT = (%) —(I)?
= (N, +Np) + 4sin” ¢ (cosh* r — cosh? r)

X (2N +2Np+ 1)

+2sin(2¢) coshrsinh [N, cos(6 — 26;,)

—N,cos(0 —26,)]

+ 8sin? ¢ cosh rsinh r(cosh? r 4 sinh?® r)

X \/NaNycos(0 — 0, — 6). (16)
To estimate the phase sensitivity in Eq. (15), we need the ab-
solute value of the derivative
9
¢

<t4=mmwm—m>
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+2cos ¢ coshrsinhr[cos(6 —26,)
+ cos(6 —26,)]
+2cos ¢ (cosh? r 4 sinh® ) \/N,N,,

x cos(6, — 6y)]. (17)

Therefore, for a specific two-mode squeezed coherent
input state we can calculate the phase sensitivity based on
Egs. (16) and (17). The detailed results are elaborated in the
next section.

3. Discussion on phase sensitivity

The quantum Fisher information associated with the well-
known QCRB has been widely used to study phase sensitivity

[43

in quantum metrology.!**! In this section, we discuss the vari-

ous factors that can improve phase sensitivity.

3.1. Phase sensitivity versus different input parameters

We need to optimize the six parameters in Eq. (15), which
define the two-mode squeezed coherent state, to find the opti-
mal phase point. In the following, as shown in Fig. 2, we
analyze the effects of these six parameters on the phase sensi-
tivity.

In Fig. 2(a), we optimize the six parameters (N, Np, r,

1.2
<
<11
>
=
2 1.0
i)
z
o 0.9
wn
2
g 0.8
[aW}

0.7

0 w/2 ™ 37/2 27
Phase shift ¢

2.0 .
© (c) —IDD
< L5 ---SNL
% SO - -HL
2
e
B
=
&
A
<
<
[a

Parameteric strength r

6, 6, and 6,) to obtain the point of phase sensitivity by IDD,
which can beat the SNL and the HL. When N, = N;, = 0.3,
r=0.256 and 0 = 6, = 6, = 7/10, the minimum point of
phase sensitivity by IDD can easily surpass the SNL. At this
point N > 1, satisfying the condition of our scheme. Addition-
ally, the QCRB is significantly lower than both the SNL and
the HL.

In Fig. 2(b), we investigate the effect of N, on the phase
sensitivity. r, 8, 6,, 6, and N, take the same values as those in
Fig. 2(a). For each N,, we vary ¢ and find the minimum of the
phase sensitivity by IDD. It is observed that as N, increases all
four quantities decrease. At the intersection point of the SNL
and the HL, N, = 0.24. The total photon number of the input
modes, expressed in Eq. (9),is N = 1.

In Fig. 2(c), we show the phase sensitivity versus the para-
metric strength . Apart from the blue line representing the
SNL, the other lines eventually converge. However, it is im-
portant to note that the phase sensitivity is lower than the HL
when r < 0.43. When r < 0.81, the QCRB is lower than the
HL.

Finally, the effect of 0 is studied in Fig. 2(d). As 6 varies
between 0 and 27, the sensitivity fluctuates and becomes the
minimum at 60 = /4.

2.5

2.0

1.5

1.0

0.5

Phase sensitivity A¢

OO 2 4 6

2.5

2.0

1.5

1.0k

Phase sensitivity A¢

0.5

0 w/2 b 3r/2 27

Total phase shift 6

Fig. 2. Phase sensitivity versus phase shift ¢ (a), photon number N, (b), parametric strength r (c) and total phase shift of the FWM 6 (d). In
(a), Ny =N, =0.3,r=0.256 and 6 = 6, = 6, = 7/10. In (b)—(d), other parameters are set the same as those in (a). IDD, intensity difference
detection; SNL, shot noise limit; HL, Heisenberg limit; QCRB, quantum Cramér—Rao bound.

The phase sensitivity of the interferometer increases with
the increase of the photon number. As shown in Fig. 3, when
the photon number is sufficiently large the scheme does not
surpass the HL; instead, the phase sensitivity lies between the
SNL and the HL. We further investigate the effect of photon
numbers N, and N, on the phase sensitivity in Fig. 4. As N,

and N, increase, the phase sensitivity improves. Meanwhile,
the phase sensitivity is symmetrically distributed with respect
to N, and N, which means that photon numbers N, and N,
have an equal influence on the phase sensitivity.

Next, we study the phase-matching condition between
6, and 6, in Fig. 5. We introduce the relative HL detection
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sensitivity (RHLDS), which is the difference between the HL
and the phase sensitivity. A positive RHLDS means that the
phase sensitivity surpasses the HL. In Fig. 5, the red, purple
and blue lines represent the optimal phase points. We can see
that at the optimal phase points 6, and 6, satisfy the relation
0, — 6, = kx, where k is an integer. Such a phase-matching
condition was verified in Eq. (14).

1.2 —— IDD 1
--—- SNL

<@] 1.0\, - —HL 1
z 0.8F 1
2
£ 0.6} ]
12}
a
& 0.4f :
?
& 0.2f | D 1
o, 9.95 10.

