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Quantum coherence is a fundamental resource that quantum technologies exploit to achieve performance
beyond that of classical devices. A necessary prerequisite to achieve this advantage is the ability of
measurement devices to detect coherence from the measurement statistics. Based on a recently developed
resource theory of quantum operations, here we quantify experimentally the ability of a typical quantum-
optical detector, the weak-field homodyne detector, to detect coherence. We derive an improved algorithm
for quantum detector tomography and apply it to reconstruct the positive-operator-valued measures of
the detector in different configurations. The reconstructed positive-operator-valued measures are then
employed to evaluate how well the detector can detect coherence using two computable measures. As the
first experimental investigation of quantum measurements from a resource theoretical perspective, our
work sheds new light on the rigorous evaluation of the performance of a quantum measurement apparatus.
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Introduction.—Quantum coherence plays an indispen-
sable role in quantum technologies including, for example,
quantum computation [1,2], quantum coding [3] and key
distribution [4], quantum metrology [5,6], and quantum
biology [7,8]. Therefore, the quantitative assessment of
quantum coherence as a resource has attracted widespread
interest [9–13]. Until recently, most of the research concerned
with the assessment of quantum coherence as a resource
focusedon thecoherence in quantumstates (seeRef. [13] for a
review). Following approaches in the resource theory of
entanglement [14,15], the coherence properties of quantum
operations have also begun to be examined by their ability to
create or increase coherence in quantum states [16–19].
However, to exploit quantum coherence for different

applications, it is generally insufficient to only create and
manipulate coherence: we also must be able to detect
coherence in the sense that its presence makes a difference
in measurement statistics [20–24]. To quantify how well a
measurement can detect coherence, a theoretical framework
in the form of a resource theory on the level of operations
has been proposed [23], allowing to address this question
rigorously (see Refs. [25–31] for related work). Other
approaches connecting measurements with quantum coher-
ence and resource theories were recently presented in
Refs. [32–34].

Here and in the following, the term measurement refers
to the whole measurement apparatus, which is treated as a
black box that takes quantum states as input and outputs a
classical signal. Hence, a measurement is fully character-
ized by its positive-operator-valued measure (POVM). Yet,
if we want to know how well a measurement can detect
coherence, we cannot simply refer to the POVM, as it
contains too much information. Instead, we want to obtain a
single number that describes the measurement’s perfor-
mance and, in particular, allows us to compare it to the
other measurements. Such a comparison can only be
sensible if we establish a well-motivated notion of what
it means that one measurement is better suited for detecting
coherence than another one, which is reflected in the
numbers associated to the measurements. Resource theories
are precisely developed for this task. From physically
motivated constraints, these mathematical frameworks
derive resource measures and their evaluation extracts,
e.g., the usefulness of the POVM in terms of the desired
single number. This systematic and objective approach
distinguishes measures derived within a resource theory
from ad hoc measures and is one of the reasons for the
popularity of resource theories.
Using the resource theory presented in Ref. [23], here we

quantify experimentally the capability of a measurement
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apparatus, the weak-field homodyne detector (WFHD)
[35,36], to detect coherence. In contrast to photon-counting
detectors that are sensitive to the intensity or particle
behavior of input light fields only [37], the WFHD mixes
the input light field with a phase-reference field, the local
oscillator (LO), at a beam splitter and thus is able to measure
the wavelike properties of the input field [38]. In this sense,
both the LO and the beam splitter are part of theWFHD. The
difference between a photon-counting detector and the
WFHD can be further revealed by the matrix representations
of their POVMs in photon-number basis: the former is
completely diagonal and hence incoherent, while the latter
has off-diagonal matrix elements and provides sensitivity to
the coherence of the input states. Moreover, the WFHD
can be tuned to interpolate continuously between photon-
counting (incoherent) measurements and phase-dependent
measurements by adjusting the intensity of the LO [39]. This
detector has found important applications in not only state
detection [40–42] and state discrimination [43,44], but also
for state preparation [45–49].
Detecting coherence.—To quantify how well a meas-

urement can detect coherence, we use the methods devel-
oped in Ref. [23]. In the following, we shortly review the
parts relevant for this Letter but refer to the original paper
for details. A quantum state ρ is called incoherent with
respect to a fixed orthonormal basis I ¼ fjiig if ρ is a
statistical mixture of elements of I, i.e., ρ ¼ P

i cijiihij. All
other states are coherent. The total dephasing operation Δ,
which is defined by

