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Measurement of the state of a quantum system with inherent quantum uncertainty
(noise) approaching the ultimate physical limits is of both technological and funda-
mental interest. Quantum noise prevents any mutually nonorthogonal quantum states,
such as coherent states, from being distinguished with perfect accuracy. Optimized
quantum measurements for nonorthogonal coherent states allow in principle for state
discrimination sensitivities surpassing the standard quantum limit (SQL). Realizing
quantum receivers that can detect multiple coherent states with sensitivity levels ap-
proaching the ultimate quantum limits is fundamental to quantum-enhanced measure-
ments, and can optimize the performance of quantum and classical communications
as well as future implementations of quantum technologies. Here we demonstrate the
first quantum receiver that unconditionally discriminates four nonorthogonal coherent
states with error probabilities below the SQL. This receiver achieves error rates four
times lower than is possible with any ideal conventional receiver with perfect detection
efficiency.

Quantum mechanics sets fundamental limits on
the attainable measurement uncertainty of mutually
nonorthogonal states. Nonorthogonal coherent states
cannot be distinguished with total certainty due to their
intrinsic overlap1. Efficient measurement and discrimi-
nation strategies for nonorthogonal coherent states are
essential in quantum and classical communications2–5

and in many implementations of quantum informa-
tion science67–9, such as quantum repeaters8 and quan-
tum computation7,10, as well as for quantum-enhanced
metrology11–13. The nonorthogonal nature of these states
is the basis for many of these applications, particularly
those involving communication security3,14–16. Coher-
ent states are ideal for communications; they are easy
to prepare and manipulate, they are resilient to losses
and can maximize the information transmitted in the
communication channel17, and allow for communications
over long distances18. The use of multiple coherent
states to encode information, for example in the phase
of the field using phase-shift keying (PSK), can increase
the spectral efficiency of the communication channel5,18,
and may increase the secret key rate in quantum key
distribution19,20 in extended communication links21.

The performance of quantum information and com-
munication protocols using coherent states can be maxi-
mized with optimized strategies for the detection and dis-
crimination of these states. The standard quantum limit
(SQL) defines the minimum error with which nonorthog-
onal states can be distinguished by direct measurement
of the physical property of the light used to encode the
information, such as intensity or phase. This minimum
error is what ideal, 100% efficient, conventional receivers
can achieve22. Remarkably, quantum mechanics allows
for a lower error bound, known as the Helstrom bound1,

which can be approached or achieved by optimized dis-
crimination strategies. Identifying physically realizable
techniques for implementing such strategies has been and
remains a major technical challenge.

Implementations of quantum receivers using optimized
strategies to discriminate two non-orthogonal coherent
states have been extensively investigated23–30. Recently,
a quantum receiver using a near-unity efficiency detec-
tor for the first time demonstrated the discrimination
of two nonorthogonal states below the SQL (for a small
range of optical power and with error probabilities 0.2
dB below the SQL)31. In general, the discrimination
of multiple (more than 2) nonorthogonal coherent states
below the SQL1 is achievable using optimized strategies
to test multiple hypotheses for the incident state32–37.
Experimental investigations using post-processing have
shown the potential of some of these strategies34,35 to dis-
criminate multiple nonorthogonal states below the SQL.
A recent work demonstrated a receiver demodulating 4
pulse-position-modulation encoded coherent states and
observed lowered error probabilities when compared with
direct detection under the same experimental conditions
(i.e., a direct detector with the same efficiency as the
receiver)38. However, there have been no unconditional
demonstrations (that is as compared to 100% efficient
detection) of discrimination of multiple nonorthogonal
states below the SQL.

We present the first demonstration of a quantum
receiver that unconditionally discriminates among
four nonorthogonal coherent states in a quadrature
PSK format (QPSK) as shown in Fig. 1a with error
probabilities as low as one fourth of the SQL. We use
a strategy for M-ary PSK states34 based on photon
counting and adaptive measurements11,12,29,39,40 in the

migdall
Text Box
PUBLISHED ONLINE: 6 JANUARY 2013DOI: 10.1038/NPHOTON.2012.316



2

form of fast feedback. This scheme can achieve low error
probabilities using very few adaptive measurements and
practical detection efficiencies34. We implement this
strategy using a receiver with high bandwidth and high
detection efficiency to obtain error rates four times lower
than the theoretical limit of a perfect 100% efficient
conventional coherent receiver (i.e. the SQL). In addi-
tion, this quantum receiver unconditionally surpasses
the SQL for a wide range of powers of the input state.
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FIG. 1: Discrimination strategy. a, Nonorthogonal co-
herent states in the QPSK format: {|α⟩, |iα⟩, | −α⟩, | − iα⟩}.
b, Adaptive-measurement discrimination strategy based on N
adaptive measurements, updated optical displacements D̂(βi)
and photon counting di (see text for details.) c, Error proba-
bilities for the discrimination of QPSK states for the strategy
with 10 adaptive measurements (blue) are below the SQL
(red) and approach the Helstrom bound (black).

