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1 | INTRODUCTION

In coherent communication systems, optical signals carry in-
formation on both their amplitude and phase [1]. Coherent
detection measures the amplitude and phase of the signal in
terms of the quadrature with respect to a strong reference
signal called the local oscillator (LO). Since, coherent detectors
can differentiate multiple values of signal quadratures, coherent
communication has a higher data carrying capacity compare to
threshold detection approaches, for example, on-off-keying
(OOK), where signal state discrimination is limited to two or
a few values. At the lowest intensity levels, near to vacuum,
coherent signals evidently show inherent quantum uncertainty
in their quadratures. This prevents the different quadrature
values being effectively discriminated from each other and
hinders data communications. Nevertheless coherent signals at
the quantum level are useful for a secure key exchange between
two authenticated users [2—4]. However, the coherent detector
needs to have a vacuum noise (shot-noise) sensitivity to
differentiate signals at the quantum level. Quantum coherent
communication for secure key exchange, referred to as the
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A large area photo-diode based homodyne detector for free-space quantum coherent
communication is reported. The detectot's petformance is studied in terms of the
detection bandwidth and electronic noise for shot-noise limited quantum signal detection.
Using large area photo-diodes increases the signal collection efficiency from turbulent
atmospheric channels, in comparison with thetypical fibre-based free-space homodyne
detectors. Under identical atmospheric turbulence and receiver aperture conditions, over a
700-km free-space link at 90° elevation angle, our homodyne detector based on a
diameter of Imm photo-diode experiences 0dB loss due to turbulence, while a 10-um
fibre-based detector experiences 13.5dB of signal loss.

continuous variable quantum key distribution (CV-QKD) [5],
exploits the vacuum noise of the quantum signals to ensure the
security of the key. In CV-QKD the quadratures values sent by
the transmitter and measured by the receiver are correlated, if
properly measured. This correlation can be established through
subsequent data reconciliation. Thereafter, error correction
followed by privacy amplification are employed to generate a
secure key [6].

Degradation in correlation between transmitted and
measured quadratures indicates the presence of noise and loss.
Vacuum noise of the signal and electronic noise of the detector
are two sources of noise that can be calibrated in CV-QKD,
whilst the noise from eavesdropping limits the security of
the key generation. Attenuation due to the channel and in the
receiver, together with detector inefficiency, contribute to
the signal loss. In fibre-based systems, the signal is confined in
the core of the fibre and signal attenuation is primarily due to
absorption/scattering. Many techniques have been proposed
and are being developed in order to overcome the losses and to
extend the transmission distance, such as measurement device
independent (MDI)-QKD [7, 8], use of quantum repeaters [9]
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and, most recently, Twin Field (TF)-QKD [10]. All of these
methods require an intermediate node(or nodes) between the
users.

However, for free-space QKD channels it is quite
impractical to extend the overall working link distance by
placing a node in between, especially for satellite to ground
links [11]. In this article, we are proposing an efficient way to
improve the signal collection efficiency in free-space CV-QKD
systems, especially for transmitted local oscillator(TLO) based
systems. We demonstrate a free-space homodyne detection
system with large area photo-diodes and evaluate its effect in
CV-QKD operational bandwidth and electronic noise. We
show that using larger area detectors, it is possible to achieve
higher signal collection efficiency for CV-QKD in atmospheric
channels. We have the following sections in this article. In
Section 2, we describe the shot-noise sensitive homodyne
detection for coherent signals. Section 3 describes the rela-
tionship of detector area with bandwidth and electronic noise.
In Section 4 we examine the advantage of a large area detector
in signal detection compared to single mode fibre-based
detectors and provide evidence in terms of shot-noise vari-
ance and linear detection response as a preliminary result for
conducting free-space CV-QKD demonstration. We conclude
the paper in Section 5.