0 X100 \---

100 10°

Photon number N, = N,

Fig. 3. Phase sensitivity versus photon numbers N, and N, with
r=0.256 and 6 =26, =26, = 7/10.

2.0 1.0
0.8
1.5
0.6
1.0
0.4
0.5
0.2
0 0
0 0.5 1.0 1.5 2.0

Photon number N,

Photon number N,

Fig. 4. Phase sensitivity versus photon numbers N, and Nj, with r = 0.4
and 6 =26, =26, = /5.

27wy 0.5
o 3m/2
< 0
&
=
« ™
2
£ —0.5
A /2
0 - M _10
0 w/2 w  3m/2 2w

Phase shift 6,

Fig. 5. Dependence of relative HL detection sensitivity (RHLDS) on 6, and
0. A positive RHLDS means that the phase sensitivity surpasses the HL.
N, =N, =3 and 6 = /5. The red line represents 6, = 6, the purple line
represents 6, = 6, + 7 and the blue line represents 6, = 6, — 7.

We further examine the effects of the parametric strength
r and the total phase shift & on RHLDS to facilitate identify-
ing the optimal phase point. As shown in Fig. 6, the black line
represents the points where RHLDS is equal to zero. We can

see from Fig. 6 that when the total phase shift 0 is small, the
RHLDS is greater than O for r between 0 and 2.

0.5

5=
=
< 0
@ |
2
[
<
o
= —-0.5
k)
=

0 —1.0

0 0.5 1.0 1.5 2.0
Parametric strength

Fig. 6. Relative Heisenberg limit detection sensitivity versus parametric
strength r and total phase shift 6. N, =N, = 0.3 and 8, = 6, = 7r/10. The
black dashed line represents the case when the phase sensitivity equals the
HL. The regions above zero indicate superior phase sensitivity.

3.2. Effect of photon loss on phase sensitivity

Photon loss occurs during the detection process due to the
nonideal efficiency of the detectors. In the following, we use
FBSs to simulate photon loss.*?! The detection inefficiency
can be equivalently modeled as the transmissivity of the FBSs
placed before the detectors. Therefore, detector inefficiency
can be incorporated into the error propagation formula.

Detector

Fig. 7. Two fictitious beam splitters (FBSs) are placed before the de-
tectors to simulate photon loss. vy, ¥», ¥3 and ¥4 represent two vacuum
beams. BS, beam splitter.

As shown in Fig. 7, we add two FBSs in front of the de-
tectors to simulate detection loss. These FBSs have transmis-
sivities denoted by 71, 7>, T3 and T4, respectively. The output
of the FBSs can be expressed by the following equation:

@ = VTas++/1-To, by =VThbs++/1-Tb,
as = \/Tsas+\/1—Ts03, bs=~/Tybs+/1—Tyb4, (18)

where 71, V2, 73 and ¥4 are vacuum states in the input ports of
the FBSs, 4, b}, as and bs are the outputs after the FBSs. To
simplify the calculation, we assume that the transmissivity on
both sides is T, = T3 = T, which means external loss. Simi-
larly, we assume that the internal transmissivity is T, = T1 = T,
which means internal loss. So the slope of the intensity differ-
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ence is expressed as 1.2 —IDDy, w02
- -S _ 2|
PO . in 1.1} - Hl\IiLA ey
9(las —Iys) _ d(aas — blbs) o
(9¢ a(]) i 1.0}
oP P, P R e e N
— Tq]bl (Nae 129)+T¢1> (1+N)+—a¢1Na g
2 0.8F '- 1
Py “i200y , OP13 o i(0u46,) A e NG \
+W(Nae )"‘W( NaNbe ) % 0.7} )
=]
0P4 0P ~
-%7;5(V0V37 i(0a=0)y 4 a¢(,AN1v ~i(6a=6y)) 0.6
3P24 (9a+9b> 8 31 \/W (eaJreb) 0504 0‘6 0‘8 1.0
+t=- 9¢ ) 3‘1’ ( ¢ ) Transmissivity Te
P P . 0.35
" a;)z(\/me i(6a 9;,))+T(I3)3(Nb6129b) a0 (b)
» 0.30f — N,=N,=0.2 ]
P dP. dP. s e — N,=N,=0.3
+Td3)4( +Nb)+ a(;sNb-l- 8;4(N1,e 129;,) —%J 0.25¢ —Na—NZ 0.6 1
]
dP. dP. - £ 0.20f
+ 2 (NN, e O]y 22 (/N N, e 1 (0+0)), 2
EL) 9 S 015
(19) :
g 0.10f
where Pj; with (j,k = 1,2,3,4) are parameters that depend on § 0.05}
T; and T¢. The variance of the intensity difference can be writ- 0

ten as 0 02 04 06 08 1.0
Parametric strength r

a

AP = ((Lug —Ing)*) — (lus — Ing)*
= (dodo)L1 + <bObO>L2 + <d

Fig. 8. (a) Phase sensitivity versus external transmissivity 7. (b) Max-
imum allowable loss versus parametric strength r, photon number N,

