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Abstract: Balanced homodyne detection relies on a beam splitter to superpose the weak signal
input and strong local oscillator. However, recent investigation shows that a high gain phase
sensitive amplifier (PSA) can be viewed as homodyne detector, in which the strong pump of PSA
serves as the local oscillator [1]. Here, we analyze a new method of measuring the continuous
variable entanglement by assisting a balanced homodyne detector with the PSA and implement it
experimentally. Before measuring quadrature amplitude with the balanced homodyne detectors,
two entangled fields generated from a pulse pumped fiber optical parametric amplifier are
simultaneously coupled into the PSA. We find that the normalized noise for both the difference
and sum of the quadrature amplitudes of the two entangled fields fall below the shot noise limit by
about 4.6 dB, which is the record degree of entanglement measured in optical fiber systems. The
experimental results illustrate that the advantages of the new measurement method include but
not limit to tolerance to detection loss and characterizing entanglement with only one homodyne
detector. The influence of mode-mismatching due to multi-mode property of entanglement
on the measured noise reduction can also be greatly mitigated, indicating the new method is
advantageous over the traditional measurement in multi-mode case.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Quantum entanglement of continuous variables (CV) is an essential resource for quantum
information science and quantum metrology. Comparing with its discrete variable counterparts,
CV entanglement has the advantage of unconditional generation [2]. So far, quantum telepor-
tation, quantum dense coding, quantum image, quantum logic gates, and quantum enhanced
precision measurement have been experimentally realized [2–7]. Among these proof-of-principle
experimental demonstrations, joint measurement realized by two sets of balanced homodyne
detection (HD) is widely used for measuring the CV entanglements. However, the quantum fields
measured by balanced HD, which relies on a 50/50 beam splitter to superpose the weak signal
and the strong local oscillator (LO), is prone to losses, such as propagation loss, less-than-unit
quantum efficiency of detectors and imperfect mode matching efficiency in HD [2–5,8]. So the
quantum advantage is often hampered by losses in HD.
Furthermore, for the entanglement produced from a pulse-pumped traveling-wave optical

parametric amplifier (OPA), the noise reduction due to the quantum correlation between two
entangled fields is broadband [9–13], but the entanglement in pulsed state is usually in multi-
temporal modes [14,15], which are independent with each other. In this case, if the LO of
each balanced HD is not perfectly matched with the eigen-modes of entangled fields, the extra
thermal noise originated from the mode-mismatching between LOs and multi-mode entanglement
might be much higher than vacuum noise. As a result, the observed quantum effect of pulsed
entanglement is always smaller than what is anticipated [13].
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Recently, our group had theoretically studied a new method of measuring CV quantum
entanglement generated from OPA [16]. The new method is realized by assisting the balanced
HDs with a phase sensitive amplifier (PSA). During the measurement, two entangled fields are
simultaneously coupled into the PSA with high efficiency and the outputs of PSA are measured by
either one or two balanced HDs. The idea of using PSA to characterize quantum noise reduction
was first adopted by Flurin et al. to overcome the huge classical electronic noise in measuring the
inseparability of entanglement of microwaves [17]. Recently, Shaked et al. extend this kind of
homodyne detection to optical wavelength, and the squeezing generated from four-wave-mixing
(FWM) in fiber was successfully measured by scanning the pump phase of PSA [1]. Indeed, a
high gain PSA can be viewed as homodyne detector, in which the strong pump of PSA serves as
the LO [1]. The noise reduction measured by high gain PSA have the advantage of detection
loss tolerance in noise reduction measurements [1,18–21], however, the noise fluctuations of
quantum states in [1] and [17] are determined by the power directly measured at the PSA output.
So the high gain PSA can not be used to measure the noise reduction in the quadrature amplitudes
of two entangled fields, X̂1 ∓ X̂2 and Ŷ1 ± Ŷ2, respectively, which is the key for implementing
some quantum information processing tasks, such as quantum teleportation and quantum dense
coding [4,5,7,22,23]. Our new method proposed in [16] inherit the advantages of the two kinds
of HDs: the balanced HD and high gain PSA. The noise fluctuations of X̂1 ∓ X̂2 and Ŷ1 ± Ŷ2 of
the entangled fields can be respectively and simultaneously measured by locking the PSA and by
properly setting the LO phase of each balanced HD [16].
Comparing with the traditional method of measuring quantum correlation between two

entangled fields with two sets of balanced HDs, the new method obviously has two merits: (i) the
measurement is insensitive to the losses at detection; (ii) quantum entanglement between two
fields of different types can be revealed by only measuring one field with a balanced HD, so that
two balanced HDs respectively suitable for two different fields are not necessary. Therefore, the
entangled state involved in the fields outside of the wavelength range of the mature detection
technologies such as 2 µm optical wave and atomic wave can be measured as long as the detection
technology of the other field is available. Additionally, if two entangled fields are in multi-
temporal modes, the new method provides an additional advantage over the traditional method:
the extra thermal noise induced by the mode-mismatching between multi-mode entanglement
and LO can be diminished [15,16].
In this paper, we experimentally verify the new method by measuring entanglement of twin

