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Quantum-enhanced measurements can provide information about the properties of a physical system with sensitivities
beyond what is fundamentally possible with conventional technologies. However, this advantage can be achieved only if
quantum measurement technologies are robust against losses and real-world imperfections, and can operate in regimes
compatible with existing systems. Here, we demonstrate a quantum receiver for coherent communication, the performance
of which not only surpasses the standard quantum limit, but does so for input powers extending to high mean photon
numbers. This receiver uses adaptive measurements and photon number resolution to achieve high sensitivity and
robustness against imperfections, and ultimately shows the greatest advantage over the standard quantum limit ever
achieved by any quantum receiver at power levels compatible with state-of-the-art optical communication systems. Our
demonstration shows that quantum measurements can provide real and practical advantages over conventional
technologies for optical communications.

Measurements based on the quantum properties of physical
systems have revolutionized our understanding of infor-
mation and have enabled many tasks that are not possible

by any classical means. Measurements taking advantage of quantum
resources have given birth to quantum communication1,2 and
quantum metrology3,4, which are crucial for many quantum tech-
nologies, including quantum computing5,6, with potential capabili-
ties far beyond the limits of their classical counterparts. Quantum
measurements for the discrimination of non-orthogonal coherent
states, which cannot be perfectly discriminated due to their inherent
quantum noise7, can enable discrimination below the standard
quantum limit (SQL)8–10 and approach the ultimate limit allowed
by quantum mechanics. These measurements have great potential
for improving communication technologies and many quantum
information applications.

Coherent states are excellent carriers of quantum and classical
information due to their intrinsic resilience to loss and their high-
spectral-efficiency capabilities. Optical communications based on
coherent states can now reach terabit-per-second transmission
rates11,12. However, the growing need for even higher data trans-
mission rates for communications, cloud computing and other vir-
tualization applications13 has motivated extensive research into
novel multilevel modulation and multiplexing communication
formats14,15, and low-noise signal amplification16,17 and processing18

protocols to further improve spectral efficiency and overall infor-
mation exchange fidelity. State-of-the-art optical coherent receivers
for non-orthogonal coherent states employ direct coherent homo-
dyne or heterodyne detection and are now approaching their ulti-
mate sensitivity limit19,20, the SQL. However, quantum mechanics
allows for a much lower error bound for non-orthogonal state dis-
crimination—the Helstrom bound7. For example, the SQL is
about 106 times higher than the error rate given by the Helstrom
bound for discriminating coherent states in the quadrature phase
shift keying (QPSK) format for a mean photon number of 10.

Measurements below the SQL and approaching the Helstrom
bound have an unprecedented potential for improving the spectral
efficiency and sensitivity of communication systems and also final
communication fidelities. However, this potential can only be
accessed by employing quantum receivers performing beyond the
SQL. Dolinar found an optimal feedback discrimination strategy21

that can discriminate two non-orthogonal coherent states with
error probabilities at the Helstrom limit. Bondurant generalized
the Dolinar receiver for QPSK states22 and found two near-
optimal strategies that surpass the SQL for QPSK, which, in the
limit of high input powers, have error probabilities with the same
exponential scaling as the Helstrom limit. In recent theoretical
work, Izumi et al.23 and Nair et al.24 have studied discrimination
strategies implementing adaptive measurements that also have the
same exponential scaling of the error probability as the Helstrom
limit for QPSK in the high-input-power limit and that can be gen-
eralized to larger numbers of input states24. However, there is no
known optimal strategy for reaching the Helstrom limit for QPSK.
Recent work has demonstrated a quantum receiver that can uncon-
ditionally discriminate two states marginally below the SQL in the
single-photon regime9 and, more recently, a quantum receiver for
four QPSK states achieved performance below the SQL for mean
photon numbers up to 15 with an unconditional advantage of
6 dB over the SQL10. However, even implementations of receivers
that only surpass the SQL after correcting for receiver ineffien-
cies25–28 have not demonstrated this more modest performance
across the range of input powers from a few photons to power
levels compatible with current optical communications systems.
This raises the question of the real advantage and applicability of
quantum receivers for optical communications.