2 | CV-QKD OVER FREE-SPACE
ATMOSPHERIC CHANNEL

Free-space CV-QKD has recently gained interest primarily
because of its capability to filter out noise photons which
are not coherent with the LO. This enables daylight oper-
ation of QKD in satellite-ground links [12-14]. A few
theoretical studies have been carried out in the direction of
increasing the loss budget of CV-QKD systems in atmo-
spheric channels. In [15], a realistic and passive eaves-
dropping scenario is explored, whilst in [12] a virtual
aperture is considered as the transmitter of the quantum
signals. In this article, we propose a novel concept in
quantum coherent signal detection, in order to improve the
signal collection efficiency for CV-QKD in atmospheric
channels. We also provide preliminary test results to sup-
port this proposal.

In a free-space channel, signal loss is not only caused by
atmospheric absorption and scattering but also from the beam
divergence and by the atmospheric turbulence. The beam
divergence is the geometrical spreading of the signal due to
diffraction. For short range free-space communications, say a
few tens of km, it is possible to keep the beam width of the
signal smaller than the receiver aperture. As a result, loss due to
the beam divergence is negligible. However, at longer trans-
mission distances, as in the case of satellite to ground links,
since the beam width becomes much larger than any practical
receiver aperture, only a portion of the signal can in fact be
collected.

The portion of the signal collected by the receiver tele-
scope is further coupled to the detector, either via free-space

or with fibre pigtails. It is a demanding task as it requires
precise pointing, acquisition and tracking (PAT) subsystems
and signal focusing optics in order to keep the signal focused
onto the detector area, which has typical diameters of 10 um7z in
the single mode fibre, 80 w7 in the multi-mode fibre and
200 pm in the free-space detector. Random vatiations of the
refractive index of the atmosphere generate scintillation effects
that results in signal fading, wavefront distortion and random
motion of the signal beam centroid about the receiver. After
all, the atmospheric turbulence spreads the signal spot size and
reduces the signal collection efficiency significantly. Adaptive
optical techniques can correct the wavefront distortion and
increase the signal coupling efficiency to the detector with an
aid from beacon signal, at a separate wavelength, that is
transmitted along with the QKD signal [12]. Precision tele-
scopic mounts with high tracking resolution can follow the
wandering signal beam. However, this compromises in tracking
speed [16].

We have considered only the scope of TLO based
CVQKD systems in our analysis. The performance of locally
generated LO (LLO) based systems is limited to shorter
working transmission distances, due to the phase noise that
arises from two independent lasers. Narrow linewidth
(<1 kHz) lasers that offer lower phase noise are costly, bulky
and require precise temperature and current control. These are
thus unlikely to provide an optimal solution for transmitters
with size, weight and power (SWaP) restrictions. As in the case
of classical coherent communications, a higher detection
bandwidth is required for conventional wide linewidth lasers
(>1 MHz), to estimate the phase of the reference pulse pre-
cisely. As can be seen in Figure 3, the electronic noise increases
with the detection bandwidth. This makes the detection ther-
mal noise limited rather than shot noise limited. It is not
possible to compensate for this by increasing a locally sourced
LLO power, because adjusting the receiver to be shot noise
limited would require LLO power that will saturate and
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FIGURE 1 Set-up for the free-space homodyne detection. Focused

signal from the primary mirror of the telescope is first collimated by lens
L1 and then passes through the polarization beam-splitter (PBS) for
separating the orthogonal polarized signal and LO. Polarization of the LO
is rotated with half wave plate (HWP) to match with that of signal. The
signal and LO interfere at a 50/50 beam-splitter (BS) and its outputs are
each focused to a photo-diode (PD) using lens 1.1 and L.2. M stands for
the mirror
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damage the photodiodes. Therefore, larger area based de-
tectors find their application in TLO (rather than LLO)-based
CVQKD systems. The use of larger area photodiodes not only
reduces the need for precise beam stabilization and reduces
design complexities as well as cost, but it also improves the
signal collection efficiency.

3 | QUANTUM COHERENT SIGNAL
DETECTION

Since the signal strength is comparatively higher, a classical
coherent detector has diverse detection capabilities—in terms
of orthogonal polarizations for both quadratures. On the
contrary, quantum coherent signals are very weak in intensity -
a few photons per pulse on average at the transmitter [6].
Diversified signal detection over a lossy channel creates further
loss. Therefore, quantum coherent signals are prepared in a
single polarization and detected preferably in a single quadra-
ture. Single quadrature detection is referred to as homodyne
detection, whilst detection of both quadratures is termed
heterodyne. Based on the protocol for secure key generation,
the CV-QKD detector either randomly measures one of the
quadratures, or measures both quadratures. We consider a
homodyne detector in our analysis primarily because of its use
in a well-studied and demonstrated Gaussian modulated
coherent state (GMCS) protocol [5, 6] for CV-QKD.

