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Accurate time-delay measurement is at the core of many modern technologies. We present a temporal-
mode demultiplexing scheme that achieves the ultimate quantum precision for the simultaneous estimation
of the temporal centroid, the time offset, and the relative intensities of an incoherent mixture of ultrashort
pulses at the single-photon level. We experimentally resolve temporal separations 10 times smaller than the
pulse duration, as well as imbalanced intensities differing by a factor of 10. This represents an improve-
ment of more than an order of magnitude over the best standard methods based on intensity detection.
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I. INTRODUCTION

The measurement of the time delay between two clocks
is of paramount importance for many applications, from
navigation and global positioning [1] to tests of gen-
eral relativity [2], long baseline interferometry [3], optical
coherence tomography [4], and gravitational wave detec-
tion [5], to cite but a few. With optical pulses emitted
from coherent or partially coherent sources, the timing
information can be measured through established inter-
ferometric methods and conventional photodetection, such
as Fourier-transform interferometry [6]. Distance informa-
tion can be extracted from timing information using the
time-of-flight principle [7], which detects reflections off of
distant objects. In these cases and others, the main goal of
a timing measurement is to estimate specific properties of a
received signal consisting of multiple pulses, such as rela-
tive time delays, centroids, and relative intensities, and not
necessarily full temporal profile reconstruction.

In many settings, the optical pulses being measured
share little or no coherence. This happens with, for exam-
ple, remote clocks (e.g., the Global Positioning System),
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incoherent excitations in biological samples, condensed
matter physics, and astronomical observations [8]. In
the absence of coherence, interferometric methods like
frequency-resolved optical gating [9] and spectral phase
interferometry for direct electric-field reconstruction [10]
cannot be exploited, and the estimation precision of tools
that directly measure temporal intensity, such as streak
cameras [11] and time-to-space conversion [12], is reduced
dramatically (see the Appendix).

In the spatial domain, this problem has been dubbed
as Rayleigh’s curse [13]. In our context it can be formu-
lated as the limits in estimating the temporal separation t
between optical pulses. For intensity-only direct-detection
schemes in the instructive case of two mutually incoher-
ent pulses with equal intensities, the information gained
per photon detected (quantified by the Fisher informa-
tion) decreases quadratically with 7. This implies that the
variance of the estimation of T diverges as the pulse sep-
aration approaches zero, as can be formalized through the
Cramér-Rao lower bound (CRLB) [14].

Employing appropriate strategies (such as homodyne
detection [15]), the measurable timing sensitivity can be
enhanced by a factor 1/+/N, where N is the mean total
number of photons measured in the experiment during
the detection time. This is the famous standard quan-
tum limit [16], which can be even surpassed to the ulti-
mate Heisenberg scaling 1/N [17]. Detecting more pho-
tons, however, is not always possible, such as in many
photon-starved applications, e.g., astronomy or biological
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imaging, where longer measurement times suffer from
drifts and instabilities.

Rayleigh’s curse is not integral to the problem, but
rather an artifact of only considering the intensity of the
field. By optimizing over all possible quantum measure-
ments via the quantum Fisher information [18], it can be
shown that the precision of an optimal measurement main-
tains a fairly constant value for any pulse separation 7. In
other words, the divergence can be averted using phase-
sensitive measurements, despite the incoherent nature of
the sources. This information is always available, no mat-
ter how small 7 becomes. Experiments projecting onto
tailored optical field modes have demonstrated consider-
ably better precision than the direct-detection CRLB in
both the spatial [19—21] and the time domains [22].

These results are as interesting as they are important, but
they apply exclusively to signals of equal strength. Here,
we consider a more broadly applicable multiparameter sce-
nario, in which the pulses might have different intensities.
This can occur whenever an incoherently backscattered
echo pulse is measured relative to a reference, e.g., in lidar
ranging applications. This involves the simultaneous esti-
mation of the temporal centroid, the time offset, and the
relative intensities of the two pulses. Typically, when try-
ing to estimate multiple parameters, there is a trade-off
in the precision with which different parameters may be
estimated; when the protocol is optimized for one param-
eter, its performance in estimating the remaining param-
eters deteriorates. The underlying reason for this is an
incompatibility of the quantum measurements required to
simultaneously optimize the estimation of multiple param-
eters, meaning that it may not be possible to estimate all
parameters optimally at the same time [23,24]. The theory
of multiparameter estimation has attracted considerable
interest during recent years, with promise for a variety
of important applications [25-28]. To date, few recipes
to saturate the ultimate precision bounds are known, and
experimental demonstrations remain challenging [29,30].