Here, we demonstrate a quantum receiver, using photon
number-resolving (PNR) detection, that discriminates multiple
coherent states below the SQL with mean photon numbers
ranging from a few photons to many photons (20 or higher),
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making it compatible with both quantum information technologies
and state-of-the-art coherent communications. This receiver,
implemented with moderate photon number resolution, discrimi-
nates QPSK states with a mean photon number of 20 with error
probabilities 14.5 dB below the ideal SQL, and our experimental
observations point towards even lower error probabilities for
higher mean photon numbers. Our receiver is based on adaptive
measurements. It shares principles with previously proposed22,29

and demonstrated10 receivers, although with PNR detection provid-
ing high sensitivity and robustness against imperfections. It is
similar to the receivers proposed in refs 30 and 31, which assume
idealized PNR detection with infinite resolution. However, our
demonstrated receiver is instead based on realistic PNR detection
with finite photon number resolution, which is a key feature for
making practical use of the receiver in a real communication
system. Although PNR detection has been used for the preparation32

and characterization of quantum states33 and detectors34, as well as
for quantum-enhanced measurements35–38, we show specifically that
moderate photon number resolution provides robustness for state
discrimination. Our demonstrated receiver achieves the greatest
advantage over the SQL ever observed by any quantum receiver in
the regime with many photons, providing a way to bridge
quantum-enhanced measurements for state discrimination from
few-photon to high-power levels, and to take advantage of the
vast potential of these measurements for optical communications.
As a concrete example, we show the advantages of using our
photon number resolution-based receiver for coded communications
with high spectral efficiency in comparison with conventional
SQL-limited receivers.

PNR robust quantum receiver
Figure 1a shows a quantum receiver implementing N adaptive
measurements based on optical displacement operations D̂(β) of
input state |αk〉 using a local oscillator reference field (LO) and
PNR detections, similar to refs 30 and 31 but with realistic photon
number-resolving powers PNR(m). Here, m − 1 corresponds to the

maximum photon number that can be identified by the PNR detector
(that is, the possible outputs from the detector are 0, 1, 2, …, m − 1,
and ≥m), as opposed to an idealized PNR detector with infinite
number resolution. PNR detection provides more information
about noise and receiver imperfections in realistic situations than
non-PNR detection, and is what allows our quantum receiver to
optimize its performance under realistic conditions.

The most significant imperfections preventing the receiver from
achieving its optimal performance are the mismatches between the
input field and the LO in amplitude, polarization, frequency and
spatial and temporal modes, as well as phase noise39. To some
extent, the effects of these imperfections can be quantified by the
interference visibility between the input and the LO fields. The
imperfect visibility has limited the performance of demonstrated
quantum receivers, particularly at high input powers9,10,25, because
the effects of reduced visibility on the receiver’s performance scale
with the mean photon number of the input state. Photon number
resolution can help to overcome this limitation by providing more
information about the reduction in visibility. Accordingly, a
quantum receiver based on adaptive measurements, which can
enable discrimination approaching the Helstrom bound10,25,29, and
with PNR capability, is expected to extend its range of sub-SQL per-
formance to high input powers30,31 and beyond what quantum recei-
vers have previously achieved.

In each adaptive measurement i (i = 1, 2, …, N), the receiver
applies a displacement D̂(βi) to the input state |αk〉 in an M-ary
PSK format, where αk = |αk|exp(iϕk) and fk =

2πk
M (k = 1, 2, …, M),

followed by PNR detection with PNR power PNR(m),
which is ideally described by the measurement operators
{Π̂0, Π̂1, Π̂2, ..., Π̂m−1, Π̂m}, with Π̂j =|j〉〈j| for j-photon detection,
and j <m and Π̂m =I −