beams generated by a pulse pumped fiber optical parametric amplifier (FOPA) [15]. We test and
characterize the measurement under various conditions, including changing detection loss, and
varying the pump powers of PSA and FOPA etc.. The results qualitatively agree with the theory
predictions. Moreover, we find that both the noise variances for the difference and sum of the
quadrature amplitudes of the signal and idler twin beams, 〈∆2(X̂1 − X̂2)〉 and 〈∆2(Ŷ1 + Ŷ2)〉, fall
below the shot noise limit (SNL) by about 4.6 dB, corresponding to the inseparability I = 0.68
(lower than the classical limit of I = 2), which is better than previous results for entanglement
generated from optical fibers [13,24]. This is because the influences of detection loss and
mode-mismatching due to multi-mode property on the measured degree of entanglement are
greatly mitigated.

2. Experiments

Our experimental setup is shown in Fig. 1. The entangled signal and idler twin beams are
generated from a phase insensitive FOPAconsisting of two coarsewavelength divisionmultiplexers
(CWDM) and a 150 m dispersion shifted fiber (DSF1) which is submerged in liquid nitrogen
(77 K) to suppress Raman scattering [25]. The central wavelengths for each channel of CWDM
are 1531, 1551, and 1571 nm, respectively. For each channel, the transmission efficiency at the
central wavelength is ∼ 95%, the isolation to the adjacent channels is ∼ 40 dB, and the 1 dB
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bandwidth is about 16 nm. CWDM1 is used to couple the pulsed pump and the reference light
of seed injection into DSF1. The central wavelength of seed injection is centering at 1533.4
nm. Since the zero dispersion wavelength of DSF1 is about 1548.5 nm, the phase matching
condition of FWM in DSF1 is satisfied for the pulsed pump (P1) centering at 1549 nm. In the
FWM process, the amplification of the signal photons at ωs is accompanied by the generation of
idler photons at ωi due to the energy conservation condition 2ωp = ωs +ωi, where ωp, ωs and ωi
are the frequencies of pump, signal and idler photons, respectively. The amplified signal and idler
twin beams, separated by CWDM2, possesses the Einstein-Podolsky-Rosen (EPR) correlation
[3,26]. The normalized noise correlation between two fields [3]

R =
〈∆2(X̂1 − X̂2)〉
〈∆2(X̂1 − X̂2)〉SNL

=
〈∆2(Ŷ1 + Ŷ2)〉
〈∆2(Ŷ1 + Ŷ2)〉SNL

= (µ − ν)2<1, (1)

and the inseparability criteria [27]

I =
〈∆2(X̂1 − X̂2)〉
〈∆2(X̂1 − X̂2)〉SNL

+
〈∆2(Ŷ1 + Ŷ2)〉
〈∆2(Ŷ1 + Ŷ2)〉SNL

= 2(µ − ν)2<2 (2)

are satisfied. Here, µ = cosh(r) and ν = sinh(r) with µ2 − ν2 = 1 are the gain coefficients of
FOPA, where the parameter r denotes the nonlinear coupling coefficient determined by the phase
matching and pump power of FOPA [13]. X̂1,2 = â1,2 + â†1,2 and Ŷ1,2 = i(â1,2 − â†1,2) are the
conjugate quadrature amplitudes of the signal and idler fields where â†1,2 and â†1,2 are the creation
and annihilation operators of the two optical fields. In Eqs. (1) and (2), 〈∆2(X̂1 − X̂2)〉SNL = 2
and 〈∆2(Ŷ1 + Ŷ2)〉SNL = 2 are the SNLs obtained by assuming the two fields are replaced with
vacuum. We have previously characterized the CV entanglement by using the traditional method
[13], but here we will measure the entanglement using the new method.
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Fig. 1. Experimental setup of measuring entanglement generated from a fiber optical
parametric amplifier (FOPA) by using the new method, realized by combining the PSA with
balanced HDs. AM, amplitude modulator, PM, phase modulator; DSF, dispersion shifted
fiber; CWDM, coarse wavelength division multiplexer; PSA, phase sensitive amplifier; P1,
pump of FOPA; P2, pump of PSA; TIA, transimpedance amplifier; PZT, piezo mechanical
transducer; HD, homodyne detector; LOs(i), local oscillator of HD1 (HD2).