In this work, we experimentally achieve the ultimate
quantum limits for multiparameter timing estimation. We
explicitly show that tailored strategies lead to a signifi-
cant improvement in precision over direct detection for
any number of photons. This constitutes not only a unique
demonstration of multiparameter estimation at the quan-
tum limit, but it works precisely in the regime in which
classical detection entirely fails, thus solving the outstand-
ing challenge of measuring extremely small time delays
between faint, mutually incoherent pulses.

It is worth stressing that our method is clearly distinct
from existing approaches that use quantum resources, such
as squeezing or entanglement, to achieve better scaling
of the measurement precision with respect to the number
of photons [17]. These approaches rely on highly frag-
ile probes, which are often not compatible with real-life
conditions, such as strong losses within the system. In
contrast, our approach focuses on performing an ideal
measurement, making it versatile in both real-life applica-
tions and under extreme conditions, such as the faint-light
astronomical measurements.

II. OPTIMAL MEASUREMENTS

In the following, we briefly lay out the theory underlying
our approach. A schematic setup is depicted in Fig. 1(a).
Two pulses of identical amplitude shape v (¢), but differ-
ent intensities, overlap with a time offset t between them.
In the case of direct detection, the signal acquired by a
detector with perfect temporal resolution is

IO =qlyt—1— /P + 0 =l —10+ /2,
(1)

where q is the imbalance parameter, which accounts for
the different intensities, and 7y is the temporal centroid.
Note that we have assumed an incoherent mixture of the
pulses [31], which is a good model for the common sit-
uation in which, e.g., one of the pulses is produced from
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FIG. 1. Experimental concept. Two mutually incoherent light pulses, shown in panel (a), can be characterized by a temporal sepa-

ration 7, a joint temporal centroid position 7y, and imbalanced intensities parametrized by q. The task is to find a measurement that
facilitates the simultaneous estimation of all three parameters with the best possible precision. Panel (b) shows the temporal envelopes
of the projections used for our optimal estimation. A simplified layout of our experimental apparatus to perform temporal-mode
selective measurements is depicted in (c).
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the reflection of an incoherent scatterer. In our experiment,
this incoherent signal is created by mixing the measure-
ment outcomes of positively and negatively shifted pulses
in time.

Our goal is the simultaneous estimation of 7, 73, and
g, which we collectively denote by 6 = (z, 79, q). In this
multiparameter estimation scenario, the central quantity is
the quantum Fisher information matrix, Q(@), which is a
mathematical measure of the sensitivity of a quantity to
changes in its underlying parameters, optimized over all
the possible measurements. For our case, we follow the
ideas in Ref. [32] to find that

W +4q(1 —q)e2 (q— 1/2)h>  —iwey
_ (q—1/2)k? h2/4 0
Q(o) =4 v 1 — W2
—iw v
- 49(1—q)

)
This depends solely on the quantities

w= (Wy|Ws), A =(Vi|H* W) er=EH(Wy|H|Vs),

€)

where |W_) are the wave functions of the two pulses and
H =9, is the generator of time translations.

In terms of the matrix Q(f) we have a multiparameter
quantum CRLB [25] (per single detection event)

Cov(®) = 07'(0), )

where COV(/o\) is the covariance matrix for a locally unbi-
ased estimator @ of the parameters 6. This gives the
ultimate precision in the estimation of . However, this col-
lective bound is not always saturable, as the measurements
for different parameters may be incompatible [33].

The optimal measurement attaining the limit consists of
phase-sensitive projections onto specifically designed tem-
poral modes, as sketched in Fig. 1(b). These modes are
determined by the successive derivatives of the amplitude
pulse shape [34,35]. To be specific, we take a Gaussian
temporal amplitude

(t— 1o £1/2)?
W(fi 1'/2) = WCXP [_T] . (5)

o; being the root-mean-square width. The temporal modes
thus reduce to the Hermite-Gauss modes {HG, }. Following
the procedure outlined in Ref. [34], four projections are
sufficient to optimally estimate the three parameters. These
projections are superpositions of the first four {HG,} and

read
0 0
| 16 | yve

Ty = 1/«/5 5 T = —1/\/5 5
—-1/V/3 ~-1/4/3 ©
\/5/@ —V3/V/5

_— ﬁ(/)ﬁ , = 2/«0/3
1/4/5 V2/4/15

We stress that this is strictly true only in the limit of small
separations 7, which is the regime we are interested in,
where all classical strategies fail.