∑m−1
l=0 Π̂l . The probability of detecting di

photons in period i is given by P(di|βi, αk) = 〈αk| D̂
†
(−βi) Π̂di

D̂(−βi)|αk〉 = (〈n〉dii /di!) exp (−〈n〉i) where 〈n〉i =
1
N(|α|2 + |β|2−

2V|α||β| cos{arg(αk) − arg(βi)}) is the mean photon number of the
displaced field in period i and V is the interference visibility,
which quantifies the imperfections of the receiver. The reduction
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Figure 1 | Robust receiver with photon number resolution. a, Schematic of receiver. The quantum receiver implements N adaptive measurements based on
displacement operations and PNR detection to discriminate an input coherent state |αk〉 with error probabilities below the SQL. b, Probability of error for the
discrimination of four non-orthogonal states in the QPSK format as a function of the mean photon number 〈n〉 for receivers implementing N = 4 adaptive
measurements with detection efficiency η = 1 and different PNR powers (from PNR(1) to PNR(6)) in the presence of noise and imperfections resulting in a
visibility of V = 99%. The case of noiseless PNR(1) with V = 100%, the SQL and the Helstrom bound are also shown for reference. c, Maximum mean
photon number that can be reached with error probabilities below the SQL for quantum receivers with η = 1 and N = 4 and with different PNR powers for
several levels of noise and imperfections resulting in different V. The one red point shows the improvement achieved for a receiver with PNR(6) by
increasing the adaptive measurements from N = 4 to N = 5 with V = 98.5%, as indicated by the dashed arrow.
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in system detection efficiency η due to losses and detector ineffi-
ciency coherently rescales the input state |α〉 to | ��

η
√

α〉, while dark
and background counts simply increase 〈n〉 by ndark. The receiver
uses the information acquired in each adaptive measurement to
optimize subsequent measurements based on a recursive Bayesian
strategy29. In each period i, the receiver tests a hypothesis βi with
the same amplitude and phase as the most probable state |αmax{P}〉
chosen from the set of possible input states {|αk〉} based on the his-
tories of detections {d1, d2, …, dN} and displacements {β1, β2, …,
βN} using the recursive rule29:

Ppost({|αk〉}|βi, di) =
P(di|βi, {|αk〉}) Pprior({|αk〉})∑

{|αk〉} P(di|βi, {|αk〉}) Pprior({|αk〉})
(1)

where Ppost ({|αk〉}|βj, dj) and Pprior({|αk〉}) are the posterior and
prior probabilities in period i, respectively, for all possible input
states {|αk〉}, and

∑
{|αk〉} indicates the sum over all possible states

{|αk〉}. In this way, at each step i, the hypothesis βi is chosen to
exactly null out the most likely state at that point. In each subsequent
period, the most probable state |αmax{P}〉 is the one with maximum
posterior probability and the Bayesian probabilities are updated so
that Ppost of period i becomes Pprior in period i + 1. Due to this
Bayesian updating procedure, the information from all the adaptive
measurements previous to period i is contained in the prior prob-
abilities Pprior for this period and this information is used for the
hypothesis testing and decision process in period i. At the end of
period N, the most probable input state determined in period N cor-
responds to the final decision of the receiver about the input state29.
The Bayesian probabilities Ppost and Pprior are obtained using
photon number resolution, which provides more information
about the effects of phase noise and other real-world imperfections
as compared to a receiver without PNR detection capability. Using
this additional information, the receiver can better optimize its
performance in the presence of those imperfections and overcome
their effects, becoming more robust and extending the regime of
quantum detection beyond what other quantum receivers
have achieved.

Figure 1b shows the performance of simulated imperfect recei-
vers with a level of imperfections quantified by V = 99%, discrimi-
nating four non-orthogonal states in the QPSK format
implementing N = 4 adaptive measurements with perfect efficiency

η = 1. We observe that the performance of receivers detecting only
the presence or absence of photons PNR(1), that is, no photon
number resolution, is only slightly better than the SQL for a small
range of input powers, with the SQL for coherent states in the
QPSK format given by

PSQL = 1 −
[
1 −

1
2
erfc(

��������
|α|2 / 2

√
)
]2

(2)

where erfc(x) = 2�
π

√ ∫∞x e−t
2
dt. In contrast, receivers with higher PNR

capabilities not only improve the sub-SQL performance, but also
significantly extend this performance to higher input powers,
demonstrating an enhanced robustness against noise and real-
world imperfections. While our previous studies29 have indicated
only marginal improvements through the use of PNR detection
for an ideal noiseless and perfect receiver (that is, perfect visibility),
this is not the case in the presence of imperfections, as shown in very
recent proposals for idealized PNR receivers with infinite photon
number resolution30,31 and under more realistic conditions as seen
with our receiver (Fig. 1b). Figure 1c shows the theoretical expected
maximum 〈n〉 at which the quantum receivers with different PNR
powers can perform below the SQL for η = 1 and N = 4, and with
imperfection levels characterized by different visibilities. These
theoretical predictions show that the maximum 〈n〉 reached below
the SQL varies approximately linearly with PNR power m.