In the homodyne detection for quantum signals, the signal
field ae® is mixed with a strong LO field v/Tp,e on a
symmetric beam-splitter as shown in Figure 1. Here a is the
complex amplitude and I, is the intensity of the LO. The signal
can be expressed in terms of field quadratures, X + 7P. Since
the LO and signal originate from the same laser source in
TLO-based CV-QKD systems, the signal quadrature with
respect to the LO can be written as (X, + Xo)+
i(Pg, + Py). Here, X, and P are the random quadrature
values correspond to vacuum noise variance which does not
have any phase relation with the LO. The outputs of the beam-
splitter are connected to photo-diodes. The photo-currents are
subtracted from each other and the difference is amplified to a
detectable level. The amplifier output directly indicates the
quadrature of the input signal where the relative phase of the
LO with respect to the signal determines the quadrature under
measurement.

lpl@ Rié Cj —— R,

FIGURE 2 Equivalent circuit of a photo-diode. C; is the junction
capacitance, R; is the internal resistance and R; is the series resistance, Ry is

the load resistance and I, is the photocurrent

The homodyne detection output, HD,,,, for an X quad-
rature measurement (and similatly for the P quadrature) can be
written as:

HDautzzvllo(X€,a+X(J) +Xele (1)

where, X, is the noise quadratute contribution due to the
electronic noise variance V. The signal quadrature Xg, may
contain excess noise that originates from other sources, which
we are neglecting in our analysis. The shot-noise limited sensi-
tivity of the homodyne detector is obtained using a high intensity
LO and low electronic noise generating components—photo-
diodes and amplifier. Primarily, the electronic noise vatiance
determines the intensity required for the LO to bring the
homodyne detector to shot-noise sensitivity. Therefore, it is
important to evaluate how the electronic noise varies with
different aspects of the detector.

4 | HOMODYNE DETECTOR WITH
LARGE AREA PHOTO-DIODES

In general, there are three figures of merit for a receiver:
detection efficiency, bandwidth and electronic noise. Detec-
tion efficiency is the product of the quantum efficiency of the
photo-diodes and the optical loss in the receiver including the
telescope. The detection bandwidth of the receiver is boun-
ded by the electrical bandwidth of the photo-diode and the
amplifier. This is relevant as it can limit the signal repetition
rate. Typically repetition rate is set to one-third of the
bandwidth and signal pulse width is to 10% of the duty-cycle
[17]. In order to make the homodyne detector shot-noise
sensitive, it is required to have comparatively low electronic
noise from the detection electronics—the third term in Eq.(1).
Its contribution can be made smaller either by higher LO
intensity, Ij,—the first term in Eq.(1), or using low noise
electronic components at the expense of the reduction in the
bandwidth. In a homodyne detector, the bandwidth, B, and
electronic noise variance, V,, ate telated by the following
equation [18].

2
Ve = N]fp Br (2)

vl lo
where, NEP is the sum of the noise-equivalent power of the
photo-diodes and the amplifier, 7 is the O pulse width, 5 is
Planck's constant and v is the optical LO frequency.

In our noise model, we consider the NEP of the amplifier
to be constant and analyse how the detection area of the
photo-diode affects the NEP, bandwidth and thence the elec-
tronic noise variance. In order to relate the area of the photo-
diode to bandwidth, we consider the equivalent circuit of a
photo-diode as shown in Figure 2. For a photo-diode with
junction capacitance C] connected to a load resistor, R;, the

bandwidth B = 1/2wR;C; can be expanded as:
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whete A is the detection area of the diode, p is the mobility of
electrons at 300K, p is the resistivity of the photo-diode ma-
terial, V4 is the built in potential of the material, V}; is the
applied reverse bias voltage, € is the dielectric constant and €
is the permittivity of free space. As the area of the detector
increases the detection bandwidth reduces, due to increase in
junction capacitance, as shown in Figure 3.