Figure 1b shows the measurement approach for mul-
tiple nonorthogonal state discrimination, which consists
of N consecutive adaptive measurements with equal du-
ration (feedback periods) of the input field |ψ⟩ in the
form of feedback. In each adaptive measurement j (j =
1, 2, 3, ..., N), the strategy tests the hypothesized state
|βj⟩, which corresponds to the most probable state of

the input field |ψ⟩; it performs a displacement D̂(βj) of
|ψ⟩ to |ψ− βj⟩; and detects the number of photons dj of
the displaced field using a single-photon detector (SPD).
If the hypothesis is correct, then |βj⟩ = |ψ⟩, the input
field is displaced to vacuum during this feedback period
and the number of detected photons dj is always zero.
After this measurement, the strategy estimates the new
most probable state |βj+1⟩ to be tested in the subsequent
feedback period using Bayesian inference based on the
detection history CHist and displacement history D̂Hist.
The new most probable state corresponds to the one with
the maximum of the posterior probabilities

Ppost({|ψ⟩}|βj , dj) = A P(dj |βj , {|ψ⟩}) Pprior({|ψ⟩}), (1)

where Ppost ({|ψ⟩}|βj , dj) and Pprior({|ψ⟩}) are the pos-
terior and prior probabilities, respectively, for all possible
input states {|ψ⟩}, P(dj |βj , {|ψ⟩}) are conditional Poisso-
nian probabilities of observing the detection result dj for
{|ψ⟩} given the displacement field βj , and A is the nor-
malization factor obtained from summing Eq. (1) over
all the possible states {|ψ⟩}. In each subsequent feedback
period, the Bayesian probabilities are updated so that
Ppost of period j becomes Pprior in period j + 1. The
final determination of the state of the input field |ψ⟩ cor-
responds to the most probable state |βN+1⟩ determined
in the last adaptive measurement N 34. The probability
of error associated with identifying the input state de-
creases with higher numbers of adaptive measurements,
surpassing the SQL to a higher degree and approaching
the Helstrom bound34. Fig. 1c shows the error prob-
ability for the discrimination of the four nonorthogonal
coherent states shown in Fig. 1a using this strategy with
10 adaptive measurements, together with the SQL given
by

PSQL = 1− [1− 1

2
erfc(

√
|α|2/2)]2, (2)

where erfc(x) = 2√
π

∫∞
x
e−t2dt, and the Helstrom bound

for this case1. We implement this strategy with a system
with high detection efficiency and high bandwidth to
discriminate these states below the SQL.

