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The weak-value-based metrology is very promising and has attracted a lot of attention in recent years
because of its remarkable ability in signal amplification. However, it is suggested that the upper limit of the
precision of this metrology cannot exceed that of classical metrology because of the low sample size caused
by the probe loss during postselection. Nevertheless, a recent proposal shows that this probe loss can be
reduced by the power-recycling technique, and thus enhance the precision of weak-value-based metrology.
Here we experimentally realize the power-recycled interferometric weak-value-based beam-deflection
measurement and obtain the amplitude of the detected signal and white noise by discrete Fourier transform.
Our results show that the detected signal can be strengthened by power recycling, and the power-recycled
weak-value-based signal-to-noise ratio can surpass the upper limit of the classical scheme, corresponding
to the shot-noise limit. This work sheds light on higher precision metrology and explores the real advantage
of the weak-value-based metrology over classical metrology.
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Introduction.—Weak-value-based metrology has shown
its great power in signal amplification since it was first
introduced by Aharonov, Albert, and Vaidman in 1988 [1],
based on the seminal work of the two-state-vector formal-
ism of quantum mechanics [2]. In this weak-value-
amplification (WVA) technique, the pre- and postselected
ensemble play a critical role; therefore, it is also known as
the postselected weak measurement [3]. To date, this WVA
technique has been successfully employed in the measure-
ment of some small physical effects, such as the optical spin
Hall effect [4], beam deflections [5,6], phase shifts [7,8],
plasmonic spin Hall effect [9], and angular rotations [10].
These experiments indicate that the WVA technique indeed
benefits the measurement by suppressing the technical
noise [11–13] and improves the corresponding precision.
As a complex value, weak value always shows greater
power in estimation precision when the imaginary part is
utilized [5,7,11]. For example, in the interferometric weak-
value-based beam-deflection measurement reported in
Ref. [5], a purely imaginary weak value is obtained and
the precision down to 400� 200 frad is reached, which
corresponds to the linear travel of a piezoactuator down to
14� 7 fm, i.e., the order of the diameters of some large
atomic nucleus.
However, in the technical-noise-free situation, consider-

ing the trade-off relation between the amplification effect
and the probe loss induced by the postselection in this
protocol, a direct question is raised of whether the WVA

technique can improve the ultimate limit of the measure-
ment precision, i.e., to go beyond the signal-to-noise ratio
(SNR) or Fisher information corresponding to the shot-
noise limit. This question has stimulated many discussions
recently [13–15], and it has been shown that weak value
offers no precision advantages in the ideal scenario [14,15],
no matter when the real or imaginary part is utilized.
Particularly, in the interferometric beam-deflection mea-
surements [5], this standard weak-value-based protocol
does not provide a higher precision limit, compared with
that of the classical measurement protocol (SNR corre-
sponding to shot noise) in which the beam is directly
focused onto the detector [12,13]. It seems that the probe
loss caused by the postselection plays the critical role in this
problem. Therefore, some recent works theoretically pro-
pose to reduce this critical probe loss by the utilization of
the recycling technique [16,17], especially the power-
recycling technique, which has been successfully applied
in the detection of gravitational waves [18,19].
The logic diagram for the power-recycled weak-value-

based (PRWV) metrology compared with that of the
classical and standard weak-value-based (SWV) metrolo-
gies is shown in Fig. 1, in which a physical effect of the
target system is measured. The classical metrology usually
contains the following processes [20]: first, the preparation
of the probe; second, the interaction process (in this work
we only focus on the weak-interaction situation) during
which some physical quantities of the probe couple to the
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system parameter; third, the probe detection; and finally,
the parameter estimation according to the detected probe
quantities (not shown in Fig. 1). By inserting an additional
step of postselection after the interaction, the SWV met-
rology can obtain an amplified weak value instead of the
expectation value in the classical metrology. However, it
has to undergo the loss of probe, which will decrease the
measurement precision [15]. An optimal weak-value-based
metrology should make full use of the wasted probe;
therefore, an improved idea is to recycle the probe that
is supposed to be discarded. This strategy is the PRWV
metrology. Taking the probe source and the detector in
Fig. 1 as the invariant input and output devices, respec-
tively, different measurement outcomes will be obtained
when different measurement devices (the dashed box in
Fig. 1) are used. The classical and the SWV protocols have
the advantages of either the large data amount or the
amplified physical effect, while the PRWV protocol can
combine both of the advantages together [16,17].
In this work, we experimentally study the precision