ΔðρÞ ¼
X

i

jiihijρjiihij; ð1Þ

is a resource destroying map [21], i.e., its output is always
incoherent and incoherent states are invariant under its
action. Now consider a POVM fΠn∶Πn ≥ 0;

P
nΠn ¼ 1g,

where 1 ¼ P
j jjihjj is the identity operator and Πn ¼

P
j;k π

j;k
n jjihkj is the POVM element associated to outcome

n. Such a POVM cannot detect coherence if its measure-
ment statistics pn ¼ trðρΠnÞ is independent of the coher-
ence within the input state, i.e.,

trðρΠnÞ ¼ tr½ΔðρÞΠn�; ∀ ρ; n: ð2Þ
This result implies that for an incoherent measurement
every Πn is diagonal in I [23], while if Πn has off-diagonal
elements the measurement will be able to detect coherence.
Storing measurement outcomes in the incoherent basis of

an auxiliary system, every quantum measurement can be
represented by a quantum channel, e.g., a POVM fΠng by

ΘðρÞ ¼
X

n

trðρΠnÞjnihnj: ð3Þ

Treating subselection this way, a general quantum oper-
ation Φ cannot detect coherence iff

ΔΦ ¼ ΔΦΔ: ð4Þ

The set of these detection-incoherent operations is denoted
by DI. This allows us to present two well defined and
computable functionals quantifying how well an operation
can detect coherence [23]; the diamond measure

M⋄ðΘÞ ¼ min
Φ∈DI

kΔðΘ −ΦÞk⋄ ð5Þ

and the nonstochasticity in detection (NSID) measure,

M̃⋄ðΘÞ ¼ min
Φ∈DI

kΔðΘ −ΦÞk1: ð6Þ

It is worthwhile to mention that the NSID measure is
directly related to the success probability of simulating Θ
by operations that cannot detect coherence. Furthermore,
the diamond measure provides an upper bound on the
average coherence that can be prepared remotely when the
measurement is applied on one part of the maximally
entangled bipartite state [see Sec. V of the Supplemental
Material (SM) [50] for details]. The coherence of a
quantum measurement can be evaluated in two steps:
map the measurement to a trace-preserving operation,
and then calculate the coherence of the operation using
Eq. (5) or Eq. (6). While these measures are generally
different, remarkably, for channels with output dimension
two (two measurement outcomes) we have been able to
prove that the two measures coincide (see Sec. VI of the
SM [50] for details).
Experimental setup.—The quantum detector we inves-

tigate here is a WFHD which is tunable with various
parameters. Similar to a standard homodyne detector, the
WFHD combines the input state with a coherent optical
field jαLOi, the LO. Yet the intensity of the LO jαLOj2 in
WFHD is reduced to low photon numbers. Therefore,
instead of photodiodes, a photon-counting detector, an
avalanche photodiode (APD) is used to detect the inter-
ference signal. Since the LO acts as a phase reference, a
WFHD is a phase sensitive detector, whose properties have
been well studied in [35,36,38].
In this Letter, we study the coherence in a WFHD, as

shown in Fig. 1, under various configurations. Since an
APD is a binary detector, there are two outcomes of the
detector: no-click (0) and click (1). We fix the ratio of the
beam splitter as 50∶50, and set the average photon number
of the LO jαLOj2 to five different values 0.5, 1, 2, 3, and 4.
For each LO intensity, the degree of the mode overlap
between the LO and the input state is chosen to be
M ¼ 99%; 85%; 75%. Because of the relatively complex
theoretical model of the detector and the experimental
imperfections that are difficult to calibrate accurately, we
apply quantum detector tomography [54–56] to character-
ize experimentally the detector for different configurations.
Quantum detector tomography (QDT) allows us to recon-
struct the POVM of an arbitrary quantum detector from the
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outcome statistics in response to a set of tomographically
complete probe states. In this Letter, we use a set of
coherent states jαi as the probe states, which can be
generated by modulating the amplitude and phase of the
output of a laser. The probe states interfere with the LO at a
50∶50 beam splitter with one output mode coupled into a
single mode fiber for APD detection. The other output
mode can be used for tracking the relative phase between
probe and LO states. More details of the experimental setup
can be found in the SM [50].
Experimental results.—We adopt a two-step method to

quantify the coherence of the WFHD: first we reconstruct
the POVM, which will then allow us to evaluate Eqs. (5)
or (6) using numerical methods [23]. In principle, recording
the statistics of the measurement outcomes for different