Instead of directly coupling the entangled signal and idler fields into the balanced HD1 and
HD2, respectively, we send the twin beams into the amplifier consisting of DSF2, CWDM3
and CWDM4, which are the same as the DSF1, CWDM1 and CWDM2 in FOPA, respectively.
Since the signal and idler fields with non-zero intensities are simultaneously fed to the amplifier,
the amplifier becomes phase sensitive and is referred to as PSA, which can transfer two inputs
to two outputs without adding extra noise [28]. The central wavelength of the pump P2 is the
same as that of P1. When the pulsed pump of PSA (P2) is properly phase locked to ensure the
de-amplification operation condition, the noise at each output port of PSA is lower than the
corresponding SNL because of destructive quantum interference effect originated from its two
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correlated inputs [29]. At the signal (idler) output of PSA, the quadrature amplitudes of X̂out
1(2) and

Ŷout
1(2) are detected by HD1 (HD2) with the phase of LOs (LOi) locked at 0 and π/2, respectively.

In the measurement, the SNLs 〈∆2X̂out
1(2)〉SNL and 〈∆2Ŷout

1(2)〉SNL are obtained by replacing the two
inputs of the PSA with vacuum. To obtaine the noise correlations of two entangled fields, the
photo-currents of each balanced HD and the joint measurement of two HDs are respectively
processed and analyzed by using the data acquisition (DAQ) system [22].

According to our analysis in [16], the noise fluctuation of the quadrature amplitudes at signal
output of PSA, X̂out

1 and Ŷout
2 , measured by individual HD1 are given by:

〈∆2X̂out
1 〉 = G2

〈
∆
2
(
X̂1 − g

G
X̂2

)〉
,

〈∆2Ŷout
1 〉 = G2

〈
∆
2
(
Ŷ1 +

g
G

Ŷ2

)〉
,

(3)

where G and g with G2 − g2 = 1 are the gain coefficient of PSA. Using the corresponding SNLs

〈∆2X̂out
1 〉SNL = 〈∆2Ŷout

1 〉SNL = G2 + g2, (4)
we arrive at the normalized noises

R1X =

〈
∆2X̂out

1
〉〈

∆X̂out
1

〉
SNL

=
G2

〈
∆2

(
X̂1 − g

G X̂2

)〉
G2 + g2

R1Y =

〈
∆2Ŷout

1
〉〈

∆Ŷout
1

〉
SNL

=
G2

〈
∆2

(
Ŷ1 +

g
G Ŷ2

)〉
G2 + g2

(5)

For the case of G, g � 1, that is, G ≈ g, they approach to

R1X ≈

〈
∆2

(
X̂1 − X̂2

)〉〈
∆2

(
X̂1 − X̂2

)〉
SNL

= (µ − v)2<1

R1Y ≈

〈
∆2

(
Ŷ1 + Ŷ2

)〉〈
∆2

(
Ŷ1 + Ŷ2

)〉
SNL

= (µ − v)2<1

(6)

Defining the coefficient Iamp
HD1 = R1X + R1Y , it is straight forward to deduce that inseparability

criteria Iamp
HD1 ≈ I = 〈∆2(X̂1−X̂2)〉

〈∆2(X̂1−X̂2)〉SNL
+
〈∆2(Ŷ1+Ŷ2)〉
〈∆2(Ŷ1+Ŷ2)〉SNL

<2 is satisfied for G ≈ g � 1. Equation (6)
indicates that the quantum correlation and inseparability of two entangled beams can be measured
by placing a balanced HD at one output of the high gain PSA. This is because the function of
coherently combining signal and idler fields in high gain PSA is equivalent to measuring the twin
beam by performing the joint measurement of two sets balanced HDs [2]. Note that for HD2 at
idler output port of PSA, the expressions of normalized noise R2X,2Y and Iamp

HD2 = R2X + R2Y are
similar to R1X,1Y and Iamp

HD1, except that we need to switch g and G in Eqs. (3) and (5). When
the condition G ≈ g � 1 is satisfied, we have the normalized noise R2X,2Y = R1X,1Y and the
inseparability Iamp

HD2 ≈ Iamp
HD1 ≈ I<2. Moreover, it is worth pointing out that it is impossible to

achieve g/G or G/g = 1 in a experiment system. Fortunately, our simulation result in [16]
shows that as long as the ratio between the gain of PSA and FOPA, G/µ, is high enough, the
approximation in Eq. (6) holds.
We can also make joint measurement at the two outputs by analyzing the difference and sum

of photo-currents of HD1 and HD2 with their LO phases respectively locking at 0 and π/2. The
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noise fluctuations of jointly measured operators, X̂out− = X̂out
1 − kX̂out