problem in the interferometric weak-value-based beam-
deflection measurement using both the SWV and PRWV
strategies [17] and compare the measurement precision of
the SWVand PRWV (and also the classical) strategies. For
the PRWV strategy, we place a partially transmitting mirror
at the bright port of the interferometer (on the basis of the
SWV configuration) to form a resonant cavity, which sends
the unpostselected photons back into the measurement
device, and the number of the detected photons at the dark

port will receive a gain, i.e., the decrease of the probe loss.
Meanwhile, the amplification effect of the weak value
remains nearly unchanged. Therefore, the ultimate precision
of the PRWV protocol can be increased and can surpass the
precision limit of the SWV protocol (and also the classical
protocol, which has been examined experimentally). To
avoid the effect of the technical noise, we use the discrete
Fourier transform (DFT) method to extract the signal and
white noise (dominated by shot noise) in the data processing.
Our results show that the detected signal (proportional to the
beam deflection) is amplified by a gain factor of 2.40� 0.12
in our PRWV measurement compared to the SWV scheme.
Moreover, the SNR related to the white noise in our PRWV
measurement indeed surpasses the SNR limit of the SWVand
classical schemes. These results indicate that the WVA
metrology shows an obvious measurement-precision advan-
tage over the classical metrology when the power-recycling
technique is combined.
Theoretical framework.—For the SWV protocol, a probe

beam is injected into the measurement device (the Sagnac
interferometer in Fig. 2) without the cavity mirror. In this
interferometer, the piezo-driven beam splitter (BS) induces
a beam momentum shift k ¼ k0ε on the reflected beam,
with k0 denoting the probe light’s wave number and ε
denoting the beam-deflection angle (in rad). Under the
weak-value condition kD ≪ ϕ=2 ≪ 1 (D represents the
beam size and ϕ is the phase delay between the clockwise
and the counterclockwise beam), the postselection proba-
bility is expressed as Pps ¼ sin2ðϕ=2Þ ≈ ðϕ=2Þ2 and only a
small fraction of photons can exit from the dark port of
the interferometer. The momentum shift then results in an
amplified position-expectation shift hΔxi ≈ kσ2=ð2ϕÞ on
the dark-port output beam, which is related to the imaginary
weak value (σ represents the 1=e diameter of the Gaussian
beam) [12,21]. This position shift can be estimated by
detecting the photon number difference between the left
and right sides of the output beam. Compared to the
classical scheme in which the beam is directly focused
onto the detector by a lens (the focal length is fc) and the
beam position shift is hδi ¼ fck=k0, the amplification
factor is hΔxi=hδi ≈ k0σ2=ð2ϕfcÞ.
By using the knife-edge prism (KEP) to split the beam

into two halves and coupling both halves into the single-
photon avalanche diodes (SPADs), respectively, the photon
number difference s per unit time can be counted. The
average difference is given by hsi ≈ 2Ndetkσ=ðϕ

ffiffiffi
π

p Þ in the
case of the collimated beam, where Ndet is the total photon
number detected per unit time [17]. For the convergent case
in our setup, a multiplicative factor of F ¼ ðf − llbÞ=f
should be applied where f is the focal length of L3 and L4
and llb represents the distance between L3 and the 50∶50
BS (or equivalently, the distance between L4 and the BS).
The details of the calculations for F are shown in
Supplemental Material [22]. Thus, the shot-noise-limited
SNR can be derived as
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FIG. 1. The schematic diagram of three metrological protocols.
The classical metrology is constituted by three steps: the probe
preparation, the interaction between the probe and the target
system (in this work, we focus on the weak-interaction situation),
and the probe detection. For the weak-value-based metrologies,
an additional step of probe postselection is inserted. The probe
that is not postselected is discarded in the SWVmetrology, and is,
however, recycled in the PRWV metrology. The steps in the
dashed box can be regarded as the measurement devices, which
output the results of the probe coupling to the target system,
which are then detected by the detector.
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R ¼ hsi
ffiffiffiffiffiffiffiffi
Ndet

p ≈
2Fkσ
ϕ

ffiffiffi
π

p ffiffiffiffiffiffiffiffi
Ndet

p
: ð1Þ

In the PRWV protocol, the power recycling is realized
by inserting the cavity mirror at the bright port of the
interferometer (see Fig. 2) to form a resonant cavity with
the assistance of this Pound-Drever-Hall (PDH) system and
performs the optimal recycling for the unpostselected probe
photons. The power gain factor inside the cavity can be
expressed as G ¼ ð1 − rÞ=½1þ ð1 − βÞr − 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rð1 − βÞp �,