probe states, the POVM can be estimated by inverting a set
of linear equations given by the Born rule. However, taking
into account experimental imperfections and statistical
fluctuations, the POVM is usually reconstructed using a
constrained convex optimization program. Here, we follow
this approach and reconstruct the POVMs using an
improved QDT method based on [51,57]. We truncate
the Hilbert space at the photon number of 70 which is
sufficient to saturate the detector and reconstruct up to the
fifth leading diagonals of the POVM elements. The details
are given in the SM [50].
Before moving forward to quantitatively evaluate the

coherence of the POVMs with the diamond measure and
the NSID measure, we first compare the POVMs associated
to the different configurations of the WFHD. The recon-
structed POVM elements of the no-click outcome are given
in Fig. 2. We only present the diagonals (blue bars) and first
off-diagonals (green bars) to elucidate the difference
between different POVMs since they are the most significant
ones. The three rows (from top to bottom) correspond to
three different degrees of mode overlap between the input
states and the LO, M ¼ 99%; 85%; 75%, respectively. The
five columns (from left to right) represent the five different
average photon numbers of the LO used (jαLOj2 from 0.5
to 4). The complete POVMs are given in the SM [50].
The off-diagonal elements of the density matrix deter-

mine the coherence of a quantum state [10]. Recalling that
the matrices of an incoherent POVM are completely
diagonal in the incoherent basis, the off-diagonal part of
the POVM elements also plays an important role in
quantifying the coherence of a measurement. Indeed the
diamond measure is bounded from below by the off-
diagonal part of the POVM elements [50]. Therefore, we
start the discussion by focusing on the off-diagonal parts of
the POVMmatrices. For a fixed LO intensity, it can be seen
in Fig. 2 that the off-diagonal elements decrease with the

FIG. 1. Schematic diagram of the experimental setup. The
experimental setup can be divided into two parts, the weak-field
homodyne detector (WFHD) part (left) and the probe state
preparation part (right). The output of a laser goes through an
amplitude modulator and a phase modulator followed by cali-
brated neutral density filters (ND) to prepare a set of coherent
states as the probe states. The probe state interferes with the local
oscillator (LO) at a 50∶50 beam splitter with one output mode
coupled into a single mode fiber and detected by an avalanche
photodiode (APD). FC denotes a fiber coupler.

FIG. 2. Experimentally reconstructed no-click POVM elements Π0 of the weak-field homodyne detector with different LO intensities
jαLOj2 and mode overlapsM. The reflectivity of the beam splitter is 0.5 and the quantum efficiency of the APD is 59%. The POVMs are
reconstructed up to 70 photons and shown up to 15 photons in the figure. Only the diagonal (πj;j0 ¼ hjjΠ0jji, blue bars) and the first off-
diagonal (πj;jþ1

0 ¼ hjjΠ0jjþ 1i, green bars) of the POVM elements are shown here. The error bars originate from the fluctuations in the
preparation of the probe states used for tomography.
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reduction of the mode overlap M between the input state
and the LO, which suggests a reduced capability to detect
the coherence of input states. This result can be understood
by dividing the LO into two parts, one that overlaps with
the input state and the other with the mode orthogonal to
that of the input state [58]. The intensities of the two parts
are MjαLOj2 and ð1 −MÞjαLOj2 respectively. Only the
first part can interfere with the input state and provide a
phase reference, resulting in the off-diagonal elements and
the capability to detect coherence. The second part plays
the role of background noise that can lead to decoherence
of the quantum detectors [52]. Therefore, a decrease in the
mode overlap implies not only a reduced phase reference
but also an increased background noise. The overall effect
is a reduced sensitivity to coherence in the input state. In the
limit of no mode overlap at all, the WFHD becomes an
intensity detector with the LO acting as background noise,
leading to a complete loss of its ability to detect coherence.
For a fixed mode overlap, we should distinguish between

two cases. For near perfect mode overlapM ¼ 99%, all the
LO interferes with the input state. A higher LO intensity
implies a better phase reference and therefore larger off-
diagonals. With increasing LO intensity, the peak of the off-
diagonal elements also shifts to higher photon numbers,
which can be understood by considering that interference
between two beams shows maximal visibility when they
have the same intensity. In the case of the non-unit mode
overlap, again the LO plays a dual role: as phase reference
(with the intensity MjαLOj2) and as phase-independent
background noise [with the intensity ð1 −MÞjαLOj2]. Both
effects increase with the intensity of the LO. The com-
petition between the coherent interference and the incoher-
ent background noise explains why the off-diagonals
increase first and then decrease with the increase in the
LO intensity for a non-unit mode overlap.
Now, we are ready to move on to the second step,

evaluating the exact value of the coherence contained in
WFHD. The diamond measure as given in Eq. (5) and the
NSID measure in Eq. (6) are calculated. Based on the
analysis in [23] and the references therein, the diamond
measure can be calculated efficiently using a semidefinite
program. The evaluation of the NSID measure is more
cumbersome but, as mentioned above, has a clearer opera-
tional meaning. In our case, however, the two measures
coincide (see the SM [50] for the proof, where we also
show that both measures are robust against errors in the
reconstructed POVM elements). This allows us to use the
efficient semidefinite program to evaluate both measures.
The coherence of the experimentally reconstructed