To perform such projective measurements, we use a
quantum pulse gate [36—38], which is a reconfigurable
temporal-mode demultiplexer shown in Fig. 1(c). Gating
pulses propagate through an optically nonlinear waveguide
and interact with the incoherent near-infrared pulses to cre-
ate an output signal at green wavelengths. Detecting the
output photons corresponds to a projective measurement
along a certain temporal-mode set by the gating pulse. This
method combines the advantage of the enhanced preci-
sion of phase-sensitive measurements with the simplicity
and efficiency of photon counting at visible wavelengths.
The quantum pulse gate was originally developed as an
efficient and faithful temporal-mode demultiplexer of frag-
ile quantum states; in this work, however, we employ it
to characterize ultra-weak optical pulses in the classical
domain.

III. EXPERIMENTAL SETUP

Our experimental apparatus is sketched in Fig. 2.
A titanium-sapphire oscillator and an optical parametric
oscillator (OPO) are used to generate 150 fs long pulses
at 862 and 1540 nm, respectively, with a repetition rate of
80 MHz. A commercial fiber-coupled frequency-domain
pulse shaper carves two Gaussian pulses with a root-mean-
square width of oy = 1.57 ps from the OPO, one of which
receives a positive time shift of t/2, whereas the other
one receives a negative time shift of —z/2. These input
pulses are attenuated to a mean value of two photons per
pulse. Ten pulse separations 7 ranging from 0 to o; and
six imbalance parameters q ranging from 0.125 to 0.75
are programmed during the experiment. Without loss of
generality, we keep the centroid position, 7o, set at zero.
Positively and negatively shifted pulses are measured sep-
arately, then an incoherent mixture of the two pulses, as
in Eq. (1), is generated by mixing the individual measure-
ment outcomes in data postprocessing. This ensures that
no spurious coherence can enter the measurements.

The gating pulses, with a central wavelength of 862 nm,
are shaped into the measurement modes, using a free-space
Fourier-plane spatial light modulator. The input pulses and

010301-3



VAHID ANSARI et al.

PRX QUANTUM 2, 010301 (2021)

Input state preparation

NDF Signal pulse shaper

1540 nm

»- Si APD

553 nm

<
Filter -" r

oP0  ———

Pump pulse shaper

./(L DM

862 nm
—_—

PPLN waveguide

Ti: Sapph
Quantum pulse gate: mode-selective measurements

FIG. 2. Experimental setup. The input pulses with different
time delays and intensities are carved from an attenuated broad-
band OPO at 1540 nm, using a Fourier-plane liquid-crystal
spatial light modulator. Gating pulses with superpositions of
Hermite-Gauss functions are shaped by a similar pulse shaper.
We then mix the gating and input pulses in a PPLN waveguide,
followed by bandpass filter and a silicon avalanche photodiode
(Si APD) to count the up-converted green photons. NDF is the
neutral density filter and DM is the dichroic mirror.

the gating pulses are then sent to a quantum pulse gate
[36-38]. As mentioned, this device is a mode-selective fre-
quency converter that facilitates projections onto arbitrary
temporal modes that are user chosen and defined by the
temporal mode of the gating pulses.

Our quantum pulse gate is a 35 mm long titanium-
indiffused periodically poled lithium niobate (PPLN)
waveguide with a poling period of 4.4 um. Propagation
of the optical fields in the fundamental spatial mode of the
waveguide is assured by the waveguide geometry for the
input signal and by optical mode matching for the gating
field. The gating pulses have a pulse energy of 100 pJ that
provides a conversion efficiency of 40%, excluding col-
lection and detection losses. The sum-frequency generated
light at 553 nm is filtered with a 4f setup to discard the
phase matching side lobes with a tight bandwidth of 17
GHz and then coupled to a single-mode fiber and detected
with an off-the-shelf silicon avalanche photodiode. The
total system efficiency of our experimental apparatus is
6%. Using appropriately coated lenses and the PPLN crys-
tal, spectral filters with a higher transmission, and a more
efficient photon detector, which are all commercially avail-
able, the total efficiency can be readily improved by a fac-
tor of 5. Another factor of 2 improvement can be achieved
by implementing the quantum pulse gate in a double-pass
configuration [39], or integrated microresonators [40].