where r is the reflectivity of the cavity mirror and β is
the power-loss factor during one traversal in the cavity [22].
In the ideal situation, the only loss in this cavity is caused
by the postselection, whereas in the practical situation,
there are some other losses induced by, for example, the
imperfect transmittivity or reflectivity of the optical com-
ponents. In our experiment, the one-traversal loss factor
β is approximately 0.4 and the postselection probability is
10%. A cavity mirror with a reflectivity of 70%, which
matches the loss, is used here to acquire the optimal power
gain. The probe utilization ratio can be boosted through
this cavity-enhancement method, and the detected photon
number is also increased to GNdet.
Experiment.—The experimental setup is sketched in

Fig. 2, which can be recognized as four parts: (1) the probe
source, which supplies the single-photon-level probe beam
for themeasurement task, (2) themeasurement device, which
couples the beam deflection to the output beam’s transverse
position, (3) the splitting detector, which detects the beam-
position shift, and (4) the PDH system [23,26], which
stabilizes the cavity length according to the detected signal
from the reference beam (∼2 mW). In order to evaluate the
SNR result originated from the shot noise, the power of
the probe beam is attenuated to the single-photon level, and
the effect of the technical noise can be relatively small. This
beam is finallydetected by theSPADs in the splittingdetector.
To further reduce the effect of the technical noise, we use the
DFT method to extract the difference signal (proportional to
the beam deflection) and the white noise (dominated by the
shot noise). The details of the experimental setup (including
thePDHsignal analysis) and the data processing canbe found
in the Supplemental Material [22].
Figure 3 shows the relation between the various angles of

the beam deflection (in rad) and the average difference
signal (s0), which is derived through the data processing
including the DFT method [22]. The red dots are obtained
in the power-recycled configuration, and the blue triangles
are obtained when the cavity mirror is removed. The
detected total photon count is 84.02� 0.03 per integration
time in the case of the absence of the cavity mirror. The red
solid and blue dashed lines are derived by linearly fitting on
these average difference signals, and the ratio between the
slopes of these lines is 2.40� 0.12. This result shows that
the power-recycled signal can be boosted to 2.40� 0.12
times of that in the standard situation, and the average
difference signal still keep linear with respect to the
deflection angle in the power-recycled situation.
The SNR related to the shot noise can be estimated as

R ¼ s0=μ, where μ is the average white noise derived in the
frequency domain of the detected difference count (see
details for μ in the Supplemental Material [22]), which is
equal to the SNR derived by Eq. (1) in the technical-noise-
free situation. To compare the measurement precisions
of the weak-value-based and classical metrologies, the
classical-strategy-based experiment is also performed and

rf

FIG. 2. Experimental setup of the power-recycled weak-value-
based beam-deflection measurement. This setup is constituted by
four parts: the probe source, the measurement device, the splitting
detector, and the PDH system used to stabilize the cavity length.
The probe source is the beam attenuated by the neutral-density
filter (NDF). This beam is focused onto the cavity mirror and sent
into the measurement device. The measurement device consists
of a cavitymirror and a Sagnac interferometer. The beam deflection
is imposed via a pizeo-driven 50∶50 BS and is coupled to the
transverse beam position when exiting from the dark port. The
splitting detector is realized using aKEP, twoSPADs, and a time-to-
digital converter (TDC), which is used to detect the beam-position
shift. The PDH system contains the reference beam modulated by
the chopper, the transimpedance amplifier (TIA) used to detect the
powerof this beam, the following signal-processing circuits, and the
servo to stabilize the cavity mirror. LPF, low-pass filter; M1, mirror
1; DP, dove prism; FR, Faraday rotator; EOM, electro-optic
modulator; PBS, polarizing beam splitter; VA, variable attenuator;
QWP, quarter-wave plate; HWP, halfwave plate.
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the corresponding SNR is evaluated, which should be equal
to theSNRof the SWVprotocol in the ideal situation [12,13].
The details about the classical-strategy-based experiment
canbe found in theSupplementalMaterial [22]. The numbers
of the input probe photons are all the same for the classical-,
SWV-, and PRWV-strategy-based experiments. The SNR
results are shown in Fig. 4(a). The beam-deflection angle
here is ε ¼ 0.92 μrad. The blue triangles, red dots, and
orange squares are the results for the SWV, PRWV, and
classical protocols, respectively. All the SNR results increase
with the input probe photon number. The shot-noise-limited
SNR for the SWVprotocol (blue dashed line) is derived from
Eq. (1), which is lower than that for the classical protocol
(orange solid line; details for the derivation of this line are
presented in the Supplemental Material [22]). This is caused
by the negative effects appearing in the practical SWV
experiment: the additional probe loss introduced by more
optical components in the SWV configuration, the uncolli-
mated beam (which makes F < 1), etc. The difference
between the SWV (classical) result and its (corresponding)
shot-noise-limited SNR line in Fig. 4(a) is caused by the
effect of the background photons, which make no contribu-
tion to the signal but bring in additional shot noise. The light
orange region represents the confidence interval of the
classical shot-noise-limited SNR under the level of 0.999,
which is entirely below the PRWV data. This indicates
that the PRWV protocol indeed shows the advantage of the
measurement precision even when not considering the
suppression effect of the residual technical noises, and
the WVA technique in the power-recycling configuration
can surpass the shot-noise limit of the classical technique.
Figures 4(b) and 4(c) show the derived white noises in the
SWV and classical protocols, respectively, using blue dots,