Experimental Implementation
Figure 2 shows the experimental realization of the quan-
tum receiver for the unconditional discrimination of mul-
tiple nonorthogonal states. A frequency- and power-
stabilized laser at 633 nm together with an acousto-optic
modulator (AOM) and a single-mode fibre (SMF) pre-
pare flat-top light pulses in a coherent state of duration
27 µs at a rate of 12.5 kHz. The light pulses enter into a
Mach-Zehnder interferometer where a 50/50 beam split-
ter (BS1) splits the light into two optical paths. Light
pulses in the upper path are attenuated by a factor of
100, and fed into a fibre-based phase modulator (PM1)
which prepares the quantum state to be discriminated
|ψ⟩ ∈ {|α⟩, |iα⟩, | − α⟩, | − iα⟩}. A second phase modu-
lator (PM2) in the lower path prepares the strong field
to perform the displacement of the input field |ψ⟩ in a
99:1beam splitter (BS2) which transmits 99% of |ψ⟩ and
1% of the strong displacement field. At the output of
this beam splitter, these fields have strengths matched
to within 0.1%, so that opposite relative phases accu-
rately displace the input state to the vacuum. A SPD
avalanche photodiode with measured detection efficiency
of 84.0(5)% (See Methods for details about the SPD and
associated uncertainties) at 633 nm and 10 dark counts
per second detects the photons in the displaced field and
a field-programmable gate array (FPGA) collects these
detection events. The FPGA prepares the input state
|ψ⟩ and the displacement field independently using two
4-input fast multiplexers that provide controllable volt-
ages to PM1 and PM2. Using the strategy above, the
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FIG. 2: Experimental implementation of the quantum
receiver. a, The phase modulator PM1, along with the set
of attenuators Attn, prepare the state of the input field |ψ⟩
to be discriminated in a light pulse at 633 nm with a given
mean photon number ⟨n⟩. It is from this point, as indicated
by |ψ⟩, that ⟨n⟩ is defined for the state. The determination
of ⟨n⟩ for this point is made using a calibrated detector Det
and mirror M1 flipped into the beam path during the calibra-
tion. The receiver measures the state of the input field using
adaptive displacements, prepared with the phase modulator
PM2 and performed in the beam splitter BS2, and photon
counting with the single photon detector SPD using fast (≈
120 ns) feedback. Active path-length stabilization of the in-
terferometer is realized using a second laser at 780 nm, differ-
ential detection with a differential detector DD and the piezo-
electric transducer PZT-mounted mirror (see text for details.)
b, A sample experimental run of the adaptive-measurement
discrimination of the input state | − iα⟩. In this case, the
receiver’s final decision about the input state after the last
feedback period corresponds to a success. The circles indi-
cate the maximum posterior probabilities, in percentage, for
the input state determined from the previous measurements.
In this sample, the hypothesis in feedback period 4, 3π

2
, is

randomly chosen between π
2
and 3π

2
since at this point these

phases are equally likely with PPost = 49%.

FPGA processes the detection data in real time, deter-
mines the most probable input state, and prepares new
displacements for the subsequent adaptive measurements
of the incoming field. The discrimination procedure con-
sists of 10 feedback periods of about 2.7 µs each, with a
feedback bandwidth of 10 MHz limited by the electronic
and optical delays, which are due to the multiplexers and
phase modulators response times, the input-output la-
tency of the SPD, the FPGA processing time, and the

propagation time of light from PM2 to the SPD. During
each feedback period, the receiver detects the presence
or absence of photons, and at the end of each period it
updates the displacement field for subsequent measure-
ments independently of the arrival time of the photons.
Asynchronous updating of the displacements as soon as
a detection is made might improve the receiver’s perfor-
mance somewhat and might be considered in the future.

Proper performance of this receiver requires good
phase stability between the two optical paths in the inter-
ferometer and calibration and control of the phases of the
input and displacement fields. The phase of the interfer-
ometer is actively stabilized using light from a 0.1 mW
continuous wave (CW) laser at 780 nm and frequency-
stabilized to an atomic line of rubidium (see Fig. 2a). It
propagates in the opposite direction with respect to the
633 nm light inside the interferometer using dichroic mir-
rors (DM) with high transmittance (reflectance) of light
at 633 nm (780 nm). The insertion loss of the phase mod-
ulator PM1, and similarly of PM2, at 633 nm and 780 nm
is less than 3.5 dB and 4.2 dB respectively. A differen-
tial detector (DD) measures the interference at 780 nm
and provides an electronic signal to actively stabilize the
interferometer by applying feedback to a piezo-electric
transducer (PZT) on the back of a mirror. Fig. 3a shows
the two interference patterns for the two lasers in CW
mode as observed at opposite sides of the interferometer.
We scan the phase using the PZT and observe a 633 nm
fringe visibility of V = 99.7%. When the interferometer
is actively stabilized, the observed phase noise is smaller
than 10 mrad.

Fig. 3b shows the control sequence for the operation
of the receiver and the phase calibration of the input and
displacement fields. The Lock-On time of 42 µs is when
the 780 nm Lock laser is monitored and the interferom-
eter is actively stabilized. The Lock-Off time (also 42
µs) is used for two tasks. It is during this Lock-Off time
that the 633 nm laser is pulsed on for use either to cali-
brate the phases of the input and displacement fields or
to operate the adaptive receiver.