In our current quantum pulse gate implementation, the
four modes are measured sequentially. This is not a fun-
damental limitation of the device; with a multiplexing
scheme, one can measure many modes in parallel, which
can enable a single-shot multiparameter estimation [41].
To collect statistics, each setting of input pulses and gating

pulses is measured 100 times, with a total measurement
time of 2 ms per setting. As our experiment is very sensi-
tive to the smallest temporal drifts between the input signal
and gating field—after all, it was designed for exactly
this purpose—special care is taken to limit temperature
fluctuations of the measurement setup to below 0.1 °C.

To construct an unbiased estimator resilient to the
imperfect selectivity of our device, we use calibration
data to perform measurement tomography of our tech-
nique [35]. In particular, approximating the measurement
responses, i.e., the probabilities p,(t, 7, q) (n =0,...,3)
of the four implemented projective measurements, by low-
order polynomials in the parameters 7 and 7y,

2
Pn = Con + C1nTo + C2nT + C3nq + CanTy + C5,TOT

+ cenToq + et + CcgnTq + €970, (7

the unknown coefficients c,, are estimated from data
averaged over 100 repetitions using the generalized least
squares (GLS) estimator from about 23 x 10° total detec-
tions. This provides a theoretical description of the mea-
surement apparatus and confirms that targeted optimality
conditions, namely the (nearly) zero overlap of two of
the measurement channels with the fundamental Gaussian
mode, are obeyed by the laboratory setup.

Our measurement model is used, in turn, for construct-
ing multiparameter estimates from individual measure-
ment runs, each comprising about 23 000 of detections. In
this case, constrained GLS estimation is applied for invert-
ing the nonlinear system (7) to ensure that the physical
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FIG. 3. Measurement model. The panels show the mean mea-

surement responses of our four measurement channels for a
selected range of parameters. In all panels tp = 0 and q = 0.125
(blue circles), g = 0.25 (orange squares), and g = 0.5 (green tri-
angles). The curves show the corresponding responses of the
theoretical detection model (7) used for multiparameter estima-
tion. Note the very different scales for the two channels at the top
and the two channels at the bottom of the figure.
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constraints T > 0 and 0 <q < 1 are obeyed by the esti-
mates. As non-negativity of t makes the corresponding
estimator T biased for very small separations, slight viola-
tions of the quantum CRLB might be seen in such extreme
cases.

The results are shown in Fig. 3, which presents the
responses of our four measurement channels. Note that
the realized measurement has two “dark” channels, cor-
responding to the projectors |my) and |m;), with almost no
intensity in the limit ¢ — 0. This is in agreement with the
optimal measurements found in Ref. [34], which required
two of the four projections to be orthogonal to the temporal

amplitude of the pulse. This grants superior performance
of the quantum measurement over the best intensity-based
inference.

IV. RESULTS AND DISCUSSION

In Fig. 4 we present our experimental results for the
simultaneous estimation of the three parameters: time
delay (7), intensity imbalance (q), and time-delay centroid
(7o). The solid orange lines are the programmed true val-
ues of the variables, whereas the shaded regions mark the
precision limits of incoherent direct detection, as derived
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FIG. 4. Experimental results for the simultaneous estimation of the time offset T, the relative intensities q, and the temporal centroid
7o of the incoherent mixture of two Gaussian pulses. Dimensionless time is obtained by scaling the time by the pulse width o;. Orange
lines show true values of the corresponding measured parameters. Blue circles and error bars show the sample means and standard
deviations over 100 estimates, each based on about 69 000 detection events. The shaded areas in all the plots represent the CRLB for
direct intensity measurements corresponding to the same total number of photon counts.
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directly from the CRLB. For a fair comparison, the direct-
detection CRLB is calculated for an imaging system with
the same quantum efficiency as our apparatus, detecting
exactly the same number of photons.

