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Previous demonstrations of free-space quantum communication in daylight have been touted as
significant for the development of global-scale quantum networks. Until now, no one has carefully
tuned their atmospheric channel to reproduce the daytime sky radiance and slant-path turbulence
conditions as they exist between space and Earth. In this article we report a quantum communica-
tion field experiment under conditions representative of daytime downlinks from space. Higher-order
adaptive optics increased quantum channel efficiencies far beyond those possible with tip/tilt cor-
rection alone while spatial filtering at the diffraction limit rejected optical noise without the need for
an ultra-narrow spectral filter. High signal-to-noise probabilities and low quantum-bit-error rates
were demonstrated over a wide range of channel radiances and turbulence conditions associated
with slant-path propagation in daytime. The benefits to satellite-based quantum key distribution
are quantified and discussed.

PACS numbers: 03.67.Dd, 03.67.Hk, 42.50.Nn, 42.68.Bz, 42.79.Sz, 95.75.Qr

I. INTRODUCTION

A century of research in quantum mechanics, optics,
computing, and information is culminating in a second
quantum revolution. Whereas the first quantum revo-
lution explored the foundations of quantum mechanics,
the second is focused on utilizing them to change many
aspects of the modern world. Perhaps the most com-
pelling and ambitious is the quantum internet; a network
of quantum computers, repeaters, and memories linked
by classical- and quantum-optical channels [1–3]. The
grand vision consists of a global-scale network whereby
satellite-based nodes communicate over quantum chan-
nels with ground-based nodes and quantum computers
distributed around the globe. This network would enable
distributed quantum computation, blind quantum com-
putation, quantum-assisted imaging, and precise timing,
to name a few proposed applications.

Progress toward this vision includes seminal demon-
strations of quantum communication (QComm) between
a satellite and Earth consisting of quantum key dis-
tribution (QKD), entanglement distribution, and quan-
tum teleportation [4–6]. These demonstrations were per-
formed at night to avoid daytime optical noise that would
have overwhelmed the quantum signal. Closely related
demonstrations between aircraft and ground [7–9] and
quantum-limited communication from space [10, 11] were
also performed under benign nighttime conditions. A ro-
bust network however should provide day/night opera-
tion. Numerous terrestrial demonstrations of “daytime”
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QComm have been reported, including demonstrations
performed over long horizontal distances and extreme at-
tenuation [12–23]. However, the quantum-channel atmo-
spheric and radiance conditions were neither reported nor
related to actual daytime slant-path channels rendering
the relevancy to daytime satellite QComm unsubstan-
tiated. Furthermore, long horizontal channels at ground
level can have very different atmospheric and background
radiance conditions than those encountered in daytime
slant-path propagation. Unto itself, distance is not a
physical property of the free-space channel that directly
affects the performance of a daytime quantum channel.
Rather, it is loss and noise associated with beam diver-
gence, turbulence-induced wavefront errors, and atmo-
spheric scattering. Traceability to actual implementa-
tions require turbulence and background conditions that
simulate those of actual slant-path channels.

Figure 1 illustrates the downlink scenario in day-
time. Photonic qubits launched from a satellite prop-
agate through hundreds of km of space and, due to the
wave nature of light, expand to many meters in diameter
prior to entering the relatively thin atmosphere of Earth.
As the qubit propagates through the Earth’s atmosphere,
atmospheric turbulence introduces wavefront errors with
the largest contributions occurring near the surface shear
layer. However, owing to the large beam waist and rela-
tively short turbulence path, additional expansion due to
turbulence is a negligible effect. The terrestrial ground
terminal typically captures only a small portion of the
probability amplitude. In a satellite pass, aperture-to-
aperture coupling losses increase with propagation dis-
tance and, depending on the choice of wavelength and
aperture sizes, can exceed 10 dB or even 20 dB. In
daytime, the atmospheric scattering of sunlight into the
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FIG. 1: Illustration showing photonic qubits propagating from a satellite through atmospheric turbulence to a
ground terminal with sunlight scattering into the telescope’s FOV, ΩFOV.

quantum receiver leads to background photon rates that
are proportional to the detector solid-angle field of view
(FOV). Without optical filtering, background rates can
greatly exceed qubit rates. Optical noise filtering in the
temporal and spectral domain is therefore important, but
ultimately limited by time-energy uncertainty or the min-
imum time-bandwidth product of Fourier optics. Beyond
these limits, further attenuation of the quantum signal
is inevitable. Consequently, it is important to consider
filtering in the spatial domain and the effects of atmo-
spheric turbulence in conjunction with the fundamental
limits imposed by diffraction.

In 2014 and 2016, we presented a concept for inte-
grating AO with a ground terminal for QKD from low-
Earth orbit (LEO) [24, 25]. The AO system included a
fast-steering mirror (FSM) for low-order tip/tilt compen-
sation and a two-dimensional deformable mirror (DM)
for higher-order wavefront error compensation. Through
detailed numerical simulations, we showed that a suffi-
ciently high-bandwidth AO system can preserve chan-
nel efficiency in the terrestrial receiver while operating
at the diffraction-limited (D-L) FOV thereby sharply re-
ducing sky noise and enabling QKD in daylight. Turbu-
lence compensation can benefit quantum networks by 1)
easing spectral filtering requirements that could hinder
protocols based on broadband photons [26], 2) reducing
higher-order spatial modes that compromise momentum
indistinguishability that is required for Bell-state mea-
surements [27], and 3) increasing the efficiency of cou-
pling into single-spatial-mode quantum systems [28–36].

AO is an established technique for real-time sensing
and correction of atmospheric-turbulence-induced wave-
front errors. The concept was proposed in 1953 by Bab-
cock [37]. The first practical design and demonstration
was accomplished by Hardy while working for Itek Op-
tical Systems in the mid-1970s [38–40]. Compensated
imaging of satellites in LEO, where high temporal fre-
quencies associated with slewing can challenge AO sys-
tems, was first accomplished in 1982 by the Air Force
under funding from the Advanced Research Projects

Agency [40]. Subsequent advancements made AO an
important technology for numerous applications includ-
ing astronomy, ophthalmology, and microscopy [40–44].
In 2015, one of the authors of this paper implemented
AO in a ground terminal to enhance optical communica-
tion from the International Space Station by significantly
improving single-mode-fiber coupling efficiencies in the
presence of atmospheric turbulence [45].

In 2017 we extended our satellite-QKD analysis to in-
clude the combination of AO and a single-mode optical
fiber [28]. In this case, the optical mode of the fiber
further restricts the telescope FOV, and corresponding
background noise, while AO significantly improves the
efficiency of qubit coupling into the fiber. This analysis
shows that a 200-Hz bandwidth closed-loop AO system
is sufficient to facilitate daytime QKD even with the high
slew rates associated with 400-km and 800-km LEO or-
bits. Related analyses explore the potential benefit of
AO to satellite QComm by increasing uplink aperture-
coupling efficiencies [46, 47].