2 and Ŷout
+ = Ŷout

1 + kŶout
2 , are

given by 〈
∆2X̂out−

〉
= (G + kg)2

〈
∆2

(
X̂1 − g+kG

G+kg X̂2

)���〈
∆2Ŷout

+

〉
= (G + kg)2

〈
∆2

(
Ŷ1 +

g+kG
G+kg Ŷ2

)〉 (7)

where k is an adjustable parameter of electronic gain. Similarly, after normalizing with the
corresponding SNLs of the joint measurement, we find the normalized noises of X̂out− and Ŷout

+

R0X =

〈
∆2X̂out−

〉〈
∆2X̂out−

〉
SNL

=

〈
∆2

(
X̂1 − X̂2

)〉〈
∆2

(
X̂1 − X̂2

)〉
SNL

= (µ − v)2

R0Y =

〈
∆2Ŷout

+

〉〈
∆2Ŷout

+

〉
SNL

=

〈
∆2

(
Ŷ1 + Ŷ2

)〉〈
∆2

(
Ŷ1 + Ŷ2

)〉
SNL

= (µ − v)2
(8)

for k = 1 are the same as R in Eq. (1), and the inseparability criteria Iamp
JM = I = R0X + R0Y<2 is

always satisfied. Equation (8) shows that the normalized noise R0X,0Y are irrelevant to the gain
of PSA. It is worth emphasizing that Eqs. (7) and (8) clearly illustrate the traditional method
of measuring entanglement by using two sets of balanced HD is just a specific case of the new
method under the condition that the gain of PSA is G = 1 at which the pump of PSA is turning
off and PSA function as a transmission medium of twin beams. Comparing with the traditional
method, the advantage of measuring entanglement by using the high gain PSA assisted balanced
HD is the tolerance to detection loss. When the detection loss of HD (Ld) is taken into account,
we still have

RjX,jY ≈ R = (µ − ν)2<1 (j = 0, 1, 2) (9)
if the gain of PSA is high enough so that the relations

(1 − Ld)(G + g)2 � 1 and (1 − Ld)G2 � 1 (10)
are respectively satisfied for joint measurement and individual measurement of HD1 or HD2 [16].

In our experiment, in order to properly lock the relative phase between the LO and detected field
in each HD, the seed injection is sequentially propagated through a phase modulator (PM) and an
amplitude modulator (AM) with modulation frequencies of 0.3125 and 0.625 MHz, respectively.
In this case, both the weakly modulated signals of the PM and AM are transferred to the signal
and idler outputs of PSA, which can serve as the error signal for phase locking. The phase of
each LO is locked by feeding the AC output of the HD1 or HD2 to the digital phase locking loops
(PLL), and by loading the feedback signals of PLL1/PLL2 to the piezo-electric transducers, PZT1
and PZT2. In the meantime, to ensure the PSA is working at the de-amplification condition, the
pump of PSA (P2) is modulated by an AM (not shown in Fig. 1) at a frequency of 1.5625 MHz,
the modulation transferred to signal output is used as the error signal to add the feedback signal
on the PZT3 via PLL3. More detailed information about the working procedure of the three
PLLs is presented in [13,22].