> < B‘r [;T> and Np. The red line represents N, = N = 0.2 and the black line repre-
30T/ sents Ny = N = 0.3. 6 =26, = 26, = 11/5.
+ {Bodi) Ls + (Bodio) Lo + (bodo) Ly + (byag ) Ls 060
NyLo+NpLig+Lii. 20 (a) — DDy, y,-0.
+NgLo + NpLio+ L1 (20 0.55p —-SNLX:Z,,:?JE 1
< — IDDN, =N, =05
In the special case where internal losses are neglected and only i 0-50¢ T TSNLx,=N=0s
external losses are considered, Eq. (19) can be simplified to E 0.45¢
-‘é 040 — o L NN oo
d . d . o
S ) | =Te |5 ()| (2D 5 0357
a¢ 29 N e il
= 0.30f
o
Similarly, by setting 7; = 1, we effectively isolate the effect of 0.25f
external losses, allowing Eq. (20) to be simplified to 0.20 . . .
0.6 0.7 0.8 0.9 1.0

28 ) ) 4 2 Transmissivity T;
Al 7, = T;[(Ny+Np) +4sin” ¢ (cosh” r — cosh”r) 0.60

X (2Na+2N; +1) 0.55} & ils%]i%:j‘;itli
+2sin(2¢) coshrsinh r[N, cos(0 — 26j) 3 0.50} —_IS]ID\IEY;?VIigZ
X —Nycos(0 — 6,)] ? 0.45¢
+8sin? ¢ coshrsinh r(cosh® r 4 sinh? r) g 0.40F _ - _ o o N N — -
x\/ZWCOS(O—G —6p)] ; 0350 N
T.(1 — T;)[(cosh? r 4 sinh? ) é 0.30¢
X (Na+Nb)+2sinh2r 0.25¢
+4coshrsinhr\/]TNbcos(6 —0,—6p)], (22) O'2((]).6 0.7 0.8 0.9 1.0
Transmissivity T}
where the detailed derivations the corresponding formulae are Fig. 9. (a) Phase sensitivity versus internal transmissivity 7; and

(b) phase sensitivity versus both internal transmissivity 7; and external
transmissivity 7¢. In (b), the external loss is fixed at 0.9.
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Figure 8 shows the influence of external transmissivity
without internal loss on phase sensitivity. In Fig. 8(a), the red
and black lines represent the cases when the photon number
N, =N, =0.2 and N, = N, = 0.3, respectively. Therefore, as
the photon number increases the phase sensitivity improves.
Figure 8(b) plots the maximum allowable loss versus the para-
metric strength r for different photon numbers. Here the max-
imum allowable loss is the loss below which the phase sensi-
tivity surpasses the SNL.

Figure 9(a) illustrates the variation in phase sensitivity
considering only internal losses, as well as the impact of pho-
ton number on loss tolerance. It can be observed that although
an increase in photon number improves precision, it simultane-
ously reduces tolerance to loss. Figure 9(b) shows the effect of
different photon numbers on phase sensitivity in the presence
of both internal and external losses. This scenario is more ex-
perimentally relevant, as both types of losses are unavoidable
in practical implementations.

4. Comparison

In this section, we compare our scheme with some exist-
ing proposals. In Ref. [49], the authors proposed a scheme
which used an MZI with a single-mode squeezed vacuum
state as input, and achieved a phase sensitivity below the sub-
shot-noise limit. This scheme utilized dark counts and var-
ious squeezed states. By harnessing the dark counts, it sur-
passed the HL. In comparison, our scheme employs a two-
mode squeezed coherent state and the IDD method to achieve
a higher phase sensitivity. In Ref. [9], another scheme that
employed an MZI with a two-mode squeezed vacuum state as
input and parity detection to enhance the phase sensitivity was
proposed. This scheme focused on leveraging the advantages
of multiphoton catalysis rather than phase sensitivity.

Another kind of interferometer which is commonly used
in precision measurement is the SU(1,1) interferometer. For
example, an SU(1,1) interferometer with a thermal state in-
put employing parity detection could surpass the SNL and
approach the HL.1®%! This input state is different from the
squeezed states used in our scheme. Our scheme demonstrates
superior performance to those interferometers. By employ-
ing a more non-classical input state, our QCRB achieves ex-
tremely high precision, providing a significant advantage in
phase sensitivity. Moreover, our scheme achieves phase sen-
sitivity surpassing the HL by using intensity difference mea-
surement.

A similar input state was used in a modified SU(1,1) in-

(411 Their ap-

terferometer by Zhang et al., as shown in Fig. 10.
proach employed two coherent states, whereas ours utilizes a
two-mode squeezed coherent state. Similar to their approach,
our input states are all subjected to an OPA before being fed

into a linear device, which means that we have the same input

mean photon number under the same input state and paramet-
ric strength. Therefore, we only need to ensure that the input
photon number and parametric strength of the two schemes
are the same in order to make a fair comparison. As shown
in Fig. 11, we compare our scheme with the modified SU(1,1)
interferometer in terms of phase sensitivity by different detec-
tion methods as well as QCRB. In Fig. 11(a) it can be ob-
served that when N, = N, = 0.5 our scheme exhibits better
phase sensitivity, with mean photon number N = 11.48. Ad-
ditionally, as shown in Fig. 11(b), when N, = N;, < 0.96, our
scheme achieves higher precision compared with the modified
SU(1,1) interferometer. Furthermore, when N, = N, < 1, the
QCRB of our scheme also demonstrates superior phase sensi-
tivity.