For very small time separations, no meaningful informa-
tion can be extracted from direct measurements, particu-
larly in the case of strong imbalance between the intensities
of the two signal pulses. The blue circles are mean val-
ues of the estimates retrieved from repeated measurements
with the constrained GLS estimation. The correspond-
ing errors are computed as standard deviations of those
estimates.

In Fig. 5 we plot the standard deviations of the esti-
mators T, T, and q from our experimental data. A clear
separation is seen between the direct-detection CRLB and
the true quantum CRLB. The experimental data strongly
outperforms direct-detection strategies and approaches the
quantum CRLB for all measured separations and imbal-
ance parameters, confirming that we have indeed imple-
mented an ideal measurement that yields the maximum
achievable information for this multiparameter estimation
problem. We also note that, for some values of 7, the stan-
dard deviations are slightly below the CRLB; this is due
to the systematic errors in producing the signal state. At
very small true separations (r < 0.2 in our dimensionless
units) the estimator becomes biased, and the CRLB must
be accordingly adapted [42].

These results demonstrate that mode-selective time
measurements in the proper optimal modes constitute a
unique tool for precision parameter estimation problems
where intensity measurements fail. Notably, the absolute

0.2 0.3 0.4 0.5
T/0¢

FIG. 5. Precision of the method. Standard deviations of the
estimators 7 (blue circles), 7p (green triangles), and q (red
squares) from our experimental data. Thick lines give the quan-
tum CRLB, and thin lines correspond to the direct-detection
CRLB. Colors correspond to the different parameters: blue con-
tinuous lines for T, green dotted lines for 7y, and red broken lines
for §. The data corresponds to ¢ = 0.125 and 69 000 effective
detections.

time and frequency scales accessible are not strongly
dependent on the scale of the measurement pulses, but
rather on the exact implementation of the mode-sensitive
detector [43]. In our realization, this corresponds to time
and frequency scales of 30 fs and 17 GHz, respectively.

In summary, our results show that multiparameter
estimation in the time-frequency domain can benefit
greatly from quantum-inspired techniques and analysis.
By exploiting time-frequency mode-selective measure-
ments, we have shown that multiple parameters, includ-
ing subpulse-width separations, relative intensities, and
delay-pulse centroid, can be estimated simultaneously with
precision below the standard CRLB. By adapting these
techniques to different scales, this method could find
immediate practical use in atomic and stellar spectral char-
acterization and time-of-flight imaging and spectroscopy.
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APPENDIX: ULTIMATE LIMITS OF THE
STANDARD MEASUREMENTS OF ULTRASHORT
PULSES

In order to characterize the temporal shape of an ultra-
short pulse it is often convenient to combine the pulse with
itself. Varying the delay between the pulse copies and mea-
suring the signal at each delay gives an estimate of the
pulse duration. These autocorrelation measurements have
limitations: to estimate the duration requires assuming a
particular pulse shape, and the phase of the pulse electric
field cannot be measured at all.

A variety of methods have been devised to bypass these
drawbacks. We focus here to one of the most popular,
the so-called frequency-resolved optical gating (FROG),
although our analysis can be extended to other similar
techniques. FROG and autocorrelation share the idea of
combining a pulse with itself in a nonlinear medium. But
FROG measures the spectrum of the signal at each delay
T (hence, the term frequency resolved), instead of just the
intensity. This measurement creates a spectrogram of the
pulse, i.e.,

+00 ) 2

’FROG<w,T>=|Esig<w,m2=V Eqy(t, e " dt|
—0o0

(AD)
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where Ej;, is the signal field from the nonlinear interaction.
This field depends on the original pulse and the nonlin-
ear process employed. For the common case in which the
second-harmonic generation is used, we have Egq (2, T) =
E@®E(t— T), so that

2

+00
Isng Frog (@, T) = ' / EWE({—Te ™ dt| , (A2)

which can be used to determine the complex electric field
as a function of time or frequency.

FROG is currently one of the most widespread tech-
niques for measuring ultrashort laser pulses. It allows for
the use of a phase-retrieval algorithm to retrieve the precise
pulse intensity and phase versus time.