Experimental implementation
Figure 2 presents a schematic of the demonstrated receiver. Our
experimental implementation takes advantage of the statistical
properties of coherent light and uses a single-photon avalanche
diode (SPAD) as a PNR detector40, with maximum resolving
power of 3, PNR(3). The input coherent state is a flat-top 37-μs-
long coherent pulse, and the receiver implements N = 7 adaptive
measurements, each with a duration of ∼5.2 µs. Active stabilization
of the input power, the relative phase difference between the input
field and the LO, the temperature of some optical components
and the precise polarization adjustment result in an average exper-
imentally determined visibility of VExp = 99.80(5)%. All uncertain-
ties quoted in this Article represent one standard deviation,
combining statistical and systematic uncertainties. A field-program-
mable gate array (FPGA) controlled the timing of the experiment
(with a repetition rate of 11 kHz), processed the output of the
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Figure 2 | Experimental implementation of a receiver. The receiver discriminates among four possible QPSK states, prepared by phase modulator PM1, by
performing seven adaptive measurements based on optical displacement of the input state in a 99:1 beamsplitter (BS) (combiner) with the local oscillator
field LO(βi) and PNR detection with PNR(3). During each adaptive measurement period i, the single-photon avalanche diode (SPAD) detects di photons and
the field-programmable gate array (FPGA) uses the total number of detected photons to optimize subsequent adaptive measurements implemented by
controlling the phase of the LO using PM2 based on the strategy with a maximum photon number resolution of 3, PNR(3). That is, while in each period i the
SPAD can detect many photons, in our implementation any detection di≥ 3 is counted as three photon detections. The implementation of higher PNR
powers is not limited by our SPAD (because its deadtime and recovery times are 8 × 10−3 times smaller than the period duration), but only by the memory
of the FPGA, for real-time data processing. Using an FPGA with larger memory and bandwidth for real-time data processing and feedback would allow the
implementation of receivers with higher PNR powers. An acousto-optic modulator (AOM) is used to prepare flat-top light pulses of 37 µs from a HeNe
laser source.
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SPAD in real time, updated the LO for subsequent adaptive
measurements based on the strategy with or without PNR detection,
and transferred the data to a computer for further analysis. We
measured the system detection efficiency to be 72.3(7)%, and a
total dark count and background rate of 25 counts per second29.
We used this receiver for the discrimination of QPSK states with
input mean photon numbers 〈n〉 from 1 to 20 using two different
strategies: no photon number resolution (PNR(1)) and with a
PNR power of 3 (PNR(3)).

Figure 3 shows the experimental results of the receiver for PNR(1)
and PNR(3) together with the Helstrom bound, the ideal SQL and
the SQL for a conventional receiver system scaled to the same detec-
tion efficiency (72%) as that of our implementation. We observe that
the receivers with PNR(1) and PNR(3) both unconditionally surpass
the ideal SQL. PNR(1) surpasses this limit for 〈n〉 from 2 to 11,
whereas PNR(3) extends the upper limit to the highest mean
photon number we investigated (〈n〉 = 20), achieving an error prob-
ability 14.5 dB below the ideal SQL, and almost a 30 dB improve-
ment over PNR(1). In addition, when compared to the SQL of a
system with the same detection efficiency, this receiver surpasses
this SQL by a remarkable 27 dB. This receiver reaches error prob-
abilities lower than 10−6 and extends the quantum regimes of detec-
tion to high mean photon numbers, with the data pointing towards
even lower errors at higher 〈n〉. The theoretical predictions for the
performance of our receiver are based on Monte Carlo simulations
for a visibility of V = 99.8%, which is consistent with our measured
VExp = 99.80(5)%. We do not observe any significant increase in the
error probabilities due to dark and background counts in our numeri-
cal studies, as would be expected for receivers with imperfect V.