Phase shifter

OPA

State preparation Modified SU(1,1) Detection

Fig. 10. Schematic of a modified SU(1,1) interferometer. OPA, optical
parametric amplifier; BS, beam splitter; PD, photon detector.

1.0 T - -
\ (2) ---MZIqcre
X *”SU(l,l)QCRB
- 0.8 \ — MZI 1
< —SU(1,1)
>
= 0.6f
2
b=
z
© 0.4}
@
£
a, 0.2¢
O.
0 0.4 0.8 1.2 1.6 2.0
Parametric strength r
0.30 -
(b) --- MZIgeRs
---SU(1,1)qcrB
o 0257 — MZI 1
< —SU(1,1)
>
Z
s 0.20
E
[}
o
Q
“0.15
2
<
o
0.10
0.05

0.5 1.0 1.5 2.0
Photon number N, = N,
Fig. 11. (a) Phase sensitivity versus parametric strength r and (b) pho-

ton number N, = Np. 6 =26, =26, = /5, N, = N, = 0.5 in (a) and
r=0.8 in (b).
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5. Conclusion

In conclusion, a scheme based on an MZI with a two-
mode squeezed coherent state input is proposed in this paper.
By analyzing the impact of the parameters on phase sensitiv-
ity, we identify the points where the phase sensitivity most
significantly surpasses the HL, as well as the corresponding
phase-matching condition. Through optimization of the input
state, we demonstrate that the phase sensitivity of our scheme
with IDD can surpass the HL. We then investigate the impact
of photon loss on phase sensitivity under the phase-matching
condition, showing that our scheme exhibits robustness against
photon loss. Moreover, it achieves higher accuracy at low pho-
ton numbers compared with existing schemes. Our work fills
a gap in the study of phase sensitivity in MZIs with two-mode
squeezed coherent state input and provides valuable insights
for the advancement of precision measurement.

Appendix A: Derivation of the QCRB
The QCRB is given by

(Adocrs)” > (MF(9)) !

where A¢qcrp is the variance of the parameter ¢, M = 1 is the

(A)

number of measurements repeated and F(¢) is the quantum
Fisher information, which is given by

Fo [Fjj F/k]’

A2
Fej Fr (A2)

where j, k € (s,d). When the input is a pure state, the QCRB
can be written as

Fj = 4Re((9;y|y) — (9, w|w)(v|oy)),
A*¢s  APAPq o [ Fa —Fa
AaAgy A¢q | = Dp | —Fss Fis |’
Dr = FddFss - Fdstd- (A3)

Appendix B: Analysis of the influence of photon
loss

In our study of internal and external losses we employ
The FBSs
placed before the second BS are arranged inside the interfer-

FBSs to simulate the corresponding processes.

ometer to model internal losses, while those positioned after
the second BS, in front of the detectors, are used to simu-
late detection losses, i.e. external losses. After the FBSs, the
input—output relations are given by

2, = vTias+/1— T 0y
v
= —el¢coshra0+1
V2
VT

+ i—eiq’coshrﬁo—i—

V2
+/1-T 1,

elfeld s1nhra0

JTi
V2 ¢
VT
2

elfeld sinhrlsg

(B1)

53 :\/YTQB3+\/1—T292

= 1£cosh ap+ —Te sinhr&é
V2 V2
VD NVALIRT) i
—|——coshrb +iY—=¢eisinhrb
V2 MRV 0
1-T5v,. (B2)

The modes &'3 and l3’3 after entering the second BS, are trans-
formed into the interferometer outputs d4 and 134. These then
pass through the FBSs placed before the detectors, becoming
ds and bs, and are finally detected by the PDs. After the sec-
ond BS, the input—output relationship is

Gy = —=a5+i—

\f \f
(4 VI

ei¢coshr200shr)d0
T .o - T .
+(i\Telee‘“?sinhr—&-i\/zizelesinhr) (’)
(VT VT
2 2

e'? coshr + = cosh r) bo

. VT
sinhr — ——
2
\/1* 25
\/E )

L (\/ﬁeieenp
2

e'9sinh r> IA)E

1-T,
+\/ Lo+

ﬁ
R Ly

=il b,
(w8
2

(B3)

. T
el coshr+ i% coshr) do

. T .
e'?sinhr+ —\/;ele

+(_¢T .

sinh r> dg
VT

el? coshr+ 2coshr) by

VB s
2

+

16 1¢

+ sinhr+ 1

(-2
( VTi

sinh r) l;g

+.\/1—T1A VI-T
1 A% V.
NV R

After passing through the second set of FBSs, which simulate

(B4)

external losses, ds and 135 are received by the PDs. Thus, they
undergo similar processes before detection. They can be given
by

aA5:\/'ZT3ﬁ4+\/lfT3ﬁ3

= Mdo —&-Mzdg +M3by +M41A?(T)

+ M5V + Mg ¥y + M773, (B5)
and
bs = /Tyby+ /1Ty 04
= Wido + Wzdg +Wsbo + W4Bg
+ W50 + Wevp + Woiy, (B6)
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where W and M are parameters that depend on 71, 7>, T3, T, r and 6. After obtaining the output field operators, we can calculate
the corresponding intensities, which are then used to determine the phase sensitivity based on IDD. The final output intensity is
given by