Other attempts to establish relevancy to daytime
space-Earth QComm links notably include Liao et al.
2017 which reported a field experiment where a single-
mode fiber spatially filtered optical noise [20]. Their
architecture however did not expressly simulate a long-
distance satellite-to-Earth link. Of the 48-dB chan-
nel loss reported, only about 2.5 dB was due to non-
atmospheric-related aperture coupling as was implied by
the reported beam divergence, wavelength and receiver
aperture size. This is much smaller than the free-space
channel loss typically associated with satellite-to-Earth
links and roughly equivalent to a satellite with a 20-cm
aperture transmitting to a 1-m ground receiver over a
distance of only about 110 km. About 25 dB was due to
low fiber-coupling that is unavoidable without the benefit
of AO and low detection efficiencies within the receiver.
Thus, a majority of the loss was not associated with the
free-space channel itself, and therefore it is not clear that
these techniques, as they were implemented, are enabling
for satellite-to-Earth QComm. Furthermore, the large
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losses in the receiver necessitated the use of an ultra-
narrow spectral filter to achieve sufficient signal-to-noise
(S/N) probabilities. In 2018, Gong attempted an AO im-
plementation but was unsuccessful in compensating at-
mospheric turbulence due to the slow (∼0.5-s) response
time of the AO system [22]. Finally, these experimental
demonstrations were reported under ambiguous turbu-
lence and “daytime” background conditions raising addi-
tional questions regarding the applicability of either ap-
proach to daytime downlinks from space. Solving the
daytime problem requires that studies be performed un-
der relevant channel conditions and, where AO is con-
cerned, the spatial and temporal characteristics of the
turbulent path be understood and accounted for in the
design of the AO system.

Recently we demonstrated a pragmatic path forward
for realizing robust daytime downlinks for quantum net-
works [48, 49]. Accordingly, we present a field-site vali-
dation of our AO-based solution to the daytime sky noise
problem. Spatial filtering at the diffraction limit allowed
the use of a relatively broad 1-nm bandpass spectral fil-
ter that is approximately 10, 20, 230, and 1,500 times
larger than those used in previous daylight demonstra-
tions [12, 14, 15, 20]. Traceability to daytime slant-path
channels was achieved by rigorously characterizing and
tuning the atmospheric turbulence and radiance condi-
tions in the channel to match those of daytime slant-
path propagation from space. We also introduced defo-
cus to create 11 dB of aperture coupling loss represen-
tative of diffraction effects over a 700-km propagation
distance from space. Similar to the downlink scenario,
atmospheric turbulence over the horizontal propagation
path had a negligible effect on beam divergence. Most
significantly, we integrated a D-L spatial filter with a 2-
kHz frame rate, 130-Hz closed-loop bandwidth AO sys-
tem. The AO system was designed to accommodate the
spatial and temporal characteristics of the field-site tur-
bulence as well as those intrinsic to slant-path turbu-
lence. The experiment was conducted with a stationary
transmitter and orbit-dependent slew dynamics were not
simulated. A supporting analysis that includes LEO slew
dynamics shows that the 130-Hz bandwidth system could
be sufficient to enable daytime QComm from LEO. How-
ever, slew dynamics that affect AO bandwidth require-
ments can be considered separately from the intrinsic at-
mospheric effects. Higher bandwidth AO systems have
already been demonstrated for LEO applications as cited
above. Results from this field experiment verify that
AO enables high S/N detection-probability ratios, low
Quantum-Bit-Error Rates (QBERs), and positive QKD
bit-yield probabilities in daylight over a wide range of sky
angles without the need for ultra-narrow spectral filter-
ing.

Section II proceeds by reviewing the relationship be-
tween optical noise and FOV in a ground terminal for
both D-L and turbulence-limited (T-L) FOV scenarios.
This comparison motivates the concept of operating an
optical receiver at the D-L FOV while compensating

turbulence-induced wavefront errors with AO. Section III
describes our approach to simulating slant-path turbu-
lence at a terrestrial field site. Specifically, a 1.6-km hor-
izontal path introduces atmospheric scintillation and spa-
tial coherence commensurate with propagation at zenith
angles θz ranging from 0◦ to 76◦. A supporting theo-
retical analysis shows that propagation over longer hor-
izontal distances introduces deep turbulence effects that
are not characteristic of canonical slant-path propaga-
tion. Channel radiance is also tuned to a range from 1 to
100 W/(m2 srµm) commensurate with the daytime sky
hemisphere excluding close proximity to the sun angle.
Turbulence and radiance conditions associated with ex-
perimental data sets are correlated to sky angles over the
daytime sky hemisphere. The temporal characteristics
of both the field-site turbulence and the AO system are
compared to those encountered in slant-path turbulence
with and without the effects of ground telescope slewing.
Section IV describes the experimental methods employed
to integrate the AO system with a qubit prepare-and-
measure scheme. Section V presents analyses of the field
experiment results. The effects of atmospheric scintilla-
tion and spatial coherence on system Strehl and quantum
channel efficiency are presented both with and without
the benefit of higher-order AO. The corresponding mea-
sured values for S/N probabilities and QBERs are pre-
sented as a function of channel radiance. Finally, the
associated QKD bit yields that could be obtained over
these channels are presented and discussed.

II. DIFFRACTION-LIMITED VERSUS
TURBULENCE-LIMITED SKY NOISE

FILTERING

Similar to Ref. [25], Fig. 2 is a simplified schematic
showing pertinent components of a ground receiver tele-
scope. Components relevant to this analysis include a
receiver primary optic of diameter DR followed by a field
stop (FS) in the focal plane, a collimating lens, and a
quantum-channel spectral filter (QCSF) that transmits
light to the quantum detection system. Figure 2(a) il-
lustrates the relationship between the FS, the solid-angle
FOV ΩFOV, and the volume of atmospheric scattering
that contributes to detector background noise. The FS
constrains ΩFOV and correspondingly the volume of at-
mospheric scattering that leads to optical noise in the
quantum channel. The number of sky-noise photons, Nb,
entering the primary optic within a given spectral band
and temporal window is proportional to ΩFOV as given
by Ref. [50],

Nb =
Hb(λ) ΩFOV πD

2
Rλ∆λ∆t

4hc
, (1)

where Hb(λ) is the sky radiance in W/(m2 srµm), λ is
the quantum channel wavelength, ∆λ is the spectral filter
bandpass in µm, ∆t is the integration time for photon
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FIG. 2: Conceptual schematic of relevant elements in a
quantum receiver illustrating (a) the spatial filtering of
background noise by the field stop and (b) the effects of

turbulence-induced wavefront errors on qubit
probability distributions at the field stop.

counting, h is Planck’s constant, and c is the speed of
light.

Figure 2(b) illustrates the effect of turbulence-induced
wavefront errors on the focal-plane distributions. Wave-
front errors enlarge the qubit probability distribution and
reduce the probability of transmission to the quantum
detectors. In a system design, the field stop should be
made sufficiently large to minimize qubit losses but oth-
erwise made small to minimize the transmission of scat-
tered sunlight through the FS. In the absence of wave-
front errors, one strategy for maximizing qubit transmis-
sion while reducing background noise is to choose a FS
diameter that passes the central lobe of the Airy function
associated with a uniform amplitude plane wave brought
to focus. In this case, a FS of diameter dDL = 2.44λf/DR

transmits photons with about 84% efficiency and the D-L
FOV is,

ΩDL = π
(1.22λ

DR

)2
. (2)

Notice that the D-L FOV increases quadratically with
wavelength indicating that spatial filtering is significantly
more effective at shorter wavelengths. Substituting ΩDL

for ΩFOV in Eq. 1, Nb for the D-L case becomes,

Nb DL =
(1.22π)2Hb(λ)λ3 ∆λ∆t

4hc
. (3)

Thus, the number of background photons is now inde-
pendent of DR and the explicit wavelength dependence
is now cubic. D-L spatial filtering allows the ground tele-
scope to be scaled to larger aperture sizes to increase qubit
collection efficiency without increasing background noise.