Considering the dark current as the source of noise in the
photo-diode, the NEP can be defined as the power requited to
generate a photo current equivalent to that of the dark current,
which can be written as [19]:

I, [quA//eT _ 1]

NEP =
v+ VB

(4)

whete the term in the numerator is the dark current, y is the

2 1/2
quantum efficiency of the PIN diode, and [y = q;]:l‘ [quT””]

anh(+) is the saturation current, applied in the equation as its
tanh(f£) is the saturat , applied in the equati t

root mean squate value. Here Ny is the electrically active
acceptot/hole concentration on the lightly doped p-side of the
junction, 7; is the intrinsic cartier concentration, A is the
junction area, 1, is the minority carrier lifetime, p,, is the mi-
notity carrier mobility, L, is the minority carrier diffusion
length, t is the thickness of the p-type base of the diode, and
V3: is the bias voltage across the diode. T, g and k are,
respectively, the temperature, the charge of the electron and the
Boltzmann's constant.

In Figure 3 the red line shows the variation of the band-
width of the photo-diode with respect to the diameter. The
bandwidth primarily reduces due to the increase in junction
capacitance of the photo-diode with detection area. The blue

10" ; ; . : 120

-
o
©

Bandwidth (Hz)
NEP (f AlWHz)

108 ' ' ' s 0
1 2 3 4
Detector diameter (mm)

FIGURE 3 \Variation of the bandwidth (ted line) and NEP (blue line)
with respect to the diameter of the photo-diode. The following values are
used in Eq.(3) and Eq.(4): Ry = 50 Q; p = 104%; p = 0.142 cmQ;
Vai=077TV: Vi =6Vie =139 n; = 63 x 10" cm™>;

Ny =12 x 10°" om™; T = 300K; y,, = 250 cm®/(vs.); 1, = 270 x 107"%5;
t=55cm; L, =14 nm;y = 95%

line shows the vatiation of NEP of the photo-diode. It is
evident from the graph that the noise from the photo-diode
increases with respect to the diameter. By inserting Eq.(3)
and Eq.(4) in Eq.(2), we can summarise that electronic noise
variance increases with the detection area of the photo-diodes
as shown in Figure 4.

Since, most of the CV-QKD systems are demonstrated at
around a few MHz clock rate, we consider 10 MHz bandwidth
amplifier with NEP =5 x 1072W /v/Hz. Even though the
electronic noise increases and overall bandwidth decreases, it is
still manageable to achieve MHz clock rates with a 3-mm
diameter detector, see Figure 3, under the assumption that
the clock rate is one-third of the homodyne bandwidth. We
have also provided an example of 100 MHz with a
NEP =10~""W /v/Hz amplifier. As expected, the electronic
noise variance is higher compare to 10 MHz, due to higher
amplifier NEP. Note that the maximum clock rate, 33 MHz at
one-third of the total bandwidth, cannot be achieved with a
detector diameter larger than 1 mm.

5 | PERFORMANCE OF LARGE AREA
PHOTODIODE HOMODYNE DETECTOR

We have seen in the previous section that increasing the
detection area of the photo-diode decreases the detection
bandwidth and increases the electronic noise variance. In this
section we will analyse the advantages of using a large area
detector in a free-space CV-QKD link. Transmission of signal
through a free-space channel creates signal loss due to beam
divergences. One way to decrease the signal divergence is to
use a large aperture telescope at the transmitter as per the
following relation with the divergence angle @ = 1.224/D,

04 T T T T
—— 10MHz amplifier
—— 100MHz amplifier
0.3
Py
5
C
(2]
~ 02 i
o
[0)
>
01} -
OO 1 1 1 1

1 2 3 4 5
Detector diameter (mm)