I, = a5a5 =M;Mdodo + M2M2aoa0 +M; M3égbg + M; M4a0b + M5 MsdoVy + M3 Medobr + My M74o13
+ M MyGjdo + M Madhal -+ M Msalbo + My Madlbl -+ M Msalvr + M Medlvn + M; Maal v,
-+ MMy bodo + M Maboal + M M3bobo + M Mabob], -+ M Msboby + M Mebo vy + M M7bois
+ MMy bldo + M5 Mabal -+ MyMsbibo + M5 Mablbl + MiMsb{vy + M5 Mehlvs + M5M7b v
+ MsM, o + MsMab} @l + MsMy ! bo + MsMyd! b -+ MsMs0T 0 + MsMgd| 9, + MM 95
+ MM dg + MgMzﬁgag + M M50 bo -+ MEMabi by + MEMs o301 + MEMe00s + Mg M35
+ MM 5 dg + MaMabial + MM b -+ MaMaDib -+ MaMs 0561 -+ My Mg050, + MaM7 9505, (B7)
I, = blbs =W5 Widodo -+ W Wadody, -+ W5 Wadobo + W Wadobg + W5 Wsdod1 + Ws Wedob -+ Ws Wadods
+ Wi Wialao -+ Wi Wadlah + Wi Wsalbo + W Waalby + Wi Wsag o1 -+ Wi Weddva + Wi Woah 4
-+ W Wibodo -+ W, Waboay -+ W; Wsbobo + Wi Waboby + Wi Wsboby -+ W, Weboda + Wi Wrbg by
+WEW boao + Wi Wablag -+ Wi Wsblbo -+ W5 Wab(bh -+ W5 Wsb o1 + W3 Wb 02 + W5 Wob{ s
+WEWL BT ag + We Wadlal -+ W W30 bo + WEWad T bl + W WsdT o1+ We WedT 02 + W Wo0T 0,
+ WeW1D5ao -+ WeWaDhay -+ WeWs Db -+ WeWaDh by -+ WeWs D01 + WeWe oo -+ WeWo 0504
+ WaWiDkdo -+ WaWaDlal -+ WaWs 0l bo -+ WaWaDl bl -+ WaWs0i0y + WaWebl by + WaWo 0504 (B8)
Equations (B7) and (B8) give the intensities of the two beams output from the MZI after experiencing losses. Subtracting the
intensities of the two output ports yields

A A A A AT AT A A A A A A A A
Iy — 1y = Pi1dodo + P12aoaz) + Pi3dobo + Piadoby + Pisdo¥1 + PredoVz + Pi7d0V3 + PigdoVs

+ P21aASaA0 + PzzaAgaAg + P23aAglA7() + P24ﬁ8278 + P25ﬁg\71 + ch,&gﬁz + P27&8‘93 + PZSGAZF)")AL

+ Py1bodo + Pszlgoﬁg + Py3bobo + %41;0138 + P3sbo ¥y + Psghois + P37bo03 + Psghois

+ Py bdo + Ppbial -+ Prsbibo + Pubiby -+ Pysh o1 + Pasblvs + Pirb{ 3 + Pagh v

+ P51\7T&0 + P52\3J1rﬁ8 + P5313J1ri?() + P541??Eg + P5517T171 + P56\7]1L\32 + P57\7.;173 + Psglﬂlhl%

+ Po10a0 + Pa#3a0 + Pe30hbo + Pea?3 bl + Pes 0501 + Pog V502 + Psg 503 + Peg 4

+ Pri93do + Pratlal + Pr30lbo + Prabibl + Prs 091 + Prblon + Prrtio

+ Py1 910 + Pya04d + Psa0bo -+ Poati by + Pes 001 + Py 0502 + Peg b s (B9)
By subtracting the two output intensities and applying the IDD formula we obtain the corresponding phase sensitivity, which

consists of two parts: the variance of the intensity difference and the slope of the intensity difference. So the variance of the
intensity difference can be written as

NI = ((Ia—1,)%) = (I —1)*
=(dodo) L1 + (bobo)La + (a3ab) Ls + (bbY)La + (boab ) Ls + (biao)Le + (bodo)Ly + (byad)Ls + NuLy +NyLio+ Ly,  (B10)

and the slope of the intensity difference is expressed as

Ada

8(fu5 7fb5> 8<a5a5 b! b5>

200 ¢
_9Pu ey, P2 IPor OPn o ing,y, IP3 i(0,6,)y . 914 i(6,—6))
—a¢(N @) + a¢(+N¢,)+ 8¢N+a¢(N )+ a(P(\/NQN,,e b))+ a¢(\/NNe b))
P P - P dP.
+ T(f( /NN, e (% 9/;))_,_87(]2)46—1(9#9/;)) 8(;1( /NN, e (9a+9h))+87q3)2( /NaNye 1 0a=0)y
9Py ing,y , IPu IPy  , OPu o —ing,y , 9Pu i(0-05)) | 9Pu2 —i(0,+6,)
3 (Npe'™™) + 2 (1+Ny) + 8¢Nb+ EF) (Npe™ ")+ ——= 70 (V/NalNpe' /) + Fr (V/NaNpe *),
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where L; (i =1,2,3,4,5,6,7,8,9,10,11) are parameters that depend on Pj. The explicit expressions for L; are given by