In the presence of atmospheric turbulence, with aper-
ture sizes that are much larger than the spatial scale of
turbulence, higher-order wavefront errors lead to even
more broadening of the focal-plane spot than do low-
order tip and tilt errors [51]. In this regime, the FS diam-
eter that passes approximately 84% of incident photons

can be approximated by the empirically derived expres-
sion dTL ≈ 2λ f/r0(λ), where r0(λ) is the wavelength-
dependent Fried parameter describing the spatial scale
of atmospheric turbulence [25, 52]. The corresponding
T-L solid angle is,

ΩTL ≈ π
( λ

r0(λ)

)2
. (4)

For ground telescopes with apertures larger than r0(λ),
the D-L FOV is smaller than the T-L FOV by a factor
of,

ΩDL

ΩTL
=
(1.22 r0(λ)

DR

)2
. (5)

For the cases modeled in Refs. [25, 28] with DR=1 m,
λ=780 nm, and r0 ranging from 8.5 cm at zenith to 2.9
cm at θz = 60◦, Eq. 5 indicates that the D-L FOV de-
creases optical noise by factors of approximately 100 to
800, respectively, relative to operating at the T-L FOV.
With perfect turbulence compensation, this reduction in
noise could be achieved without introducing signal loss.

In principle, a well-designed AO system can restore an
aberrated wavefront to near-D-L quality. In practice, the
degree of turbulence compensation achieved will depend
on the AO system’s ability to spatially and temporally
resolve turbulence-induced wavefront errors. Designing a
relevant field experiment therefore requires understand-
ing the nature of slant-path turbulence, how this can
be simulated at a terrestrial field site, and compatibility
between atmospheric conditions and various AO design
techniques.

III. SIMULATING A DAYTIME SLANT-PATH
CHANNEL AT A TERRESTRIAL FIELD SITE

Meaningful simulations of daytime slant-path quantum
channels require certain channel conditions be duplicated
while others can be introduced at a reduced scale with-
out loss of relevancy. For example, Eq. 3 shows that
when operating at the D-L FOV, as was done in this
field experiment, Nb is independent of DR and depends
only on Hb(λ) and λ. Therefore, it was necessary to
introduce a realistic range of channel radiances indepen-
dent of our choice for DR. The effects of turbulence over
horizontal paths can be significantly different than those
encountered in slant-path propagation. It was therefore
necessary to choose a path distance that was representa-
tive of slant-path propagation from space. Aperture-to-
aperture coupling losses commensurate with diffraction
and a 700-km propagation path were introduced over a
much shorter distance via defocus. The receiver aperture
diameter was chosen to be sufficiently large that the ben-
efit of AO to higher-order wavefront compensation could
be explored. Results can be scaled to larger aperture
telescope systems by increasing the number of subaper-
tures in the AO system. Because the quantum channel
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wavelength affects a number of quantum channel charac-
teristics, the choice of wavelength is addressed first.

A. Wavelength selection

Previous analyses have considered both 1550-nm and
wavelengths near the 775-nm second harmonic [14, 20,
53, 54]. For a receiver operating at the diffraction limit
and with a D-L FOV, estimates based on local atmo-
spheric conditions indicate the daytime S/N probabilities
and qubit-transmission rates can be better near 775 nm.
MODTRAN simulations under normal haze conditions
indicate that local sky radiances near zenith are on av-
erage about 16-times greater near 775 nm. However, the
two-times higher photon energy and four-times smaller
FOV indicated by Eq. 2, result in the number of noise
photons being only two-times greater. In many cases,
the geometrical aperture-to-aperture coupling efficiency
can be approximated by the Friis equation [55],

ηgeo =
(πDTDR

4λ z

)2
, (6)

where DT is the transmitter diameter and z is the prop-
agation distance. In these cases, the aperture coupling
efficiency is approximately four-times greater at 775 nm.
MODTRAN simulations performed under normal haze
conditions also indicate that atmospheric transmission
near zenith is about 90% of that at 1550 nm. Altogether,
this suggests that near the 775-nm wavelength, the S/N
probability ratio is about 1.8-times better and the signal
photon rate is 3.6-times greater. The near-visible wave-
length also allows the use of reasonably efficient, com-
pact, low-noise, and inexpensive silicon-based detectors
and cameras. A more detailed analysis that includes the
wavelength-dependent nature of both turbulence-induced
wavefront errors and AO compensation shows that quan-
tum channel performance is generally better at shorter
wavelengths [56]. Optimal wavelength selection for any
space-Earth link should be based on an analysis of site-
specific conditions including the effects of scattering, at-
mospheric turbulence, and the ability to implement AO
effectively. Accordingly, we chose 780 nm for the quan-
tum channel wavelength.

B. Simulating slant-path turbulence over a
terrestrial path

Optical propagation over long terrestrial paths bears
little relevancy to slant-path propagation due to the on-
set of deep turbulence effects. Atmospheric turbulence
is initiated by convective air movement and the strength
of turbulence decreases rapidly with increasing distance
from the surface shear layer. This aspect of turbulence
has been quantified through altitude-dependent models
of turbulence based on the atmospheric structure param-
eter function, C2

n(h), where h is the height above the

ground level. For many ground observational sites, the
Hufnagel-Valley HV5/7 model of C2

n(h) defines relevant
conditions [57]. To account for varying strengths of tur-
bulence, the model can be scaled through a multiplicative
factor to C2

n(h). These scaled versions are designated by
the multiplicative factor such that a 2×HV5/7 profile de-
scribes turbulent layers that are twice as strong as those
in the 1×HV5/7 profile. The net effect of turbulence over
any path is found by considering the integrated path.

The effects of atmospheric turbulence on the spa-
tial characteristics of the optical field are characterized
through spatial coherence and scintillation properties.
Spatial coherence is quantified through Fried’s coherence
length, r0 [52]. Scintillation associated with the depth
of the turbulent path can be described through the log-
intensity variance, or Rytov variance. Experimentally,
scintillation is quantified via the scintillation index, σ2

I ,
which is a measurable quantity that saturates with in-
creased depth of turbulence [58]. Appendix A reviews
theoretical expressions for r0, Rytov variance, and σ2

I for
both horizontal and slant-path propagation. From these
expressions, one can calculate the horizontal propaga-
tion distance that is required to introduce r0 and Rytov
variances comparable to those introduced by slant path
propagation at various zenith angles:

Lr0 =

[
2.64

∫ a
0
C2
n(h) dh

C2
n(h0)

]
sec(θz)

= [377.1 m] sec(θz)

(7)

and

LRytov =

[
4.5
∫ a
0
C2
n(h)h5/6 dh

C2
n(h0)

]6/11
sec(θz)

= [682.1 m] sec(θz)

(8)

where a is the altitude of the satellite transmitter and
the coefficients 377.1 m and 682.1 m are found by numer-
ical integration assuming the height of horizontal prop-
agation is h0=10 m, consistent with our field-site condi-
tions. Note that because the overall scaling of turbulence
strength (i.e., 1×HV5/7 vs 2×HV5/7) can occur at any
altitude, these equivalent path lengths are independent
of turbulence strength.