Now, let us imagine that we use FROG for resolving the
temporal separation T between two incoherent pulses. To
simplify the problem, we take both pulses to be of identical
shape E(¢). The basic signal is then

E(t—1/2) +eE(t+1/2), (A3)
where we have to average over ¢ to take into account
that we are dealing with an incoherent mixture. The cor-
responding spectrogram reads

I(w,T,t) = 2cos(tDIsug rrog(@, T) + A(T)A(—1),
(A4)

with

+00
A(t) = / E(t—1/2)E(t+1/2 — e ™ dt. (A5)

ee}

Since t is the variable of interest, we write /(7) =
I(w, T, t). The crucial observation for what follows is that
the series expansion of /(r) in terms of t has no lin-
ear term; that is, the detected signal depends quadratically
onTt:

I(t) = I(0) + 21" (0). (A6)
We can then estimate the uncertainty in our measurement

via simple linear error propagation; for the variances, we
obtain

2
2, - AT (A7)
(8:1)?

But, since 9./ goes to zero for small t, the uncertainty
diverges and the method does suffer from Rayleigh’s
curse. Hence, established pulse characterization methods
fail when operated on incoherent pulse mixtures and other
methods have to be used, e.g., the approach demonstrated
in the main text.

[1] S.Droste, C. Grebing, J. Leute, S. M. Raupach, A. Matveev,
T. W. Hansch, A. Bauch, R. Holzwarth, and G. Grosche,
Characterization of a 450 km baseline GPS carrier-phase
link using an optical fiber link, New J. Phys. 17, 083044
(2015).

[2] C. W. Chou, D. B. Hume, T. Rosenband, and D. J.
Wineland, Optical clocks and relativity, Science 329, 1630
(2010).

[3] P. Krehlik et al., Fibre-optic delivery of time and frequency
to vlbi station, A&A 603, A48 (2017).

[4] J. G. Fujimoto, M. E. Brezinski, G. J. Tearney, S. A. Bop-
part, B. Bouma, M. R. Hee, J. F. Southern, and E. A. Swan-
son, Optical biopsy and imaging using optical coherence
tomography, Nat. Med. 1, 970 (1995).

[5] P. W. Graham, J. M. Hogan, M. A. Kasevich, and S. Rajen-
dran, New Method for Gravitational Wave Detection with
Atomic Sensors, Phys. Rev. Lett. 110, 171102 (2013).

[6] A. Weiner, Ultrafast Optics (Wiley, Hoboken, NJ, 2009).

[71 M. Hansard, S. Lee, O. Choi, and R. Horaud, Time-of-
Flight Cameras (Springer, Berlin, 2013).

[8] P. Maddaloni, M. Bellini, and P. D. Natale, Laser-Based
Measurements for Time and Frequency Domain Applica-
tions (CRC, Boca Raton, FL, 2013).

[9] R. Trebino, Frequency-Resolved Optical Gating (Springer,
New York, 2002).

[10] I. A. Walmsley and C. Dorrer, Characterization of ultrashort
electromagnetic pulses, Adv. Opt. Photon. 1, 308 (2009).

[11] Z. Chang, Fundamentals of Attosecond Optics (CRC, Boca
Raton, FL, 2011).

[12] M. C. Nuss, M. Li, T. H. Chiu, A. M. Weiner, and A. Par-
tovi, Time-to-space mapping of femtosecond pulses, Opt.
Lett. 19, 664 (1994).

[13] M. Tsang, R. Nair, and X.-M. Lu, Quantum theory of super-
resolution for two incoherent optical point sources, Phys.
Rev. X 6, 031033 (2016).

[14] S. M. Kay, Fundamentals of Statistical Signal Process-
ing—Estimation Theory (Prentice Hall, New York, 1993),
Vol. L.

[15] B. Lamine, C. Fabre, and N. Treps, Quantum Improvement
of Time Transfer Between Remote Clocks, Phys. Rev. Lett.
101, 123601 (2008).

[16] C. M. Caves, K. S. Thorne, R. W. P. Drever, V. D. Sand-
berg, and M. Zimmermann, On the measurement of a weak
classical force coupled to a quantum-mechanical oscillator.
i. issues of principle, Rev. Mod. Phys. 52, 341 (1980).

[17] V. Giovannetti, S. Lloyd, and L. Maccone, Quantum-
enhanced measurements: Beating the standard quantum
limit, Science 306, 1330 (2004).

[18] D.Petz and C. Ghinea, Introduction to quantum fisher infor-
mation, in Quantum Probability and Related Topics (World
Scientific, 2011), Vol. 27, p. 261.