L,
L,
L3
Ly

(2P11 P12 + 2Py 1 Pay + Pi3Piy + PisPs + Pi7Pry + P31 Pia + P31 Pyy + PioPs1 + Pig Py + PisPar ),

(P13Py3 + Pi3Psy + P31 Po3 + P31 P3p + 2P33 Py + 2P33Py3 + PasPs3 + PsgPs3 + Py Pr3 + Psgg3)
(2P12P22 + 2Py Pos + Po3Pya + Po3Pay + Pia Py -+ Pia Poy + PasPsy + Pag Py ++ Por Pra + Pog Py )

= (P14P24 + P14Py 4 2P34 Pys + Py Pog + Py Py + 2P43 Py + Py Pra + Pys Psy 4 Pag Pos + P48P84),

)

Ls = (Pi2Ps2 + Py Py + 2P31 Py + Py Pay + Pso Py3 + 2P33Pay + 2P33Pyy + PssPsy + PsgPey + Py Pra
+ P33 Pyy + PioPo3 4+ 2P13Po + Poy Pos + Po3Psy + Po3Pys + PosPs3 + PoPos + Por Pr3 + PasPs3)
Le = (P34P41 + Py Pio + Py Poy + Py3 Py + PasPsy + PysPo1 + Py Pry + Pag Py + 2Py | Pogy + 2P 1 Py
+2P13Pys + PiaPiy + PiaPa1 + PisPsy + PigPsa + PaPia + PigPos + Pi7Pra + P3Py +2P31 Pay),
Ly = (P31 P + P31 Pay + P31 P3s + P31 Py3 + 2P33 Py + 2P33 Py + PssPsy + PioPor + Ps7Pr1 + Pig Py
+2Py1 P33 + 2P Py + Pi3Pio + Pi3Pay + Pi3Pss + Pi3Pys + PisPss + PioPes + PirPrs + PisP3)
Lg = (Pi2Pay + P Pay + P Pay + 2Py Py + Py3Pyy + PysPsy + PPy + ParPry + Pag Py + PioPog
+2P14Poy + Po1 Pog + 2P03 Pyy + 2P3p Pag + P3u Pog + Py Poy + PosPsy + Py7Pra + PogPoy + P28P84) ;
Ly = (Pi2Pi2 + Pi2Pay + Pai Pia + Pay Poy + Po3Piy + PosPay + PaPia+ PaPay + PosPsy + PagPoy + Par Py
+ PogPg1 +4P11 Py + P13Psy + Pi3Pay + P31 Py + P31 Pay + PisPsy + PiPsy 4+ Pr7Pry 4 PigPya ),
Lio = (P14Pa3 + P1aP3; + Py Py + Py Py + P3Pss + PasPys + PasPss + PagPas + PagPos + P Pr3 + P Pag
+ P34Py3 + P13Py2 + Pi3Pag + 4P33Pag + P31 Pag + P31 Pay + P3sPsy + PsgPos + Py7Pra + PsgPya),
Liy = +2P11 P+ Pi3Pay + Pi3Pos + 2P33Pyg + P31 Poa + P31 Prp
+ PisPsy + Pi6FPep + P17Pr2 + PigPys + P3sPsa + Psg Foa + P37P14 + PigByy.

Acknowledgements

This work was supported by the National Natural Sci-
ence Foundation of China (Grant Nos. 12104190, 12104189,
12204312), the Natural Science Foundation of Jiangsu
Province (Grant No. BK20210874), General project of Nat-
ural Science Research in Colleges And Universities of Jiangsu
Province (Grant No. 20KJB140008), the Jiangxi Provincial
Natural Science Foundation (Grant Nos. 20224BAB211014
and 20232BAB201042), and Key Laboratory of TianQin
Project (Sun Yat-sen University).

References

[1] Rarity J G, Tapster P R, Jakeman E, Larchuk T, Campos R A, Teich M
C and Saleh B E A 1990 Phys. Rev. Lett. 65 1348

[2] Luo W, Wu C, Du Y, Zhao C, Yu M, Zhu P, Zhang K and Xu P 2024
Chin. Phys. B 33 100305

[3] Wu D, Li X, Wang L L, Zhang J S, Chen W, Wang Y, Wang H J, Li
JG,Yin XJ,WuY D, AnJ M and Song Z G 2023 Chin. Phys. B 32
010305

[4] Hudelist F, Kong J, Liu C, Jing J, Ou Z and Zhang W 2014 Nat. Com-
mun. 5 3049

[5] Nagata T, Okamoto R, O’Brien J L, Sasaki K and Takeuchi S 2007
Science 316 726

[6] Kacprowicz M, Demkowicz-Dobrzariski R, Wasilewski W, Banaszek
K and Walmsley 12010 Nat. Photon. 4 357

[7]1 Goda K, Miyakawa O, Mikhailov E E, Saraf S, Adhikari R, McKenzie
K, Ward R, Vass S, Weinstein A J and Mavalvala N 2008 Nat. Phys. 4
472