Figure 3(a) shows the equivalent horizontal path dis-
tances calculated from Eqs. 7 and 8 and plotted for zenith
angles ranging from θz = 0◦ to 75◦. Introducing r0 and
Rytov variances comparable to those near zenith only re-
quire about 400 m and 700 m of horizontal propagation,
respectively. Achieving values comparable to those at
θz = 60◦ requires about 800 m and 1.4 km, respectively.
The horizontal dashed line identifies the 1.6-km propa-
gation path length chosen for this field experiment. The
model indicates that 1.6 km yields r0 and Rytov vari-
ances corresponding to θz ≈ 77◦ and 65◦, respectively.
Hence, a 1.6-km propagation path should introduce r0
and Rytov variances that are at least as challenging as
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FIG. 3: Summary of theoretical calculations showing
the 1.6-km propagation path produces spatial

turbulence characteristics representative of slant-path
propagation including (a) equivalent horizontal

propagation distances required to produce comparable
spatial coherence and scintillation to that introduced by

slant-path propagation over a range of zenith angles
and (b) Rytov variance vs. zenith angle for three

different strengths of turbulence with red shaded region
showing onset of deep turbulence effects. Horizontal
dashed lines indicate Rytov variance for 1.6-km and
3.2-km horizontal propagation distances. The 1.6-km

horizontal path introduces scintillation effects
commensurate with slant path propagation over a wide
range of zenith angles but without entering the realm of
deep turbulence typically not encountered in slant-path

propagation.

those encountered in slant-path turbulence over much of
the sky hemisphere where satellite passes occur.

Over a sufficiently long propagation distance,
turbulence-induced wavefront errors give rise to trans-
verse amplitude variations. In deep turbulence, these
amplitude variations lead to intensity nulls that are not
only less representative of slant-path propagation but
also pose problems for the Shack-Hartmann wavefront
sensor (SHWFS) that is commonly used in astronomical

AO. Figure 3(b) shows the calculated Rytov variance
for 1×HV5/7, 2×HV5/7, and 3×HV5/7 turbulence
strengths over the range 0◦ ≤ θz ≤ 75◦. Deep turbulence
effects are known to appear when the Rytov variance
reaches a value of about 0.8 and increase thereafter
[59]. Note that the Rytov variance, or log-intensity
variance, is 4-times the often quoted Rytov number,
or log-amplitude variance [57]. The shaded red region
in Fig. 3(b) indicates the onset and growth of deep
turbulence effects. The horizontal dashed lines indicate
the calculated Rytov variance for 1.6-km and 3.2-km
horizontal propagation distances. The model indicates
that the 1.6-km horizontal path introduces scintillation
effects commensurate with slant path propagation over
a wide range of zenith angles but without entering the
realm of deep turbulence. Figure 3(b) illustrates the
compatibility between slant-path turbulence, the 1.6-km
propagation site, and the SHWFS approach chosen
for this field experiment. Evaluation of scintillation
data from both 1.6-km and 3.2-km propagation sites
confirmed the shorter 1.6-km site was a more relevant
representation of slant-path turbulence. This conclusion,
based on both analysis and measurement, is consistent
with 1.6-km path that was used to calibrate the OPALS
AO system prior to the successful demonstration of
optical communications from LEO [45].

The field site is located at the Starfire Optical Range
(SOR), Kirtland AFB, NM in the Southwestern United
States. The site includes transmitter and receiver facil-
ities located on hillsides that are separated by approxi-
mately 1.6 km. Figure 4(a) shows an aerial photograph
from Google Maps illustrating the transmitter and re-
ceiver locations and the propagation path which is ap-
proximately 10 m above the desert floor. Atmospheric
turbulence in the quantum channel was characterized
from data acquired by the SHWFS that was integral to
the channel and operated at 2-kHz. An independent mea-
surement was provided by a Scintec BLS 900 scintillome-
ter.

Figure 4(b) compares measured [r0, σ
2
I ] pairs to

those calculated for 1×HV5/7 and 2×HV5/7 turbulence
strengths. The solid and dashed lines show the calculated
pairs with coordinates corresponding to specific zenith
angles labeled. Measured [r0, σ

2
I ] pairs are plotted for λ =

780 nm as solid blue circles. The displacement of the two
curves in Fig. 3(a), indicates that reproducing scintilla-
tion values for a given zenith angle requires a somewhat
longer horizontal propagation path than that required to
reproduce r0. This was addressed by adding a heat source
under the channel near the transmitter to increase scin-
tillation in some of the data sets. Measured [r0, σ

2
I ] pairs

acquired with the addition of a heat source under the
beam path near the transmitter are designated by a red
dot at the center of the blue circles. The measured r0 and
σ2
I span the full range of those calculated for 1×HV5/7

and 2×HV5/7 turbulence within 0◦ ≤ θz ≤ 89◦ and even
provide additional data in the realm of deep turbulence.
Turbulence conditions vary considerably over the course
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FIG. 4: Experimental confirmation that the 1.6-km
propagation distance introduces turbulence

characteristics relevant to slant-path propagation
including, (a) an aerial photograph from Google Maps
showing propagation from transmitter to receiver along
northwest horizontal path and, (b) plot of the measured

turbulence parameters [r0, σ
2
I ] in blue with

corresponding equivalent zenith angles εzentih in green.
Blue dots with red inset indicate data that was acquired
with a heat source under the propagation path near the

transmitter. The solid (dashed) line shows the
theoretical 1×HV5/7 (2×HV5/7) turbulence profile
representing a slant-path channel over the range of

zenith angles.

of a day and include exceptionally mild turbulence dur-
ing the quiescent periods near sunrise and sunset. Data
points acquired with σ2

I < 0.14 and r0 > 8.5 cm do not
correspond to any downlink scenario in the 1×HV5/7 and
2×HV5/7 models and are omitted from both the plot and
the data analysis that follows.

Both turbulence and quantum data were processed in
10-s intervals, which were found to be optimum for spec-
ifying turbulence parameters while minimizing statistical
variations in quantum detection events due to finite sam-

ple sizes. The r0 values were derived from SHWFS mea-
surements through the slope discrepancy independent of
the open or closed state of the AO control loop [60].
The measured σ2

I values are averages based on the vari-
ance of the intensity within each subaperture [61]. The
models, which assume constant C2

n over the horizontal
path, predict a maximum value for the saturated scin-
tillation index of σ2

I ≈ 1.7 (see appendix A for relevant
equations). Experimentally, somewhat higher values are
recorded and the measurements of r0 and σ2

I are not cor-
related as strongly as the model would indicate. These
experimental variations occur as a consequence of varia-
tions in C2

n across the propagation path.
Each data point can be projected onto the HV5/7

curves and assigned a maximum zenith angle εzentih
within which the field-site conditions were more demand-
ing than those in the HV5/7 models. More specifically, we
define εzentih to be the largest angle for a given measured
[r0, σ

2
I ] pair where r0 ≤ r0(HV5/7) and σ2

I ≥ σ2
I (HV5/7).

Practically, one can project points above the curve down
and points to the left of the curve to the right to estab-
lish εzentih. The green points on the HV5/7 curves repre-
sent all of the identified εzentih values from the processed
data and for 1×HV5/7 and 2×HV5/7 turbulence span the
ranges 0◦ ≤ εzentih ≤ 76◦ and 0◦ ≤ εzentih ≤ 63◦, respec-
tively.