We therefore see that this receiver, which is based only on off-the-
shelf components, is robust against noise and realistic imperfec-
tions, and can be scaled to higher modulation formats, extending
its performance below the SQL to high-input-power levels.

Discussion
Figure 1c shows that the maximum 〈n〉 achieved with error prob-
ability below the SQL is approximately linearly dependent on the
PNR power m for small m. Because of the already low error rates
achieved by our receiver, the maximum 〈n〉 that it was practical to
investigate experimentally was 20. We used Monte Carlo simu-
lations and the assumption of this linear dependence to infer the
expected maximum 〈n〉 below the SQL achievable by our receiver
with N = 7 and PNR(3), obtaining a value of 43. We note that
state-of-the-art high-sensitivity optical coherent receivers19,20 dis-
criminate input light pulses with mean photon numbers from
about 25 to 70 with error rates ranging from 10−4 to 10−5. We
estimated the symbol error rate for the demonstrated receiver with
PNR(3) at 〈n〉 = 43 to be ∼10−11, which is six orders of magnitude
smaller than these conventional receivers. We note that, although
the sensitivity of non-PNR receivers (that is, PNR(1)) can be
raised by increasing the number of adaptive measurements N, this
would, however, set stringent limits on the ultimate achievable
bandwidth compared to receivers with PNR capabilities. For
example, our numerical studies indicate that a non-PNR receiver
with detection efficiency of 72% and V = 99.8% would require
N = 16 adaptive measurements to reach error probabilities similar
to our demonstrated PNR(3), N = 7 receiver for 〈n〉 from 1 to 20
(Fig. 3). However, this would reduce the reachable bandwidth to
7/16 = 44% of what can be achieved with PNR(3) and N = 7, with
sub-SQL performance extending to 〈n〉 = 29 versus a maximum
〈n〉 = 43 for our receiver. A PNR(1) receiver with N = 21 could
achieve sub-SQL performance up to 〈n〉 = 40, but at the expense
of a bandwidth three times lower than our receiver. Although our
operating pulse rates are much slower than existing systems, we
believe that the potential advantages of our quantum receiver will
motivate further research aimed at higher rates. We also expect
that our demonstration of a robust quantum receiver will motivate
research towards incorporating these receivers into long-distance
communication links; using an LO field that is independent of the
incoming signal field in the receiver’s communication node and
studying and implementing phase-tracking schemes for these recei-
vers; developing high-speed PNR detectors for achieving rates com-
parable to homodyne coherent detectors; and integrating these
receivers with high-detection-efficiency PNR detectors, allowing
for scalability.

We further studied the use of this PNR receiver for coded com-
munications, used in practice to achieve even lower error rates.
Specifically, we investigated how the performance of our receiver
would improve the implementation of one of the most common
coding schemes, the Reed Solomon (RS) codes with parameters
(n, k, d), where the codewords have a code length of n symbols
with k information symbols and n–k symbols used as redundancies
for error correction41. Analogous to ref. 26, we calculated the
minimum codeword length nmin to achieve a desired RS coded
error rate PRS

e as a function of communication code rate r = k/n
for different 〈n〉 for our PNR receiver for QPSK, as described in
Fig. 3, and its expected performance with 16 quadrature-amplitude
modulation (16QAM) symbols8. We calculated the minimum
code length nmin to achieve a RS coded error rate of PRS