[8] Genoni M G, Olivares S, Brivio D, Cialdi S, Cipriani D, Santamato A,
Vezzoli S and Paris M G 2012 Phys. Rev. A 85 043817

[9]
[10]
(11]
[12]

[13]
[14]

[15]
[16]
[17]

(18]
[19]

[20]

[21]
[22]
[23]

[24]
[25]
[26]
(271

[28]
[29]

[30]
[31]

024203-10

Zhang H, Ye W, Wei C, Xia Y, Chang S, Liao Z and Hu L 2021 Phys.
Rev. A 103 013705

Zuo X, Yan Z, Feng Y, Ma J, Jia X, Xie C and Peng K 2020 Phys. Rev.
Lett. 124 173602

Liu J, Wang Y, Zhang M, Wang J, Wei D and Gao H 2020 Opt. Express
28 39443

Anisimov P M, Raterman G M, Chiruvelli A, Plick W N, Huver S D,
Lee H and Dowling J P 2010 Phys. Rev. Lett. 104 103602

Liu P, Wang P, Yang W, Jin G and Sun C 2017 Phys. Rev. A 95 023824

Boto A N, Kok P, Abrams D S, Braunstein S L, Williams C P and
Dowling J P 2000 Phys. Rev. Lett. 85 2733

Dowling J P 2008 Contemporary Physics 49 125

Liu J, Liu W, Li S, Wei D, Gao H and Li F 2017 Photon. Res. 5 617
Wang G, Li Z, Qin X, Yang Z, Li X, Wu X, Zhou Y and Chen Y 2024
Optics & Laser Technology 176 110984

Giovannetti V, Lloyd S and Maccone L 2011 Nat. Photon. 5 222

Ge W, Jacobs K, Eldredge Z, Gorshkov A V and Foss-Feig M 2018
Phys. Rev. Lett. 121 043604

Seshadreesan K P, Anisimov P M, Lee H and Dowling J P 2011 New J.
Phys. 13 083026

Caves C M 1981 Phys. Rev. D 23 1693

Ou Z 1996 Phys. Rev. Lett. 77 2352

Haldar S, Barge P J, Xiao X Q and Lee H 2023 AVS Quantum Science
5034401

Xiao M, Wu L A and Kimble H J 1987 Phys. Rev. Lett. 59 278
Grangier P, Roger G and Aspect A 1986 Europhys. Lett. 1 173
Giovannetti V, Lloyd S and Maccone L 2004 Science 306 1330

Berry D W, Higgins B L, Bartlett S D, Mitchell M W, Pryde G J and
Wiseman H M 2009 Phys. Rev. A 80 052114

Ben-Aryeh Y 2012 J. Opt. Soc. Am. B 29 2754

Hall M J, Berry D W, Zwierz M and Wiseman H M 2012 Phys. Rev. A
85041802

Zhang J D, Li C, Hou L and Wang S 2025 Chin. Phys. B 34 010304
Li D, Yuan C H, Ou Z and Zhang W 2014 New J. Phys. 16 073020


http://dx.doi.org/10.1103/PhysRevLett.65.1348
http://dx.doi.org/10.1088/1674-1056/ad72e2
http://dx.doi.org/10.1088/1674-1056/ad72e2
http://dx.doi.org/10.1088/1674-1056/ac9224
http://dx.doi.org/10.1088/1674-1056/ac9224
http://dx.doi.org/10.1038/ncomms4049
http://dx.doi.org/10.1038/ncomms4049
http://dx.doi.org/10.1126/science.1138007
http://dx.doi.org/10.1126/science.1138007
http://dx.doi.org/10.1038/nphoton.2010.39
http://dx.doi.org/10.1038/nphys920
http://dx.doi.org/10.1038/nphys920
http://dx.doi.org/10.1103/PhysRevA.85.043817
http://dx.doi.org/10.1103/PhysRevA.103.013705
http://dx.doi.org/10.1103/PhysRevA.103.013705
http://dx.doi.org/10.1103/PhysRevLett.124.173602
http://dx.doi.org/10.1103/PhysRevLett.124.173602
http://dx.doi.org/10.1364/OE.413179
http://dx.doi.org/10.1364/OE.413179
http://dx.doi.org/10.1103/PhysRevLett.104.103602
http://dx.doi.org/10.1103/PhysRevA.95.023824
http://dx.doi.org/10.1103/PhysRevLett.85.2733
http://dx.doi.org/10.1080/00107510802091298
http://dx.doi.org/10.1364/PRJ.5.000617
https://doi.org/10.1016/j.optlastec.2024.110984
https://doi.org/10.1016/j.optlastec.2024.110984
http://dx.doi.org/10.1038/nphoton.2011.35
http://dx.doi.org/10.1103/PhysRevLett.121.043604
http://dx.doi.org/10.1103/PhysRevLett.121.043604
http://dx.doi.org/10.1088/1367-2630/13/8/083026
http://dx.doi.org/10.1088/1367-2630/13/8/083026
http://dx.doi.org/10.1103/PhysRevD.23.1693
http://dx.doi.org/10.1103/PhysRevLett.77.2352
http://dx.doi.org/10.1116/5.0148632
http://dx.doi.org/10.1116/5.0148632
http://dx.doi.org/10.1103/PhysRevLett.59.278
http://dx.doi.org/10.1209/0295-5075/1/4/004
http://dx.doi.org/10.1126/science.1104149
http://dx.doi.org/10.1103/PhysRevA.80.052114
http://dx.doi.org/10.1364/JOSAB.29.002754
http://dx.doi.org/10.1103/PhysRevA.85.041802
http://dx.doi.org/10.1103/PhysRevA.85.041802
http://dx.doi.org/10.1088/1674-1056/ad8dc0
http://dx.doi.org/10.1088/1367-2630/16/7/073020