C. Simulating daytime sky noise in a terrestrial
path

In daytime, background photons due to scattered sun-
light are the dominant source of channel noise and
QBER. We introduced a range of background radiance
that is comparable to that experienced by a ground tele-
scope tracking a satellite across the daytime sky. At
780-nm wavelength, daytime sky radiances over most of
the sky hemisphere lie within the range 2 < Hb < 100
W/(m2 srµm) [24, 53, 62]. The natural channel radi-
ances occurring with horizontal propagation at the field
site only partially overlap with this range. This was ad-
dressed by adding an unpolarized white-light source be-
side the transmitter and outside the receiver FOV to in-
troduce additional background light into the channel via
scattering.

Figure 5 illustrates the sky angles for which conditions
in the field experiment approximated both daytime sky
radiance and slant-path turbulence conditions. The large
circles are hemispherical plots in which the background
color map gives the noon-time sky radiance predicted by
radiative transfer modeling and shared from Ref. [62].
The region about the sun angle is represented by a black
circle subtending 14◦. The top row illustrates the win-
ter solstice where the peak sun angle is only 31◦ above
the horizon. In this case, the atmospheric path near the
sun angle is relatively long leading to both elevated sky
brightness and increased turbulence. The bottom row il-
lustrates the case of the summer solstice where the sun
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FIG. 5: Hemispherical plots showing sky angles for which daytime atmospheric channels were simulated in the field
experiment. Color scale shows sky radiances for the winter solstice (top) and summer solstice (bottom) with the sun

position obscured by a black circle subtending 14◦. Experimental data sets with comparable atmospheric
scintillation, spatial coherence, and background radiance are shown as white circles for both open-loop (open circles)

and closed-loop (solid circles) cases for both 1×HV5/7 (left) and 2×HV5/7 (right) turbulence strengths.

achieves a much higher angle of about 78◦ above the hori-
zon. In this example, the sun angle is within 60◦ of zenith
where turbulence conditions are the most benign. Re-
sults obtained with εzentih falling on the 1×HV5/7 tur-
bulence profile in Fig. 4(b) are shown on the left. Those
obtained with εzentih on the 2×HV5/7 profile are shown
on the right. The white circles represent experimental
data points showing combinations of εzentih and Hb under
which data were recorded. More specifically, for a given
data point, εzentih defines a circle of constant [r0, σ

2
I ] in-

side of which the point is placed such that the measured
Hb matches the calculated sky radiance. As the sky ra-
diance is not symmetric, most data points find a single
match on the hemispherical plots within a degree of their
εzentih.

Solid white circles represent data sets acquired with
the AO control loop closed and open circles represent
open-loop data sets. In the open-loop state, the DM was
optically flat but the tip/tilt loop remain closed. Figure 5
illustrates the sky angles for which our scintillation, spa-

tial coherence, and sky radiance conditions at the SOR 1-
mile range were at least as demanding as those predicted
for 1×HV5/7 and 2×HV5/7 turbulence profiles over the
daytime sky hemisphere. The clustering of data points
near the black circle indicate that the very challenging
region of high background near the sun angle was sub-
stantially explored.

D. Temporal characteristics of turbulence

The temporal rate of change in the wavefront error
is quantified through the Greenwood frequency fG [63].
Compensation of dynamic wavefront errors is most effec-
tive when the closed-loop control bandwidth of the AO
system fc exceeds fG. The 130-Hz closed-loop bandwidth
of the AO system in the field experiment was more than
twice the maximum fG of 62 Hz that was measured in
the quantum channel. In the analysis that follows, we
place these field-experiment parameters in the context of
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actual slant-path turbulence dynamics.

Temporal fluctuations intrinsic to an atmospheric
channel occur due to wind. When a ground telescope
tracks a moving satellite through turbulence, slewing
leads to additional dynamics in the turbulence-induced
wavefront error that can increase fG. Previously, we pre-
sented analyses demonstrating the efficacy of 200-Hz and
500-Hz bandwidth AO systems for satellite-Earth QKD
from LEO including scenarios where fc < fG [25, 28].
These analyses demonstrate that fc does not denote a
sharp cutoff frequency with respect to fG. A useful de-
gree of AO correction can be achieved with fc < fG and
degradation in AO compensation is typically graceful as
fG approaches and exceeds fc. Appendix B reviews equa-
tions for calculating fG for circular orbits with overhead
passes that intersect zenith. Figure 6(a) shows fG cal-
culated for 1×HV5/7 turbulence over a range of zenith
angles for 400- and 800-km circular orbits. The dashed
line is the fG that is intrinsic to the atmospheric channel
calculated without the effects of slewing. The horizontal
gray lines indicate the 130-, 200-, and 500-Hz AO sys-
tems considered in this field experiment and these earlier
analyses. Figure 6(b) shows the corresponding results for
2×HV5/7 turbulence.

The 62-Hz fG measured in the field experiment is
comparable to or exceeds the intrinsic slant-path fG for
1×HV5/7 turbulence within a 116◦ cone about zenith.
The 130-Hz control-loop bandwidth of the AO system
exceeds the intrinsic fG for both 1×HV5/7 and 2×HV5/7

turbulence within a 140◦ cone about zenith. With slew-
ing at a rate to track a satellite in an 800-km orbit
through 1×HV5/7 turbulence, the 130-Hz bandwidth is
comparable to or greater than all fG values within a 160◦

cone angle. With either stronger 2×HV5/7 turbulence or
the lower 400-km orbit, fG increases and exceeds the 130-
Hz AO bandwidth. The higher 200-Hz bandwidth is more
compatible with both orbit altitudes in 1×HV5/7 turbu-
lence and the 500-Hz control-loop bandwidth exceeds fG
for all cases considered.

The impact of AO bandwidth on satellite-Earth
QComm can be quantified by calculating a QKD bit-
yield probability following the approach presented in [56].
More specifically, the bit yield R is calculated for the
vacuum-plus-decoy-state QKD protocol [64] as a function
of the channel efficiency which is heavily influenced by the
FS transmission. For cases with AO compensation, the
FS transmission is a function of the effective, or residual,
r0 which is a function of fc and fG. Equations for the
decoy-state QKD bit yield are reviewed in Appendix C
and the methodologies for calculating the residual r0 and
FS transmission can be found in [56]. In this example, we
assume source characteristics given by λ = 780 nm, a sig-
nal mean photon number (MPN) µ = 0.6, and a decoy-
state MPN ν = 0.1. The link geometry is defined by
DT = 20 cm, DR = 1 m, and z = 700 km. Contributions
to the channel efficiency include those due to the aper-
ture coupling efficiency associated with Gaussian beam
propagation, ηgeo = 0.078 (or −11 dB), atmospheric scat-

FIG. 6: Theoretical plots demonstrating the relevancy
of the field-experiment AO system to actual slant-path
turbulence compensation and satellite engagements. In
(a) and (b) the Greenwood frequency fG is calculated
with and without slewing and plotted vs. zenith angle
for two turbulence strengths. In (c), the normalized

decoy-state QKD bit-yield is plotted as a function of fG
without the benefit of AO (red line) and for three AO

control-loop bandwidths (black, dashed, and solid
lines). This shows that any of these bandwidths could

be enabling for satellite-to-Earth downlinks.

tering and absorption, ηtrans = 0.9, receiver telescope op-
tics, ηrec = 0.5, spectral filtering, ηspec = 0.9, and each
of the four APD detectors, ηdet = 0.6. The turbulence-
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related losses at the field stop ηFS are calculated for each
combination of fc and fG. Contributions to background
include the sky radiance, Hb = 25 W/(m2 srµm), the de-
tector dark count rate, fdark = 250 Hz, the background
rate, e0 = 0.5, and polarization crosstalk, ed = 0.01.
Background filtering is introduced through temporal fil-
tering, ∆t = 1-ns, spectral filtering, ∆λ = 1-nm, and
the D-L FOV, ΩFOV. The efficiency of error correction
is taken to be a constant, f(Eµ) = 1.22.