[19] M. Paur, B. Stoklasa, Z. Hradil, L. L. Sanchez-Soto, and J.
Rehacek, Achieving the ultimate optical resolution, Optica
3, 1144 (2016).

[20] W.-K. Tham, H. Ferretti, and A. M. Steinberg, Beating
Rayleigh’s Curse by Imaging Using Phase Information,
Phys. Rev. Lett. 118, 070801 (2017).

[21] F. Yang, A. Taschilina, E. S. Moiseev, C. Simon, and A.
1. Lvovsky, Far-field linear optical superresolution via het-
erodyne detection in a higher-order local oscillator mode,
Optica 3, 1148 (2016).

010301-7


https://doi.org/10.1088/1367-2630/17/8/083044
https://doi.org/10.1126/science.1192720
https://doi.org/10.1038/nm0995-970
https://doi.org/10.1103/PhysRevLett.110.171102
https://doi.org/10.1364/AOP.1.000308
https://doi.org/10.1364/OL.19.000664
https://doi.org/10.1103/PhysRevLett.101.123601
https://doi.org/10.1103/RevModPhys.52.341
https://doi.org/10.1126/science.1104149
https://doi.org/10.1364/OPTICA.3.001144
https://doi.org/10.1103/PhysRevLett.118.070801
https://doi.org/10.1364/OPTICA.3.001148

VAHID ANSARI et al.

PRX QUANTUM 2, 010301 (2021)

[22] J. M. Donohue, V. Ansari, J. Rehadek, Z. Hradil, B. Stok-
lasa, M. Paur, L. L. Sanchez-Soto, and C. Silberhorn,
Quantum-Limited Time-Frequency Estimation Through
Mode-Selective Photon Measurement, Phys. Rev. Lett. 121,
090501 (2018).

[23] K. Matsumoto, A new approach to the Cramér-Rao-type
bound of the pure-state model, J. Phys. A: Math. Gen. 35,
3111
(2002).

[24] L. Pezze, M. A. Ciampini, N. Spagnolo, P. C. Humphreys,
A. Datta, I. A. Walmsley, M. Barbieri, F. Sciarrino, and A.
Smerzi, Optimal measurements for simultaneous quantum
estimation of multiple phases, Phys. Rev. Lett. 119, 130504
(2017).

[25] M. Szczykulska, T. Baumgratz, and A. Datta, Multi-
parameter quantum metrology, Adv. Phys. X 1, 621 (2016).

[26] F. Albarelli, M. Barbieri, M. G. Genoni, and I. Gianani, A
perspective on multiparameter quantum metrology: From
theoretical tools to applications in quantum imaging, Phys.
Lett. A 384, 126311 (2020).

[27] Z. Hou, J.-F. Tang, J. Shang, H. Zhu, J. Li, Y. Yuan,
K.-D. Wu, G.-Y. Xiang, C.-F. Li, and G.-C. Guo, Determin-
istic realization of collective measurements via photonic
quantum walks, Nat. Commun. 9, 1 (2018).

[28] Z. Hou, Z. Zhang, G.-Y. Xiang, C.-F. Li, G.-C. Guo, H.
Chen, L. Liu, and H. Yuan, Minimal tradeoff and ultimate
precision limit of multiparameter quantum magnetometry
under the parallel scheme, Phys. Rev. Lett. 125, 020501
(2020).

[29] M. D. Vidrighin, G. Donati, M. G. Genoni, X. M. Jin,
W. S. Kolthammer, M. S. Kim, A. Datta, M. Barbieri,
and I. A. Walmsley, Joint estimation of phase and phase
diffusion for quantum metrology, Nat. Commun. 5, 3532
(2014).

[30] E. Polino, M. Riva, M. Valeri, R. Silvestri, G. Corrielli, A.
Crespi, N. Spagnolo, R. Osellame, and F. Sciarrino, Exper-
imental multiphase estimation on a chip, Optica 6, 288
(2019).

[31] S. Watts and L. Rosenberg, A comparison of coherent
and non-coherent radar detection performance in radar sea
clutter, in Proc. Int. Conf. Radar Syst. (2017), p. 1.