FIGURE 4 \Variation of the electronic noise variance with respect to
the detector diameter. The blue and red lines represent the cases of 10 MHz
and 100 MHz bandwidth for the amplifiers. The following values are used
in Eq. (2): NEP,y =5 x 1072 W/VHz and 10" W/V/Hz; 7= 03 =
B I, =13 uW
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where 4 is the wavelength of the signal and D is the diameter of
the transmitter telescope [20]. For transmission over short
distances, the beam diameter can be maintained below a typical
receiver telescope diameter (say, 40 cm diameter) by using a
suitably large transmitter aperture. For example, over a 10-km
free-space link, an 8-cm transmitter aperture produces a 24-cm
beam diameter at the receiver, resulting in negligible diffraction
losses. In the case of a satellite-to-ground link, as the trans-
mitter aperture is limited by the size of the satellite, and in any
case, impractically large transmitter and receiver apertures
would be required due to the very large distance (hundreds of
kilometres even for low Earth orbits).

In either case, in addition to any losses due to diffraction,
atmospheric turbulence can cause further losses due to spreading
and wander of the beam caused by spatially and temporally
random variations in the refractive index of the ait. In order to
compare the large area detector with fibre-coupled detectors, we
have modelled the propagation of the signal beam through the
atmosphere for the case of a satellite-to-ground link, and
calculated the coupling losses for both types of detector. At-
mosphere turbulence is described statistically. The stochastic
behaviour of the refractive index is determined by the structure
function D, (r) = C>r*/?, which describes the expectation value
of the difference in refractive index between two points a dis-
tance 7 apart, where the term Ci referred as refractive index
structure parameter [21]. Ci is thus a measure of the strength of
the turbulence, and is typically in the range 107" to 107"?m™2/3
at ground level. The strength of the turbulence decreases
significantly with altitude, and in the present calculations we have
used the Hufnagel-Vally model for the variation of Cfl with
altitude [21].

The case of a satellite in a 700-km low Earth orbit at an
elevation of 90° was considered. The 1550 nm signal beam was
launched with a 1/¢* diameter of 7.1 cm, and a divergence of 14
microradians. The ground level turbulence of 107" ™=2/3 and a
high altitude wind speed of 21 m's™" were assumed as inputs to
the Hufnagel-Valley turbulence profile. The atmosphere was
divided into 14 slices, each of which was modelled by propaga-
tion over the thickness of the slice and a random phase screen
calculated based on Von Karmen statistics using the AOtools
Python package [22]. Specifically, the function aotool.turbulence.
phasescreen.ft_phase_screen was used to generate the phase
screens, with the outer and inner scales, L, and /, set to 100 and
0.01 m respectively, and 7 calculated from the thickness of the
slice and the value of Ci at that altitude, as determined from the
Hufnagel-Valley turbulence profile. To determine the long-term
average losses, the model was run 800 times, with the phase
screens seeded with random numbers on each iteration to build
up the statistical variation of the turbulence under the conditions
described above. Fourier optics techniques were used to prop-
agate the electric field to the plane of the detector/fibre facet,
through the receiver, which had an aperture of 35.5 cm and an
effective focal length of 1600 mm. A 10-pum diameter single-
mode fibre and a square detector of side 1 mm were consid-
ered. Note that the parameters considered here are typical ex-
amples for a modest satellite in low Earth orbit since our aim is to
provide evidence to the improvements in signal collection

efficiency while using large area photo-diodes. However, the
effective focal length was chosen to optimise coupling into the
fibre (about 80% coupling efficiency) in the case of no turbu-
lence. For a fair comparison between fibre based and free-space
photodiode detection, we have considered identical telescope
parameters. The choices of the aperture and focal length of the
telescope are arbitrary, however, these are taken to be consistent
with a standard telescope.

The inset of Figure 5 shows the focal plane of the receiver
telescope with fibre and large area detectors under a weak
turbulence conditions. It is visually evident that the large area
detector can collect more light and thereby reduces the signal
loss. One important thing to note here is that, since the LO
and signal undergo identical turbulence effects, the spatial
profile of the signal is identical with that of the LO. As a result,
the signal is mode matched and coherent with respect to the
LO—a requirement for efficient homodyne detection.