Figure 6(c) shows the calculated bit-yield probability
as a function of fG for the case without AO and for the
cases with 130-, 200-, and 500-Hz AO control-loop band-
widths. The case without AO is shown in red. For the
system parameters considered in this paper, the calcula-
tion shows AO is necessary to achieve a viable quantum
channel over any range of realistic fG. These results also
show that any of the three bandwidths, including the
130-Hz system demonstrated in this field experiment, re-
sult in a viable quantum channel over a useful range of
fG. In all cases, the bit yield declines with increasing fG.

The plots in Fig. 6 are presented for context. The
slew dynamics that affect AO bandwidth requirements
can be considered separately from the intrinsic dynamics
of the atmosphere. These effects have been addressed
previously by others and high-bandwidth AO systems for
the most challenging LEO applications have already been
demonstrated. For this field experiment performed with
a stationary transmitter, it was not necessary develop a
higher bandwidth system.

E. Receiver aperture size and aperture-to-aperture
coupling efficiency

At the receiver station, light was collected by a com-
mercial 35-cm Schmidt-Cassegrain telescope such that
DR > r0 for all r0 within the range 2 cm to 8.5 cm
as are shown for recorded data sets in Fig. 4(b). Under
this condition, higher-order wavefront errors are a factor
affecting FS transmission efficiency and the benefit of
higher-order AO can be tested and demonstrated. The
transmitter divergence was adjusted via defocusing to in-
troduce approximately 1 mrad of full-angle divergence
and 11 dB of aperture-to-aperture coupling loss. Addi-
tional divergence due to atmospheric turbulence over the
1.6-km path was estimated to be only about 0.2 dB. For
the scenario with DT=20 cm, DR=1 m, λ = 780 nm
and local aerosol conditions, this represents an approxi-
mate range of orbit-altitude and zenith-angle pairs [a, θz]
between [400 km, 60◦] and [700 km, 0◦].

IV. INTEGRATION OF ADAPTIVE OPTICS
WITH A QUANTUM COMMUNICATION

SYSTEM

The quantum communication system consisted of a
transmitter (Alice) and receiver (Bob) that prepared,

transmitted, and measured polarization-based weak-
coherent-pulse qubits at 780-nm wavelength in rectilinear
and diagonal bases of polarization. Alice also launched
an 808-nm cooperative laser beacon to probe atmospheric
turbulence and an 808-nm timing pulse that preceded
each qubit by about 40 ns to facilitate temporal filtering
of optical noise outside a ∆t = 1-ns temporal window.
Bob applied AO wavefront correction to qubit, beacon,
and timing pulses prior to demultiplexing them.

Alice transmitted qubits in 100-s sessions, each sec-
ond comprised of a 1-MHz burst of 120,000 pulses of
which 12,000 were vacuum-decoy pulses during which
background was counted. The polarizations were equally
distributed among the four rectilinear and diagonal po-
larizations. A partial illustration of the transmitter op-
tical components is shown in Fig. 7. The Alice computer
controls four fiber-based Mach-Zehnder (MZ) modula-
tors (not shown) in on/off configuration to generate 1.0-
ns FWHM optical pulses with horizontal (H), vertical
(V), positive 45◦ (P) and negative 45◦ (N) polarizations.
These modulators are fed from a 4x fiber splitter illumi-
nated by a single, 780-nm cw laser diode source. A fifth
MZ modulator (not shown) is used as a fast amplitude
adjuster to create either a signal MPN of µ ≈ 0.6 or a
decoy-state MPN of ν ≈ 0.1. Vacuum-decoy pulses were
achieved with all MZ modulators in the off configura-
tion. The fiber outputs are collimated and combined in
air with polarizing beam-splitter (PBS) cubes and a non-
polarizing 50/50 beam-splitter (BS). A series of neutral
density filters (Atten) attenuates the laser pulses to the

FIG. 7: Partial schematic of quantum transmitter
showing polarizing beam splitters (PBS), half-wave
plate (HWP), and 50/50 beam splitter (BS) used to

combine horizontal (H), vertical (V), positive 45◦ (P),
and negative 45◦ (N) polarized signal pulses. Neutral

density filters (Atten) reduce mean photon numbers to
less than unity. A vertically polarized adaptive-optics
(AO) beacon and horizontally polarized sync pulse are
combined with a fiber-coupled PBS and combined with
signal pulses at a dichroic BS. A white-light projector,

located outside the receiver FOV, introduces incoherent
background light into the channel via atmospheric

scattering.
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FIG. 8: Schematic of the quantum receiver including a
fast-steering mirror FSM and deformable mirror DM. A
dichroic beam splitter BS separates the quantum signal
from the AO beacon and sync pulse. A polarizing beam

splitter PBS, directs the sync pulse to a fast timing
detector and a 90/10 BS directs beacon light to a

Shack-Hartmann wavefront sensor SHWFS and scoring
camera. The quantum signal is filtered through a 30-µm
diameter FS and a 1-nm bandwidth quantum-channel

spectral filter QCSF before propagating to the standard
arrangement for measuring polarization states in

rectilinear and diagonal bases including a half-wave
plate HWP for 45◦ polarization rotation. Detection

events are registered by a time-correlated single photon
event counter TCSPC.

desired MPN. The horizontally polarized 808-nm cw AO
laser beacon is polarization multiplexed with the verti-
cally polarized 808-nm 20-ns duration square heralding
pulse and then combined with the 780-nm qubits with a
dichroic BS. The launch portion of the transmitter is a
simple Keplerian telescope built with commercial achro-
mat lenses. The full-angle divergence at the 5-cm exit
lens was 1 mrad and the beam radius was 9.5 mm.

A randomly-polarized white-light projector was added
to the transmitter station to increase the channel radi-
ance beyond the ambient level and was aligned across
the line-of-sight from the launch telescope to the receiver
telescope. This source was located outside the field of
view of Bob and Rayleigh scattering along the path added
randomly-polarized background light to the field of view
of the photon counting detectors. The level of equivalent
sky background was easily adjusted.

At the receiver station, light was collected by a
commercial 35-cm Schmidt-Cassegrain telescope. Fig-
ure 8 shows how captured light propagates to a FSM
for atmospheric tip/tilt correction and a micro-electro-
mechanical-system- (MEMS-) based DM for higher-order
wavefront correction. A dichroic BS reflects the 780-nm
qubit stream and transmits the 808-nm AO beacon and
timing pulse which are subsequently de-multiplexed by a
PBS. The heralding pulse is directed to a fast detector

FIG. 9: Auto-scaled scoring camera images
demonstrating benefit of AO to spatial filter size

showing focal-plane spot sizes in (a) open-loop AO
configuration and (b) closed-loop AO configuration

resulting in 15-fold increase in peak intensity.

that generates the sync pulse for Bob’s event counter. A
90/10 BS directs the AO beacon light to the SHWFS and
an imaging “scoring” camera. For compatibility with the
35-cm aperture receiver telescope used in the field exper-
iment, an 11×11 element lenslet array was chosen for the
SHWFS. This corresponds to a subaperture size of 3.2
cm at the entrance pupil of the telescope. The SHWFS
camera ran at 2.0 kHz while maintaining excellent S/N
in the sub-apertures.