Chin. Phys. B 35, 024203 (2026)

[32]

[33]

[34]

[35]
[36]

[37]
[38]

[39]

Liu J, Shao T, Wang Y, Zhang M, Hu Y, Chen D and Wei D 2023 Opt.
Express 3127735

Liu J, Shao T, Li C, Zhang M, Hu Y, Chen D and Wei D 2024 Chin.
Phys. B 33 014203

Wang Y, Li S, Hu Y, Zhang M and Liu J 2022 Journal of Physics Com-
munications 6 035004

Braunstein S L and Caves C M 1994 Phys. Rev. Lett. 72 3439

Yu J, Qin Y, Qin J, Wang H, Yan Z, Jia X and Peng K 2020 Phys. Rev.
Appl. 13 024037

Ataman S, Preda A and Ionicioiu R 2018 Phys. Rev. A 98 043856
LiuJ, Yu Y, Wang C, Chen Y, Wang J, Chen H, Wei D, Gao H and Li
F 2020 New J. Phys. 22 013031

Zhang H, Ye W, Wei C, Liu C, Liao Z and Hu L 2021 Phys. Rev. A 103
052602

[40]
[41]
[42]
[43]
[44]
[45]

[46]
[47]

(48]
[49]
[50]

024203-11

Liu S, Lou Y and Jing J 2019 Phys. Rev. Lett. 123 113602

Zhang J D, You C, Li C and Wang S 2021 Phys. Rev. A 103 032617
Ou Z 2012 Phys. Rev. A 85 023815

Lang M D and Caves C M 2013 Phys. Rev. Lett. 111 173601
Sparaciari C, Olivares S and Paris M G A 2016 Phys. Rev. A 93 023810
Gong Q K, Li D, Yuan CH, QuZ Y and Zhang W P 2017 Chin. Phys.
B 26 094205

Jarzyna M and Demkowicz-Dobrzariski R 2012 Phys. Rev. A 85011801
Takeoka M, Seshadreesan K P, You C, Izumi S and Dowling J P 2017
Phys. Rev. A 96 052118

Preda A and Ataman S 2019 Phys. Rev. A 99 053810

Zhang J D, You C and Wang S 2022 Opt. Express 30 43143

Ma X, You C, Adhikari S, Matekole E S, Glasser R T, Lee H and Dowl-
ing J P 2018 Opt. Express 26 18492


http://dx.doi.org/10.1364/OE.494729
http://dx.doi.org/10.1364/OE.494729
http://dx.doi.org/10.1088/1674-1056/ad0115
http://dx.doi.org/10.1088/1674-1056/ad0115
http://dx.doi.org/10.1088/2399-6528/ac5da9
http://dx.doi.org/10.1088/2399-6528/ac5da9
http://dx.doi.org/10.1103/PhysRevLett.72.3439
http://dx.doi.org/10.1103/PhysRevApplied.13.024037
http://dx.doi.org/10.1103/PhysRevApplied.13.024037
http://dx.doi.org/10.1103/PhysRevA.98.043856
http://dx.doi.org/10.1088/1367-2630/ab6354
http://dx.doi.org/10.1103/PhysRevA.103.052602
http://dx.doi.org/10.1103/PhysRevA.103.052602
http://dx.doi.org/10.1103/PhysRevLett.123.113602
http://dx.doi.org/10.1103/PhysRevA.103.032617
http://dx.doi.org/10.1103/PhysRevA.85.023815
http://dx.doi.org/10.1103/PhysRevLett.111.173601
http://dx.doi.org/10.1103/PhysRevA.93.023810
http://dx.doi.org/10.1088/1674-1056/26/9/094205
http://dx.doi.org/10.1088/1674-1056/26/9/094205
http://dx.doi.org/10.1103/PhysRevA.85.011801
http://dx.doi.org/10.1103/PhysRevA.96.052118
http://dx.doi.org/10.1103/PhysRevA.96.052118
http://dx.doi.org/10.1103/PhysRevA.99.053810
http://dx.doi.org/10.1364/OE.474643
http://dx.doi.org/10.1364/OE.26.018492

	250911.pdf
	1. Introduction
	2. Measurement sensitivities of an MZI
	2.1. MZI with two coherent states
	2.2. MZI with a two-mode squeezed coherent state
	2.3. Intensity difference detection

	3. Discussion on phase sensitivity
	3.1. Phase sensitivity versus different input parameters
	3.2. Effect of photon loss on phase sensitivity

	4. Comparison
	5. Conclusion
	References