The seed, pumps and the local oscillators of HD1 and HD2 used in our experiment are created
by first dispersing the 50 MHz train of 150 fs pulses centering at 1560 nm from a mode-locked
fiber laser with a programmable filter (Waveshaper 4000A from Finisar) to obtain three beams
with a wavelength separation of about 15 nm. The procedure and method used for controlling the
power and polarization of the four optical fields are described in more detail in [22] and [13]. In
the experiment, the full width at half-maximum (FWHM) for the pumps P1 is 0.28 nm, and the
FWHM of P2 is adjusted to be 0.4 nm to efficiently couple the signal and idler twin beams into
PSA.
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We first measure the normalized noise fluctuations of the two conjugate quadrature amplitudes,
R1X(2X) and R1Y(2Y), at individual signal (idler) output of PSA by using the HD1 (HD2) with
relative phase locking at 0 and π/2. In the measurement, the power gain of FOPA is fixed at
about 2.7. The transmission efficiency from each output of PSA to each HD is about 80%. The
quantum efficiency for each detector of HD is about 96%. The measured values of R1X,1Y and
R2X,2Y as a function of average power of pump P2, P2a, are shown in Fig. 2(a). Figure 2(b) plots
the power gain of the PSA as a function of P2a. Here, the gains of FOPA and PSA (equivalent
to µ2 and G2 in Eqs. (1) and (3)), defined by the ratio between the powers of seed at output
and input ports of the amplifier, are measured by blocking the pump P2 and P1, respectively.
Obviously, the gain of PSA increases with P2a. The measurements show we have R1X = R1Y and
R2X = R2Y because the noise of quadrature amplitude measured at each output of PSA does not
change with the phase of local oscillators of HDs [23]. One sees that when P2a is lower than 1
mW, RjX and RjY (j = 1, 2) are higher than the normalized SNL. In particular, when the pump P2
is blocked (P2a = 0), the values of R1X,2X and R1Y ,2Y are the highest due to the thermal nature of
individual signal (idler) field out of FOPA [15]. However, the normalized noises decrease with
the increase of P2a. When P2a is greater than 2 mW, both RjX and RjY are lower than SNL. For
each set of data, the descending slope of normalized noise become very small for P2a higher
than 3 mW. Moreover, the normalized noise level is about 0.34, 4.6 dB lower than SNL, for P2a
greater than 4 mW, at which the corresponding the power gain of PSA is about 10 (see Fig. 2(b)).
The results of R1X,1Y and R2X,2Y qualitatively agree with what is predicted by Eqs. (3) and (6).
We notice that the normalized noise of quadrature amplitudes R2X,2Y measured at idler out is
slightly higher than R1X,1Y at signal out. We think this might originate from the influence of
Raman scattering (RS), since the intensity of RS measured in the idler field (centering at 1565
nm) is higher than that in signal field (centering at 1533.4 nm) [25].
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to µ2 and G2 in Eqs. (1) and (3)), defined by the ratio between the powers of seed at output
and input ports of the amplifier, are measured by blocking the pump P2 and P1, respectively.
Obviously, the gain of PSA increases with P2a. The measurements show we have R1X = R1Y and
R2X = R2Y because the noise of quadrature amplitude measured at each output of PSA does not
change with the phase of local oscillators of HDs [23]. One sees that when P2a is lower than 1
mW, RjX and RjY ( j = 1, 2) are higher than the normalized SNL. In particular, when the pump
P2 is blocked (P2a = 0), the values of R1X,2X and R1Y,2Y are the highest due to the thermal nature
of individual signal (idler) field out of FOPA [15]. However, the normalized noises decrease with
the increase of P2a. When P2a is greater than 2 mW, both RjX and RjY are lower than SNL. For
each set of data, the descending slope of normalized noise become very small for P2a higher
than 3 mW. Moreover, the normalized noise level is about 0.34, 4.6 dB lower than SNL, for P2a
greater than 4 mW, at which the corresponding the power gain of PSA is about 10 (see Fig. 2(b)).
The results of R1X,1Y and R2X,2Y qualitatively agree with what is predicted by Eqs. (3) and (6).
We notice that the normalized noise of quadrature amplitudes R2X,2Y measured at idler out is
slightly higher than R1X,1Y at signal out. We think this might originate from the influence of
Raman scattering (RS), since the intensity of RS measured in the idler field (centering at 1565
nm) is higher than that in signal field (centering at 1533.4 nm) [25].

As a comparison, we also measure the normalized noise fluctuations R0X and R0Y from the joint
measurement of the two HDs when the pump power P2a is varied. We have R0X = R0Y , and the
results (squares) are displayed in Fig. 2(a) as well. In contrast to the normalized noises measured
by individual HD, we find R0X,0Y < 1 always holds, which is irrelevant to P2a. However, R0X,0Y
also decreases with the increase of P2a. This is because the detection efficiency of each HD is
not perfect, and the ability of detection-loss tolerance increases with the gain of PSA. Moreover,
for a given pump power P2a, R0X,0Y is always smaller than R1X,1Y and R2X,2Y . The reasons are
twofold. First, for the joint measurement, R0X,0Y < 1 is always achievable; while R1X,1Y < 1
and R2X,2Y < 1 are realizable only for high gain PSA. Second, the influence of detection loss on
jointly measured result of R0X,0Y is less than that measured by individual HDj ( j = 1, 2) (see Eq.
(10)). It is worth noting that for P2a greater than 6 mW, R0X,0Y ≈ R1X,1Y ≈ R2X,2Y ≈ 0.34 can
be obtained for all the three cases in Fig. 2(a), which means the EPR entanglement measured by
individual HD and joint measurement of two HDs is about the same for PSA with gain greater
than 15. The results illustrate that quantum entanglement between two different fields can be
revealed by only measuring one field with a balanced HD (HD1 or HD2) in either signal or
idler band if the gain of PSA is high enough, and two sets of balanced HDs are not necessary.

Fig. 2. (a) The normalized noise fluctuation the quadrature amplitudes, RjX and RjY , versus
the average power of pump P2, P2a. The data for j = 1, 2 (triangles and circles) is obtained by
the measurement of individual HD1 and HD2, while the data for j = 0 (squares) is obtained
by the joint measurement of two HDs. (b) The power gain of PSA as a function of P2a. The
solid lines in the plots are only used for guiding eyes.