Referring to Fig. 8, one will see the qubit stream is
focused through a 30-µm diameter circular FS, which
serves as the spatial filter for optical noise, and passes
through the 1.0-nm FWHM bandpass QCSF. The 30-
µm FS restricts the quantum channel FOV to the 5.5
µrad D-L FOV and thereby permitted the use of the
relatively broad 1.0-nm spectral filter. The remaining
portion of Bob consists of the standard arrangement for
measuring polarized photons in rectilinear and diagonal
bases of polarization consistent with known prepare-and-
measure protocols [64, 65]. A 50/50 non-polarizing BS
randomly directs photons to either the rectilinear or di-
agonal measurement bases. In each basis, PBS cubes
separate orthogonal polarizations and direct them to
commercially-available Geiger-mode avalanche photodi-
odes (APDs). The four output signals are registered by
a time-correlated single photon event counter (TCSPC)
with picosecond resolution.

The optical combination of the 35-cm diameter re-
ceiver aperture, the 30-µm diameter FS, and the spec-
tral filter formed an extended radiometer for measuring
background radiance when transmitting vacuum-decoy
pulses. The integration time per pulse was increased
from the 1-ns integration time for non-vacuum pulses to
78 ns in order to increase the sensitivity of background
measurements. The number of background photons Nb
recorded on the four Bob detectors were converted into
an equivalent sky radiance Hb in W/(m2 srµm) by solv-
ing Eq. 3 for Hb with ∆t taken to be the total time of
background counting within the 10-s interval in which
the atmospheric and quantum data were processed.
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The low-latency 12×12 element MEMS DM was driven
by the filtered, reconstructed wavefront and similarly, the
5-cm diameter FSM was driven by the full-pupil tilts.
The 3-dB error rejection bandwidth of the AO loop was
130 Hz which was greater than the range of Greenwood
frequencies encountered during data collection. Notably,
all of the real-time AO loop and FSM control was ac-
complished with a single PC running tailored AO soft-
ware. The computer was also networked for data storage:
data streams associated with the SHWFS and AO loop,
including WFS camera frames, gradients, reconstructed
phase, servo and DM commands, were saved for post
processing. The scoring camera was optically conjugate
to the FS allowing a means of quantifying the quantum
channel FS transmission efficiency and AO performance
under all atmospheric conditions. Representative scoring
camera frames for open- and closed-loop configurations
are shown in Figs. 9(a) and 9(b), respectively. The FS
was sized to transmit only the central lobe in Fig. 9(b).

V. EXPERIMENTAL RESULTS

The quantum channel efficiency η was character-
ized through measurements of quantum parameters per-
formed with APDs in the quantum channel. Measured
parameters included the signal MPN µ, measured at
the output of the transmitter, and the signal-state gain
Qµ and the background probability Y0, measured in the
quantum receiver. The quantum channel efficiency was
calculated from the relationship [64],

Qµ = Y0 + 1 − e−ηµ. (9)

Contributions to η that were characterized separately in-
clude the efficiencies associated with aperture coupling,
measured to be ηgeo ≈ 0.08, atmospheric scattering and
absorption, ηtrans ≈1.0, receiver telescope optics, ηrec =
0.49, spectral filtering, ηspec = 0.92, and each of the four
APD detectors, ηdet ≈ 0.6. The turbulence-related losses
at the FS ηFS varied with atmospheric realizations from
a low of about 2% to as much as 63%. In the most de-
manding cases, under-resolved wavefronts and scintilla-
tion reduce the accuracy of SHWFS measurements and,
correspondingly, the fidelity of wavefront compensation
[66].

AO performance was quantified through classical mea-
surements of Strehl given in the Marechal approximation
by S = exp(−σ2) where σ2 is the phase variance cal-
culated from SHWFS data [57]. Figure 10 shows the
measured η in dB loss versus Strehl with r0 represented
by circle sizes and the scintillation index σ2

I given by the
color scale. Open- and closed-loop data are represented
by open circles and solid circles, respectively. Results
obtained with εzenith falling on the 1×HV5/7 turbulence
profile in Fig. 4(b) are shown on the left. Those obtained
with εzenith on the 2×HV5/7 profile are shown on the
right. Overall, closing the AO loop improved the range of
system Strehl from 0.024 ≤ S ≤ 0.21 to 0.21 ≤ S ≤ 0.70

with the maximum Strehl bounded by the minimum σ2
I

values of the HV5/7 model shown in Fig. 4(b). Cor-
respondingly, AO improved the range of η from 40 dB
≥ −10 log(η) ≥ 30 dB to 37 dB ≥ −10 log(η) ≥ 23 dB.

Results summarizing the performance of the quantum
channel as a function of channel radiance are presented in
Fig. 11. We consider three statistical quantities relevant
to QComm. First, we consider the probability a signal
photon was detected relative to that for a noise photon,

S/N = Qµ/Y0. (10)

Second, we consider the measured QBER, defined as the
number of bit errors divided by the total number of mea-
sured qubits within a matched basis. Finally, based on
measured quantum parameters, we calculate the bit yield
probability for the vacuum-plus-decoy-state QKD proto-
col [64]. Results obtained with equivalent zenith angles
falling on the 1×HV5/7 turbulence profile in Fig. 4(b) are
shown in the left-hand column of Fig. 11. Those obtained
with εzenith on the 2×HV5/7 profile are shown on the
right. Open-loop cases are shown in red and closed-loop
cases in blue. The measured values for r0 are indicated
by the circle sizes.

The S/N probability ratio is plotted in dB for 1×HV5/7

and 2×HV5/7 turbulence strengths in Figs 11(a) and
11(b), respectively. With higher-order AO, S/N prob-
abilities range from a high of 1,775 when Hb = 0.35
W/(m2 srµm) to 10 at high radiance values near 80
W/(m2 srµm). The solid red line, representing an upper
bound, is calculated using the highest observed channel
efficiency of η=23 dB with,

Y0 = Nb ηrec ηspec ηdet + 4fdark ∆t, (11)

where Nb was calculated using Eq. 3, fdark = 190-Hz
is the measured APD dark count rate, and ∆t is the 1-
ns detection window. Not surprisingly, experimental re-
sults lie closest to the calculated curve when r0 values are
largest. These data points represent the cases where the
SHWFS is most able to resolve the spatial characteristics
of turbulence.

Measured QBERs are plotted for 1×HV5/7 and
2×HV5/7 turbulence strengths in Figs 11(c) and 11(d),
respectively. Without AO, QBERs within 5% were
only achieved at low daytime radiances. With AO,
QBERs within 5% were achieved with Hb as high as 80
W/(m2 srµm). The solid red line shows the calculated
QBER for the 23-dB channel according to,

Eµ =
e0Y0 + ed(1 − e−ηµ)

Y0 + 1 − e−ηµ
, (12)

where the measured error rate and polarization crosstalk
are e0 = 0.5 and ed = 0.005, respectively.