e = 10−10,
as described in Supplementary Section I. We selected two
input powers to compare the performance of our demonstrated
receiver with that of an SQL-limited (heterodyne) 100%-efficient
receiver. For completeness, we also included for comparison
the performance of an SQL-limited receiver but scaled to the 72%
detection efficiency of our receiver.
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Figure 3 | Experimental results. Error probability (blue symbols) for the
discrimination of four non-orthogonal states in the QPSK format by receivers
with no PNR power, PNR(1) and with a PNR power of 3, PNR(3). The
receiver with PNR(3) can discriminate QPSK states below the SQL for a
range that extends to high power levels. It discriminates with much lower
errors than its counterpart without PNR capabilities, and reaches error rates
14.5 dB below the ideal, perfect 100% efficiency SQL (red line) and 27 dB
below the SQL under the same experimental conditions of detection
efficiency (green line). The Helstrom bound is shown for comparison. This
receiver reaches error probabilities of 10−6 for 〈n〉 = 20 and the data point
towards even lower error probabilities at higher 〈n〉. Error bars represent one
statistical standard deviation from four runs of 1 × 106 independent
experiments for PNR(1), five runs of 1 × 106 for 〈n〉 from 1 to 9, five runs of
4 × 106 for 〈n〉 from 10 to 14 and 10 runs of 4 × 106 for 〈n〉 from 15 to 20 for
PNR(3). The theoretical predictions (crosses) are based on Monte Carlo
simulations, with the experimentally determined detection efficiency and
visibility for PNR(1) and PNR(3) showing good agreement with the
experimental observations.
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As shown in Fig. 4a, for QPSK the nmin using our demonstrated
PNR(3) receiver is approximately four times smaller than what can
be achieved using an ideal SQL-limited receiver and approximately
150 times smaller than with the SQL-limited receiver when correct-
ing for the detection efficiency of our implementation (72%) for
r≥ 0.7 at small signal powers 〈n〉 = 3. For higher signal powers
〈n〉 = 14, nmin is still reduced by a factor of approximately two
using our demonstrated PNR receiver, with larger advantages at
higher rates r. We also estimated the performance of RS-coded
optical communication with 16QAM symbols for high-spectral-
efficiency communications8 for the PNR receiver with N = 32, a
detection efficiency of 72% and V = 99.8%. For 〈n〉 = 20, nmin was
reduced by a factor of approximately three (∼160×) when compared
to the unscaled (scaled) SQL-limited receiver for r≥ 0.7. For higher
signal power 〈n〉 = 50, nmin was still more than two times (four
times) smaller than for the unscaled (scaled) SQL-limited receiver.
This simple example demonstrates the potential advantages of
our PNR receiver for coded communications with high spectral
efficiency under realistic conditions, and one would expect this
potential to hold for more sophisticated coding schemes for efficient
coded communications. We note that coherent states, with random
coding, can achieve the highest possible rate of information that can
be reliably transmitted42 (the Holevo capacity) and the heterodyne

measurement is asymptotically optimal in the high-input-power
regime. However, a capacity-achieving receiver (measurement)
would require the receiver to make joint-detection measurements
on long codeword blocks, and its optical implementation is yet to
be found. Our receiver can achieve a higher communication rate
for information transfer at a desired small codeword error
probability for a given code block length as compared to a
heterodyne receiver. This could significantly reduce the coding
overhead and complexity required to achieve the Holevo
capacity as compared to a heterodyne measurement in this
high-spectral-efficiency regime.

Robust quantum technologies that can mitigate the effects of rea-
listic imperfections and outperform conventional ones under real-
world conditions have great potential for technological advances
and for fundamental studies in quantum mechanics. Our demon-
strated quantum receiver expands the regimes of non-classical
detection to high input power levels for non-orthogonal multi-
state discrimination below the SQL, which had previously not
been accessible to any demonstrated quantum receiver. Our demon-
stration complements the study of advanced techniques for high-
sensitivity amplification and regeneration of phase-coherent
states16–18 and quantum-enhanced optical phase tracking43.
Together with advances in fast PNR detectors44 and fast digital pro-
cessing, this receiver, implemented in a feed-forward manner allow-
ing for higher rates, could potentially provide a path towards high-
spectral-efficiency coherent optical communications below the SQL
in amplification-free channels and reduce the need for amplification
processes in extended communication links.

Note added in proof: During the preparation of our manuscript,
we became aware of related theoretical work by Izumi et al.30 and
Li et al.31 studying the improvement of receivers based on detectors
with perfect (infinite) photon number resolution, and how these
receivers can mitigate the effects of dark counts and mode mismatch
in the discrimination process.
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