As a comparison, we also measure the normalized noise fluctuations R0X and R0Y from the joint
measurement of the two HDs when the pump power P2a is varied. We have R0X = R0Y , and the
results (squares) are displayed in Fig. 2(a) as well. In contrast to the normalized noises measured
by individual HD, we find R0X,0Y<1 always holds, which is irrelevant to P2a. However, R0X,0Y
also decreases with the increase of P2a. This is because the detection efficiency of each HD is
not perfect, and the ability of detection-loss tolerance increases with the gain of PSA. Moreover,
for a given pump power P2a, R0X,0Y is always smaller than R1X,1Y and R2X,2Y . The reasons are
twofold. First, for the joint measurement, R0X,0Y<1 is always achievable; while R1X,1Y<1 and
R2X,2Y<1 are realizable only for high gain PSA. Second, the influence of detection loss on jointly
measured result of R0X,0Y is less than that measured by individual HDj (j = 1, 2) (see Eq. (10)). It
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is worth noting that for P2a greater than 6 mW, R0X,0Y ≈ R1X,1Y ≈ R2X,2Y ≈ 0.34 can be obtained
for all the three cases in Fig. 2(a), which means the EPR entanglement measured by individual
HD and joint measurement of two HDs is about the same for PSA with gain greater than 15.
The results illustrate that quantum entanglement between two different fields can be revealed by
only measuring one field with a balanced HD (HD1 or HD2) in either signal or idler band if the
gain of PSA is high enough, and two sets of balanced HDs are not necessary. Moreover, when
the entanglement between two fields is characterized by using individual HD, the measurement
results should also be insensitive to the loss induced by mode mis-match between the spectra of
LO and measured field if the gain of PSA is high enough.

To further reveal that the ability of detection-loss tolerance increases with the gain of PSA, we
perform joint measurement to measure Iamp

JM = R0X + R0Y by varying the detection loss of each
HD when the gain of PSA is fixed at different levels. The total detection loss (Ld) at each output
port of PSA is the product of the detection loss of HD and the transmission loss and is changed by
inserting an adjustable attenuator (ATT) in front of each HD. Figure 3 shows Iamp

JM as a function
of the total detection loss when the gain of PSA is fixed at 1, 5 and 16, respectively. One sees the
general trend of each set of data is the same: Iamp

JM always increases with the increase of detection
loss. But the rising slope reduces with the increase of PSA gain. When the gain is 1, the rising
slope of Iamp

JM is the highest. For a fixed value of loss, Iamp
JM decrease with the increase of gain.

When total detection efficiency is in the range of about 60% ∼ 80%, the value of Iamp
JM ≈ 0.68

(4.6 dB lower than SNL) is achieved for PSA with gain of 16.

Moreover, when the entanglement between two fields is characterized by using individual HD, the
measurement results should also be insensitive to the loss induced by mode mis-match between
the spectra of LO and measured field if the gain of PSA is high enough.
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Fig. 3. The measured value of Iamp
JM

as a function of total detection loss (Ld) when the
gain of PSA is 1, 5 and 16, respectively. The gray shadowed line is the linear fitting
of the measured inseparability Iamp

JM
with G = 1 (circles) according to the function of

Iamp
JM
|G=1 = I ′

FOPA
× (1 − Ld) + Ld , where I ′

FOPA
is the minimum inseparability by only

correcting the detection loss. In the measurement, the gain of FOPA is fixed at 2.7.

In Fig. 3, the data (squares) obtained by blocking the pump P2 is equivalent to measuring the
EPR correlation by using the traditional method. In this case, the gain of PSA is G2 = 1, and the
measured inseparability linearly depends on the detection loss due to the shot-noise coupled into
detection system [16]. We fit this set of data by using the equation

Iamp
JM |G=1 = I ′FOPA × (1 − Ld) + 2Ld (11)

where the parameter I ′FOPA is the minimum value of inseparability achievable by completely
compensating the loss due to non-ideal transmission and non-ideal quantum efficiency of
photodetectors. According to the fitting (the gray shadowed line in Fig. 3), we find I ′FOPA = 0.82,
which is worse than Iamp

JM ≈ IHDj ≈ 0.68 deduced from Fig. 2(a) for the case of P2a greater
than 5 mW. The result indicates that there are other effects that are detrimental to entanglement
measurement but cannot be attributed to the losses, and our new measurement method is
not affected by these effects. Our analysis in the following shows that these effects are from
multi-mode nature of the detected fields [16].

Since each filed of the entangled state generated by the pulse pumped FOPA is in multi-temporal
modes [14,15], there exists an independent set of pairwise modes { Âj, B̂j} ( j = 1, 2, ...) for the
signal and idler fields that have the following input-output relation [13].
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j = µj Âin
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Fig. 3. The measured value of Iamp
JM as a function of total detection loss (Ld) when the

gain of PSA is 1, 5 and 16, respectively. The gray shadowed line is the linear fitting
of the measured inseparability Iamp

JM with G = 1 (circles) according to the function of
Iamp
JM |G=1 = I′FOPA × (1 − Ld) + 2Ld , where I′FOPA is the minimum inseparability by only
correcting the detection loss. In the measurement, the gain of FOPA is fixed at 2.7.