[32] J. Rehagek, Z. Hradil, D. Koutny, J. Grover, A. Krzic, and
L. L. Sanchez-Soto, Optimal Measurements for Quantum
Spatial Superresolution, Phys. Rev. A 98, 012103 (2018).

[33] A.S.Holevo, Probabilistic and Statistical Aspects of Quan-
tum Theory (North Holland, Amsterdam, 2003), 2nd ed.

[34] J. Rehacek, M. Pauar, B. Stoklasa, Z. Hradil, and L.
L. Sanchez-Soto, Optimal measurements for resolution
beyond the Rayleigh limit, Opt. Lett. 42, 231 (2017).

[35] J. Rehacek, Z. Hradil, B. Stoklasa, M. Patr, J. Grover, A.
Krzic, and L. L. Sanchez-Soto, Multiparameter Quantum
Metrology of Incoherent Point Sources: Towards Realistic
Superresolution, Phys. Rev. A 96, 062107 (2017).

[36] A. Eckstein, B. Brecht, and C. Silberhorn, A quantum
pulse gate based on spectrally engineered sum requency
generation, Opt. Express 19, 13770 (2011).

[37] B. Brecht, A. Eckstein, R. Ricken, V. Quiring, H.
Suche, L. Sansoni, and C. Silberhorn, Demonstration of
Coherent Time-Frequency Schmidt Mode Selection Using
Dispersion-Engineered Frequency Conversion, Phys. Rev.
A 90, 030302(R) (2014).

[38] V. Ansari, J. M. Donohue, M. Allgaier, L. Sansoni, B.
Brecht, J. Roslund, N. Treps, G. Harder, and C. Silber-
horn, Tomography and Purification of the Temporal-Mode
Structure of Quantum Light, Phys. Rev. Lett. 120, 213601
(2018).

[39] D. V. Reddy and M. G. Raymer, High-selectivity quantum
pulse gating of photonic temporal modes using all-optical
ramsey interferometry, Optica 5, 423 (2018).

[40] D. V. Reddy and M. G. Raymer, Photonic temporal-
mode multiplexing by quantum frequency conversion in a
dichroic-finesse cavity, Opt. Express 26, 28091 (2018).

[41] M. Silver, Y. Huang, C. Langrock, M. M. Fejer, P. Kumar,
and G. S. Kanter, Three-signal temporal-mode selective
upconversion demultiplexing, IEEE Photonics Tech. Lett.
31, 1749 (2019).

[42] Y. C. Eldar, Uniformly improving the Cramér-Rao bound
and maximum-likelihood estimation, IEEE Trans. Signal
Process. 54, 2943 (2006).

[43] V. Ansari, J. M. Donohue, B. Brecht, and C. Silber-
horn, Tailoring nonlinear processes for quantum optics with
pulsed temporal-mode encodings, Optica 5, 534 (2018).

010301-8


https://doi.org/10.1103/PhysRevLett.121.090501
https://doi.org/10.1088/0305-4470/35/13/307
https://doi.org/10.1103/PhysRevLett.119.130504
https://doi.org/10.1080/23746149.2016.1230476
https://doi.org/10.1016/j.physleta.2020.126311
https://doi.org/10.1038/s41467-017-02088-w
https://doi.org/10.1103/PhysRevLett.125.020501
https://doi.org/10.1038/ncomms4532
https://doi.org/10.1364/OPTICA.6.000288
https://doi.org/10.1103/PhysRevA.98.012103
https://doi.org/10.1364/OL.42.000231
https://doi.org/10.1103/PhysRevA.96.062107
https://doi.org/10.1364/OE.19.013770
https://doi.org/10.1103/PhysRevA.90.030302
https://doi.org/10.1103/PhysRevLett.120.213601
https://doi.org/10.1364/OPTICA.5.000423
https://doi.org/10.1364/OE.26.028091
https://doi.org/10.1109/LPT.2019.2944636
https://doi.org/10.1109/TSP.2006.877648
https://doi.org/10.1364/OPTICA.5.000534

	I.. INTRODUCTION
	II.. OPTIMAL MEASUREMENTS
	III.. EXPERIMENTAL SETUP
	IV.. RESULTS AND DISCUSSION
	. ACKNOWLEDGMENTS
	. APPENDIX: ULTIMATE LIMITS OF THE STANDARD MEASUREMENTS OF ULTRASHORT PULSES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