The phase calibration of the input state |ψ⟩ and dis-
placement fields is done by observing the interference at
the output of BS2 as we apply different phase shifts to the
633 nm light pulses with PM1 and PM2. Fig. 3b shows
the interference of 633 nm pulses when PM1 prepares
each of the states {|α⟩, |iα⟩, | − α⟩, | − iα⟩}. The esti-
mated phase error of this calibration is below 10 mrad.
We calibrate the phases of the displacement field by dis-
placing to vacuum the state prepared with these par-
ticular phases as shown by the black line in Fig. 3b.
The observed maximum-to-minimum signal ratio in the
pulse-mode operation is 1.3(3)×10−3 corresponding to a
visibility of Vpulse=99.75(7)%, which is consistent with
the visibility observed in the CW mode operation. This
high visibility is achieved with precise control of the rela-
tive polarization between the two optical fields inside the
interferometer together with good temporal and spatial
overlap, while active temperature stabilization of PM1
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FIG. 3: Phase measurement and preparation. a, In-
terference fringes of CW light at 633 nm (blue line) and
780 nm (red line) as seen at opposite ends of the inter-
ferometer. The phases used to prepare the input states
{|α⟩, |iα⟩, |−α⟩, |−iα⟩} are indicated as {0, π/2, π, 3π/2} re-
spectively. The blue line at a level of 0.5 shows the light level
at 633 nm when the interferometer is stabilized at ϕ = π/2.
b, Control sequence for calibration and phase preparation of
the input state |ψ⟩ and displacement fields using light pulses
of 27 µs at 633 nm during the Lock-Off period of the inter-
ferometer stabilization cycle as indicated in the lower section
of the figure. For illustration purposes, a waveform (blue
line) shows the interference at 633 nm when PM1 prepares
the four possible phases ϕ = {0, π/2, π, 3π/2} for the input
state |ψ⟩ = |eiϕα⟩. Setting the phase to each of these values
allows for calibration of the input state. For a state discrimi-
nation measurement ϕ would be constant for the duration of
the Light-Pulses region. A signal level of 0 corresponds to the
state preparation with ϕ = 0. To calibrate the displacement
field, a zero level is measured (solid black line shown shifted
down for a better view). PM2 prepares the phase of this field
to obtain total destructive interference, i.e. displacement to
vacuum, for every prepared state {|α⟩, |iα⟩, | − α⟩, | − iα⟩}.

and PM2 ensures good phase stability.

The overall operational procedure for the experiment
consists of: a) calibrate the input field and displacement
field phases, b) set the mean photon number of the input
field, and c) run the 10-adaptive-measurement strategy
106 times. This process is repeated for each new input
field mean photon number.

Experimental Results
In the experiment, the FPGA implements the discrim-
ination strategy accounting for the actual experimen-

tal parameters: the receiver’s total detection efficiency
DETot=72% (see Methods) and the observed visibility
V = 99.7%. This strategy provides a more accurate de-
scription of the receiver and improves the discrimination
process34,41. The FPGA transfers to a computer for fur-
ther analysis the information about the input state, de-
tection and displacement histories, and the final estimate
of the state. Figure 2b shows a sample of the experi-
mental data when the quantum receiver discriminates an
incoming state prepared in | − iα⟩ with a mean photon
number of ⟨n⟩ =5. After the last adaptive measurement,
the most probable state determined by the receiver is
the final estimate of the input state that, in this case,
corresponds to a success.
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FIG. 4: Experimental error probability. The exper-
imental error probability (blue dots) for the discrimination
of 4 nonorthogonal states in the QPSK format together with
the SQL (red line), SQL adjusted for the 72% detection effi-
ciency of our receiver (dashed line), error probability limit for
the optimized strategy with 10 adaptive measurements (blue
line), and the Helstrom bound (black line). The experimental
quantum receiver discriminates these states with lower error
probabilities than the SQL for a range of mean-photon num-
bers from 2 to 15. Monte Carlo simulations (black crosses)
of the strategy with DETot=72% and V = 99.7% show good
agreement with the experimental observations. The inset (i)
shows the experimental error probabilities (Pe) surpassing the
SQL (PSQL) by 6 dB from 6 to 11 mean photon numbers. This
corresponds to achieving an error rate 4 times lower than the
SQL. The error bars are 1-σ statistical uncertainties.