In Fig. 3, the data (squares) obtained by blocking the pump P2 is equivalent to measuring the
EPR correlation by using the traditional method. In this case, the gain of PSA is G2 = 1, and the
measured inseparability linearly depends on the detection loss due to the shot-noise coupled into
detection system [16]. We fit this set of data by using the equation

Iamp
JM |G=1 = I ′FOPA × (1 − Ld) + 2Ld (11)

where the parameter I ′FOPA is the minimum value of inseparability achievable by completely
compensating the loss due to non-ideal transmission and non-ideal quantum efficiency of
photodetectors. According to the fitting (the gray shadowed line in Fig. 3), we find I ′FOPA = 0.82,
which is worse than Iamp

JM ≈ IHDj ≈ 0.68 deduced from Fig. 2(a) for the case of P2a greater than
5 mW. The result indicates that there are other effects that are detrimental to entanglement
measurement but cannot be attributed to the losses, and our new measurement method is
not affected by these effects. Our analysis in the following shows that these effects are from
multi-mode nature of the detected fields [16].
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Since each filed of the entangled state generated by the pulse pumped FOPA is in multi-temporal
modes [14,15], there exists an independent set of pairwise modes {Âj, B̂j} (j = 1, 2, . . .) for the
signal and idler fields that have the following input-output relation [13].

Âout
j = µjÂin

j + νjB̂in†
j , B̂out

j = µjB̂in
j + νjÂin†

j , (12)

with Â†j ≡
∫

dωsφj(ωs)â†1(ωs) and B̂†j ≡
∫

dωiψj(ωi)â†2(ωi) denoting the creation operators for
j−th mode signal and idler fields, where the complex functions φj(ωs) and ψj(ωi), satisfying
the conjugate conditions,

∫
dωsφ

∗
i (ωs)φj(ωs) = δij =

∫
dωiψ

∗
i (ωi)ψj(ωi), represent the spectrum

of signal and idler fields in the j−th order temporal modes fj(τ) =
∫

dωsφj(ωs)e−iωsτ and
hj(τ) =

∫
dωiψj(ωi)e−iωiτ , µj and νj with µ2j − ν2j = 1 are the gain coefficient for j−th mode.

Since µj are different for different j, we can always arrange mode order so that µ1 > µ2 > µ3 · · ·
[14,15]. For the pulsed pump with Gaussian shaped spectrum, the gain coefficient of the
fundamental mode µ1 is the highest [15,30].

In the multi-mode case, the strong local oscillators applied in HD1 and HD2 can be decomposed
as

ALO(ω) =
∑

j
ξjφj(ω), BLO(ω) =

∑
j
ζjψj(ω), (13)

where ξj ≡ |ξj |eiθj =
∫

dωALO(ω)φ∗j (ω), ζj ≡ |ζk |eiθ′j =
∫

dωBLO(ω)ψ∗j (ω) with
∑

j |ξj |2 = 1 =∑
j |ζj |2 are the complex coefficient characterizing mode matching. θj, θ ′j are the LO phases for

individual mode j. The theoretical analysis shows that the inseparability [16]

Imulti =
∑

j

[
(µj |ξj | − νj |ζj |)2 + (νj |ξj | − µj |ζj |)2

]
(14)

measured by the traditional method is an averaged value of inseparability of each mode pair,
which are larger than that obtained by perfectly matching the local oscillators with fundamental
modes I1 = 2(µ1 − ν1)2 [15]. Moreover, if the mode matching coefficients for the two entangled
fields ζj and ξj are significantly different from each other, the measured value of Imulti in Eq.
(14) might become higher than the SNL of 2 due to the thermal nature of individual signal or
idler field. For example, assuming the entanglement is a super position of two pairs of temporal
modes, if the mode matching coefficients between the detected fields and local oscillators are
|ξ1 | = 0, |ξ2 | = 1 and |ζ1 | = 1, |ζ2 | = 0, the measured value of Imulti = µ

2
1 + ν

2
1 + µ

2
2 + ν

2
2 is higher

than 2, and the inseparability criterion can not be obtained.
When the entangled state is measured by the new method, the measured inseparability of

PSA-assisted joint measurement can be written as [16]

Iamp
JM ≈

2(|ξ1 | + |ζ1 |)2G2
1(µ1 − ν1)2

(|ξ1 | + |ζ1 |)2G2
1

= 2(µ1 − ν1)2, (15)

for g → ∞, which means that the difficulty encountered in directly measuring multi-mode
entanglement with two balanced HDs can be solved.