POVMs of the WFHD are shown in Fig. 3 by dots and
the error bars originate again from the fluctuations in the
intensities and phases of the probe states. The measures are
presented for three values of the mode overlap M ¼ 99%
(blue), 85% (red), 75% (magenta) and five different
intensities of the LO jαLOj2 ¼ 0.5, 1, 2, 3, 4 per mode

overlap. When the intensity of the LO is zero, the WFHD is
degenerated into an APD with additional 50% loss at the
beam splitter and the coherence is zero, which is also
shown in the figure.
For comparison, we also simulated the POVM elements

by numerically generating the statistics of the measurement
outcomes with the configuration parameters of the WFHD
in the experiment, then reconstructing the POVM using the
simulated data. The corresponding results are shown by
circles with gray error bars which are linked by segmented
lines for fixed mode overlap to show the tendency on the
LO intensity clearly. In these simulations, we used exper-
imentally determined parameters which themselves are
inaccurate. The mode overlap is determined with an
inaccuracy of up to 2%, which is due to the limited
precision of our power meter leading to the gray error
bars. All in all, the experimental results match the simu-
lations well. The remaining discrepancy can be traced back
to noise and fluctuations not taken into consideration in our
simulations [50]. As expected, this decreases the coherence
of the detector further and is an argument in favor of QDT,
where such effects are taken into account automatically.
The estimated coherence shows a change similar to that in

the off-diagonal elements of the POVM. For a fixed intensity
of the LO, it is obvious that the coherence decreases with the
reduction in the mode overlap, which agrees with the above
analysis based on the POVM elements. For a fixed mode
overlap, the relation between the coherence and the LO
intensity is less obvious and can be explained with the same
arguments we used when discussing the off-diagonals of the
POVM elements. When the mode overlap is nearly perfect

FIG. 3. Diamond measure and nonstochasticity in detection
(NSID) measure for the POVM elements of a weak-field
homodyne detector with three mode overlaps M ¼ 99%ðblueÞ;
85%ðredÞ; 75%ðmagentaÞ. For each value of M, we present the
measures for different LO intensities jαLOj2 ¼ 0.5, 1, 2, 3, 4. The
circle symbols with gray error bars are linked by segment lines
representing simulation results and the dot symbols with error
bars are obtained from experimentally reconstructed POVMs.
The diamond measure and the NSID measure coincide.
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(M ¼ 99%), increasing LO intensity grants a better phase
reference, leading to higher coherence. In the case of
imperfect mode overlap, the dual role of the LO as both
background noise and phase reference makes the connection
between coherence and LO intensity more subtle: as we can
see, the coherence first increases with increasing LO
intensity and then decreases. The value of the coherence
of a two-outcome measurement is bounded from above
by one [23], which we nearly reach with increased LO
amplitudes and perfect mode overlap.
Conclusions and outlook.—Detecting coherence, a quan-

tum resource at the core of nonclassical effects such as
entanglement, is a necessary prerequisite to its exploitation
in quantum technologies [20–22]. It is therefore crucial to
have detectors that can measure coherence and moreover, to
know their performance precisely. In this Letter, we have
shown how one can use resource theories to study the
performance of a relevant quantum detector, namely the
tunable WFHD. We develop an improved method of
quantum detector tomography to reconstruct the POVMs
describing the WFHD with different configurations. Using
the reconstructed POVMs and two well-defined resource
measures, we show how different parameters quantitatively
affect the WFHD’s capability to detect coherence.
Hence, this Letter presents the first rigorous experimen-

tal and theoretical analysis of one of the main nonclassical
aspects, coherence, of quantum operations and detectors in
particular. The good agreement between simulation and
experiment demonstrates that abstract resource theories are
applicable to practical, high-dimensional devices with
sufficient precision. Therefore, our Letter bridges the gap
between theory and experiment and provides quantitative
tools for assessing improved designs of devices exploiting
quantum effects.
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