The average losses due to turbulence alone were
13.5 dB in the case of the fibre, while the large area de-
tector easily collected all the light passing through the
receiver aperture, with 0 dB of turbulence-induced losses; in
that case only the diffraction losses of 31.8 dB suffered.
(atmospheric absorption and scattering was not considered
here.) We have also considered the field-of-view of the
receiver in terms of detector area and telescopes focal
length,f, given by 2 tan™'(y/A/m /f). The fibre facet has a
field-of-view in this case of 6.25 microradians, while the 1-
mm detector has a field-of-view of 625 microradians for
the present focal length. In practice, one could significantly
increase the focal length of the receiver and still collect all or most
of the signal light passing through the aperture, whilst reducing
the field-of-view to minimise background noise. This gives
substantially a more design freedom. And also, larger field-of-
view reduces the resolution requirement for the mount for

4.0x103 T T T T
—_
- -3
© 3.0x10 5 |
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Lcll__; 1.0x103 F ‘ggogomm .
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0 1 2 3 4 5

Detector diamater (mm)

FIGURE 5 Field-of-view versus detector diameter. Field-of-view is
estimated for different focal length of the telescope. The figure in the inset
shows received signal intensity profile under moderate turbulence on a 10-
um core diameter of the single mode fibre (indicated by the paler circle at
the centre of the figure inset). A large area detector easily collects all the
light - the squate region shows only the central 50 um of the 1 mm detector
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FIGURE 6 Output variance of the homodyne detector at various local
oscillator powers. The blue dashed lines are added to indicate the linear
region for the detector. The red solid line is the electronic noise vatiance
measured without the LO

tracking the transmitter. As long as the lateral beam displacement
is within the area of the photo-diodes, precise beam stabilization
is also not required, as the signal and L.O are subjected to the
same displacement.

In order to evaluate the shot-noise sensitivity of the large
area detector based homodyne detector, we have performed
the following test. A 30-ns wide laser pulse of wavelength
1550 nm at 1 MHz rate is used as the LO pulse for the
homodyne detector with 1 mm diameter photo-diodes. The
photo-currents from both photo-diodes are made equal by
balancing the homodyne detector. The output variance is
measured, without signal, at various LO intensities. Electronic
noise variance of the detector is also measured without the
LO. The measurement result is shown in Figure 6. The
homodyne detector shows linear response with respect to the
LO power. For the case of TLO systems, the link loss in the
channel will reduce the LO intensity at the receiver, which
could lead to the homodyne detector being thermal noise
limited rather than shot noise limited. However, utilising
intense laser sources at the transmitter, which are required for
other practical aspects of the communications such as PAT,
can mitigate this problem. For example, over a 31.8dB loss
channel, a 100 ns laser pulse of 1W peak power at the
transmitter contains 5.5 x 10° photons per LO pulse at the
receiver. Similatly, over a 40-dB loss channel, a 5-W laser will
produce 4.2 x 10° photons per 100 ns LO pulse at the
receiver. One can also modify the pulse width to increase the
number of photons per LO pulse at the receiver, to make
sure that the detector is shot noise limited.

6 | CONCLUSION

We have shown that using large area photo-diodes increases
the signal collection efficiency under atmospheric turbulence
compared to a fibre-based signal receiver. Considering loss

from beam divergences and atmospheric turbulence, a fibre-
based receiver experiences 45.3dB loss while a 1 mm detec-
tion shows 31.8dB loss from a 700-km satellite to ground link
at 90°. Our homodyne receiver evaluation shows a linear shot-
noise limited sensitivity at the reduced bandwidth, however, still
adequate for performing CV-QKD at typical MHz clock rates.
Such a receiver will also reduce the need for precision telescopic
mount controls for a static link where the transmitter and the
receiver are stationary or station-keeping, A noticeable feature of
the large area detector-based homodyne detector is that the it
obviates the need for adaptive optical elements in the free-space
link. Larger field-of-view is another benefit of using large area
photo-diodes, however, this increases the background noise
photon flux. Since the LO works as a mode selector for the
quantum signals, higher FOV may not have a significant effect on
the CV-QKD systems. However, the effect of comparatively
lower LO power may reduce the noise photon rejection ability of
the homodyne detector. We will analyse the effect of the large
FOV at a secure key rate in our future study.
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Additional supporting information may be found online in the
Supporting Information section at the end of this article.
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