To verify the merit of our new method on measuring the multi-mode entanglement, we jointly
measure the normalized noise of quadrature amplitudes at signal and idler output fields and
accordingly deduce the inseparability Iamp

JM when the power of PSA P2a is set to either 0 or 7
mW, corresponding to the power gain 1 and 48, respectively (see Fig. 2(b)). In each case, Iamp

JM is
measured as a function of the average pump of FOPA. The gain of FOPA as a function of P1a
plotted in the inset of Fig. 4. The results of Iamp

JM versus P1a for two cases are shown in the main
plot of Fig. 4. Obviously, for a given power P1a, Iamp

JM measured for P2a=7 mW are always better
than those for P2a=0. We have known that the main reason is that the ability of detection-loss
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tolerance increases with the gain of PSA. However, even after correcting the data measured by
the traditional method (for P2a =0) after taking the detection loss into account, the corrected
data (circles) is still worse than the results for P2a=7 mW (triangles). This is because the fields
generated from pulse pumped FOPA are in multi-temporal modes but the signal and idler fields
in the first order temporal modes φ1(ωs) and ϕ1(ωi) become the dominating contribution at the
high gain PSA [30].
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Fig. 4. Jointly measured inseparability Iamp
JM

as a function average power of FOPA, P1a.
The data represented by squares and triangles is respectively obtained for the case of P2a=0
and P2a=7 mW. In the measurements, the detection loss of each HD is about Ld=0.22. The
solid circles are the corrected data for the case P2a = 0 when the detection loss is taken into
account. The inset shows the power gain of PSA as a function of average power P1a .

3. Summary and discussion

In conclusion, our experimental results illustrate that the new method realized by combining a
high gain PSA with one or two balanced HDs has three advantages over the traditional method:
tolerance to detection loss, resistance to temporal mode-mismatching, and only one balanced HD
needed to characterize the entanglement between two different fields. It should be pointed out
that the underlying physics in some recent experiments of using SU(1,1) nonlinear interferometer
for quantum metrology is the same as the new method described here, that is, the noise for signal
measurement is reduced due to entanglement correlation, and the noise reduction is tolerant to
detection loss [22, 31–33].
On the other hand, for the entanglement generated from a single pass optical parametric

amplifier, particularly, by using ultra-fast mode locked laser as the pump, high speed detectors
which can measure the broadband squeezing and resolve information encoded in individual
pulse are highly desirable [34, 35]. However, limited by the product between the gain of
electronic amplifier and gain bandwidth, it is not trivial to develop such kind of fast detectors for
quantum information processing. When PSA is used to assist the balanced HD in measuring the
entanglement, the role of pump in the PSA is similar to that of the strong LO in balanced HD in
the sense that the noise of entangled state and the level of SNL are amplified. Hence, the SNL of
the new measurement method is lifted by the high gain PSA (see Eq. (4) and [1,16]). As a result,
the requirement to the gain of the transimpedance amplifier (TIA) used to amplify photocurrent
of HD (see Fig. 1) to get rid of the influence of dark currents on photodiodes is then relaxed.
We expect to dramatically increase the response bandwidth of our new measurement system by
reducing the gain of electronic amplifier of HD in the near future.
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high gain PSA with one or two balanced HDs has three advantages over the traditional method:
tolerance to detection loss, resistance to temporal mode-mismatching, and only one balanced HD
needed to characterize the entanglement between two different fields. It should be pointed out
that the underlying physics in some recent experiments of using SU(1,1) nonlinear interferometer
for quantum metrology is the same as the new method described here, that is, the noise for signal
measurement is reduced due to entanglement correlation, and the noise reduction is tolerant to
detection loss [22,31–33].
On the other hand, for the entanglement generated from a single pass optical parametric

amplifier, particularly, by using ultra-fast mode locked laser as the pump, high speed detectors
which can measure the broadband squeezing and resolve information encoded in individual
pulse are highly desirable [34,35]. However, limited by the product between the gain of
electronic amplifier and gain bandwidth, it is not trivial to develop such kind of fast detectors for
quantum information processing. When PSA is used to assist the balanced HD in measuring the
entanglement, the role of pump in the PSA is similar to that of the strong LO in balanced HD in
the sense that the noise of entangled state and the level of SNL are amplified. Hence, the SNL of
the new measurement method is lifted by the high gain PSA (see Eq. (4) and [1,16]). As a result,
the requirement to the gain of the transimpedance amplifier (TIA) used to amplify photocurrent
of HD (see Fig. 1) to get rid of the influence of dark currents on photodiodes is then relaxed.
We expect to dramatically increase the response bandwidth of our new measurement system by
reducing the gain of electronic amplifier of HD in the near future.
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