Figure 4 shows the experimental error probability
in discriminating among four nonorthogonal coherent
states in the QPSK format as a function of mean photon
number ⟨n⟩ along with the SQL from Eq. (2), the
SQL scaled to DETot=72%, the ideal limit for the
optimized strategy with 10 adaptive measurements, and
the Helstrom Bound. Each data point is the result of
four sets of 106 independent experiments. The error bars
are 1-σ statistical uncertainties, and the mean-photon
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number uncertainty is 2% as described in the Methods.
This quantum receiver discriminates four nonorthogonal
coherent states below the SQL for mean photon numbers
from 2 to 15 without any correction for detection ineffi-
ciencies. A higher number of adaptive measurements can
result in lower error probabilities34, but would require
shorter delays necessary to prepare for subsequent adap-
tive measurements. We study the expected performance
of the receiver for different detection efficiencies and
visibilities. The theoretical predictions in Fig. 4 are
based on Monte Carlo simulations of the strategy with
10 adaptive measurements and with the experimental
parameters for detection efficiency DETot=72% and
visibility V = 99.7%. We do not observe any noticeable
effect when we include the observed dark counts in
the Monte Carlo simulations for the experimental
input mean-photon numbers. We observe an excellent
agreement between the experimental observations and
these theoretical predictions. The upward curvature
seen in the simulation and the experimental data as
the mean photon number increases is due to less than
100% visibility which degrades the performance of the
receiver for higher mean photon numbers. Less than
100% detection efficiency results in an overall shallower
slope than the ideal result of Fig. 1c. The measured
error probability beats the SQL by more than 6 dB for
mean photon numbers from 6 to 11 as shown in the
inset (i). These experimental results demonstrate the
unconditional discrimination of multiple nonorthogonal
states below the SQL.

Conclusion
Quantum adaptive measurements are an essential re-
source for many quantum information science applica-
tions; they allow us to perform tasks that are other-
wise fundamentally impossible relying on conventional
technologies. We have demonstrated a quantum re-
ceiver implementing adaptive displacement operations
and photon-counting that unconditionally discriminates
four nonorthogonal coherent states in a QPSK format
significantly below the SQL for a wide range of optical
powers. This receiver uses a strategy that can surpass
the SQL with very few adaptive measurements and prac-
tical detection efficiencies. The receiver exploits its high
bandwidth and high detection efficiency to achieve er-
ror rates four times lower than any ideal conventional
receiver, and it can be extended to higher modulation
formats. While we implemented the strategy in a feed-
back mode for convenience, it could be implemented in
a feed-forward manner allowing much higher through-
puts. This quantum receiver can be used to optimize
future implementations of protocols in quantum infor-
mation science, increase quantum communication rates
over long distances, and potentially enable high-spectral
bandwidth communications below the SQL.
Methods

Calibration of the SPD, mean-photon number

and system detection efficiency. Our SPD is a
commercial avalanche photodiode43 whose detection ef-
ficiency we calibrated using a photodiode-based light-
trapping detector that has a 0.05% uncertainty tied to
an absolute spectral response scale at NIST42(Note that
all uncertainties of measurements made using this trap
detector are 1- σ combined standard deviations). This
photodiode trap was also used to calibrate a series of
attenuators used to step down the output of a power-
stabilized 633 nm laser allowing calibrated measurements
at single-photon-levels. Thus we determined the SPD’s
detection efficiency to be 84.0(5)%. We applied the same
methodology to calibrate the mean-photon number of
the prepared input state in our experiment. We used
another series of attenuators (after the first SMF and
lens) to prepare the input light at the single-photon level
with a 1- σ uncertainty of 1.7%. In addition, we cali-
brate the total transmittance of the optical components
(T1=92.5(2)%) from the point where the state is prepared
to where its absolute power is measured by detector Det
as shown in Fig. 2a. This results in a total uncertainty
for the calibration of the absolute average photon num-
ber per pulse of σ⟨n⟩=2%. The receiver’s expected to-
tal detection efficiencyDETot=72.3(7)% is obtained from
the product of transmittance T1, the SPD detection effi-
ciency DESPD=84.0(5)%, transmittance T2=97.0(5)% of
the optical components before the SPD, and bandwidth-
related losses (loss≈4%). The bandwidth-related losses
are calculated from the fraction of time when the SPD
output is ignored to avoid detecting events from previous
feedback periods, due to finite bandwidth of the experi-
ment.

∗Certain commercial equipment, instruments or mate-
rials are identified in this paper to foster understanding.
Such identification does not imply recommendation or
endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equip-
ment identified are necessarily the best available for the
purpose.
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