and the corresponding lines are the shot noises calculated
from the square roots of the detected photon numbers. The
tiny differences between the experimental results and the
corresponding shot-noise lines show that the white noises
other than shot noise included in the data should be less
than 1%, which may be the technical noises originated from
the afterpulsing effect and the detecting-efficiency jitter of
the SPADs.
Conclusions.—We have demonstrated a proof-of-

principle experiment of power-recycled interferometric
weak-value-based beam-deflection measurement, which
provides a practical way to recycle the wasted probe in
the WVA technique. We investigate the measurement
ability of the PRWV protocol, which can increase the
SNR beyond the precision limit corresponding to the shot
noise in the SWV and classical schemes (in the same
conditions for the probe source and detectors). It indicates
that the WVA technique indeed shows the advantage with a
higher measurement precision by appropriately utilizing
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FIG. 4. (a) The relation between the white-noise-related SNR
and the input probe photon number per integration time for the
classical, SWV, and PRWV protocols. The orange solid and blue
dashed lines are the shot-noise-limited SNR of the classical and
SWV protocols, respectively. The light orange region is the
confidence interval of the classical shot-noise-limited SNR under
the level of 0.999. These results indicate that the SNR of the
PRWV protocol surpasses the classical limit under the confidence
level of 0.999. (b),(c) The relation between the white noise and
the input probe photon number in the (b) SWV and (c) classical
protocols. The dots represent the experimental data, and the lines
show the shot noises, which are calculated from the square roots
of the detected photon numbers per integration time. The error
bars correspond to the standard error of the results.

FIG. 3. The relations between the average difference signal s0
(of 260 sample sequences) and the beam deflection in the PRWV
and SWV situations. The red solid and blue dashed lines are the
linear-fit results of the corresponding experimental results. The
slopes indicate that the difference signal is amplified by a factor
of 2.40� 0.12 after combining the power-recycling technique.
The error bars correspond to the standard error of the results.
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the wasted probes. In addition, in the practical perspective,
this power-recycling scheme can also further suppress
the influence of some common technical noises, such as
the constant background noise induced by the often-used
electrical detectors, because of the further amplification of
the strength of the detected signal. Although the PRWV
protocol is demonstrated here in the situation of the
interferometric beam-deflection measurement, it is very
suitable to be transplanted to many other weak-value-
based experiments, since the probewasting by postselection
is ubiquitous in all the SWVexperiments. These properties
make the PRWV protocol exhibit a great advantage in the
improvement of the measurement precision.
Besides the power-recycling technique used in the PRWV

protocol, there are also some other interesting techniques
that are used to increase the measurement precision. For
the pulsed-probe-source situation, the multibounce pulse-
recycling strategy is another choice to solve the probe-loss
problem in the weak-value-based metrology [16,27]. Also,
various enhancement methods in other metrologies can be
brought in for higher measurement precision by enhancing
the interaction process. Kasevich’s group introduces a multi-
bounce mirror into the weak-value-based beam-deflection
measurement to make the probe interact with the target
system for multiple times [6]. They realize the multiple-
interaction scheme with around ten bounces and show the
enhancement to the angular sensitivity, which is in principle
proportional to the number of bounces. The combination of
this multiple-interaction technique and the power-recycling
technique could further enhance the measurement precision.
In addition, some quantum metrology could also be com-
bined with the PRWV metrology to obtain higher measure-
ment precision, such as entanglement-assistedWVA[28] and
using a quantum probe source [3,24]. These techniques will
shed light on the development of metrologies with ultrahigh
precisions.
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