Estimates for the QKD bit yield R that could be
achieved over the quantum channel were calculated from
the measured signal- and decoy-state MPNs µ and ν,
signal- and decoy-state gains Qµ and Qν , and signal- and
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FIG. 10: Experimental results showing AO can increase quantum channel efficiencies by more than 10 dB while
spatially filtering sky noise at the diffraction limit. Channel attenuation is plotted in dB versus system Strehl for (a)
1×HV5/7 turbulence data sets and (b) 2×HV5/7 data sets for open-loop (open circles) and closed-loop (solid circles)

cases with r0 and σ2
I represented by circle size and color scale, respectively.

decoy-state QBERs Eµ and Eν assuming a constant effi-
ciency of error correction f(Eµ) = 1.22. This calculation
follows the formalism that is reviewed in Appendix C for
the vacuum-plus-weak-decoy-state QKD protocol. Bit-
yield probabilities are plotted for 1×HV5/7 and 2×HV5/7

turbulence strengths in Figs 11(e) and 11(f), respec-
tively. Without AO, positive bit yields were occasionally
achieved with channel radiances below 4.3 W/(m2 srµm),
which is near a minimum for actual daytime sky radi-
ances [24, 53, 62]. With AO, positive bit yields occur
with channel radiances as high as 65 W/(m2 srµm). The
solid red line shows the bit yield R calculated as a func-
tion of Hb for the 23-dB channel. The solid black line at
R = 0 represents the level above which QKD should be
possible.

Not all equivalent zenith angles produced sufficiently
high S/N or low QBER to yield a positive R. Figure 5
showed all simulated sky angles under which field-site
data was taken whereas Fig. 12 retains only the simu-
lated sky angles that yielded R > 0. There are a suf-
ficient number of simulated sky angles remaining to in-
dicate viable quantum channels could be achieved over
much of the daytime sky hemisphere in both 1×HV5/7

and 2×HV5/7 turbulence conditions. Comparing Figs. 5
and 12, it is not surprising that many data sets with
simulated sky angles in close proximity to the sun fail
to yield a positive R. Other data sets failed to yield a
positive R because, although they projected to a partic-
ular zenith angle on the HV5/7 curves, they did so far
from the curves and therefore represent much more de-
manding turbulence than the slant-path conditions for
which the AO system was designed. In other words, in
Fig. 4(b), multiple data sets project onto similar sky an-
gles but some data sets have substantially higher σ2

I or
substantially smaller r0 than those describing slant path

turbulence according to the HV5/7 model. The absence
of a data point in the sky hemisphere does not necessar-
ily imply QComm would not be possible in that region
of the sky. In most cases, it simply means there were no
data for that particular combination of r0, σ2

I , and Hb.

VI. DISCUSSION

The field experiment was conducted within calendar
year 2019. Success based on preliminary results was
reported in a press release in May 2019 [48]. Results
and analysis were made publicly available and submit-
ted for peer review in June 2020 [49]. Subsequently,
there has been another report of free-space QComm using
AO and claiming relevancy to space-Earth links but re-
ported under ambiguous turbulence and background con-
ditions [67]. In that report, an iterative metric optimiza-
tion technique was chosen over the SHWFS approach
with the goal of accommodating the deep turbulence
effects that occurred over an 11.5-km terrestrial path.
The authors report that a 1-kHz-bandwidth 40-actuator-
DM AO system compensated the 12 lowest-order Zernike
modes and improved fiber-coupling efficiency by 6 to 8
dB. In contrast, our results were achieved with turbu-
lence and channel radiance conditions representative of
actual slant-path propagation. In our system, A 2-kHz-
frame-rate 130-Hz-bandwidth AO system compensated
turbulence effects via zonal correction applied to the DM
actuators that lie within the region defined by the cir-
cular pupil minus the central obscuration. This consti-
tuted approximately 82 actuators of the 12×12 array that
shape the continuous face sheet of the DM. Previously
we showed through simulation that a 200-Hz bandwidth
16x16 SHWFS-based AO system integrated with a 1-m
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FIG. 11: Plots of experimental results illustrating benefit of AO to daytime quantum channel performance
including, (a) measured S/N probabilities, (b) measured QBER, and (c) calculated QKD bit yield vs. channel

radiance Hb under open-loop (red) and closed-loop (blue) conditions with r0 represented by circle size.

telescope could improve fiber-coupling efficiencies in LEO
downlinks by as much as 18 dB [28].

The choice of subaperture size relative to r0 is an im-
portant consideration in AO design. In our experiment,
the subaperture size of the 11×11 SHWFS was 3.2 cm
at the entrance pupil and our measured r0 ranged from
2.0 cm to 8.5 cm in agreement with downlink turbulence
values. For data sets where r0 was comparable to or

smaller than the subaperture size, under-resolved wave-
front errors could have led to reduced AO performance
and reduced ηFS. Provided that the S/N ratio on the
WFS camera can be maintained, increasing the number
of SHWFS subapertures and reducing their size could
improve results for these data sets. Were this particu-
lar AO system to be scaled to a larger aperture ground
telescope for an actual satellite experiment where slewing
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FIG. 12: Hemispherical plots, similar to Fig. 5 but retaining only sky angles for data sets that yield positive QKD
bit-yield probabilities.

is involved, increasing both the number of subapertures
and the closed-loop bandwidth would benefit AO perfor-
mance.

In our experiment, the receiver system operated at the
D-L FOV. Results achieved with this configuration are
generally relevant to systems where the receiver mode
is restricted to a single spatial mode such as that of a
single-mode optical fiber. For systems that are not con-
strained to the fundamental spatial mode, we have con-
ducted a more detailed analysis that shows that one can
further optimize quantum channel performance by choos-
ing a FOV that accounts for residual wavefront errors
that persist after AO compensation [56].

VII. CONCLUSION

In this article we report a QComm field experiment en-
abled by higher-order AO that is the first to demonstrate
a pragmatic path toward a daytime QComm satellite
downlink. The experiment was performed under carefully
tuned downlink conditions. Namely, aperture coupling
losses achieved via defocusing were representative of a

700-km downlink, turbulence conditions were representa-
tive of 1×HV5/7 turbulence strength over 0◦ ≤ θz ≤ 75◦

and 2×HV5/7 turbulence strength over 0◦ ≤ θz ≤ 65◦,
and optical noise was representative of daytime on-sky
conditions which are more than 1,000 times brighter than
nighttime. This approach differs from those in earlier
reports where transmitter beam divergence and aper-
ture coupling losses were minimized and turbulence and
background conditions were ambiguous. We have shown
that a suitably designed higher-order AO system signif-
icantly reduces qubit losses when spatially filtering op-
tical noise near the D-L. This permits the use of a rel-
atively large 1-nm spectral filter, which is useful for in-
tegrating entangled photon sources of comparable band-
width. AO can also enhance the efficiency of coupling
into waveguide-based quantum components and networks
and enhance the efficiency of Bell-state measurements
for teleportation and entanglement swapping. The rele-
vancy of these results can be extended to higher-altitude
smaller-aperture satellites by increasing the spectral and
temporal filtering of noise beyond that employed in this
experiment.
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Jean-Marc Conan, “C n 2 profile measurement from
shack-hartmann data,” Optics letters 32, 2659–2661
(2007).

[62] Mark T Gruneisen, Michael B Flanagan, Brett A Sick-
miller, James P Black, Kurt E Stoltenberg, and Alexan-
der W Duchane, “Modeling daytime sky access for a
satellite quantum key distribution downlink,” Optics Ex-
press 23, 23924–23934 (2015).

[63] Darryl P Greenwood, “Bandwidth specification for adap-
tive optics systems,” JOSA 67, 390–393 (1977).

[64] Xiongfeng Ma, Bing Qi, Yi Zhao, and Hoi-Kwong Lo,
“Practical decoy state for quantum key distribution,”
Physical Review A 72, 012326 (2005).

[65] C. H. Bennett and G. Brassard, “Quantum cryptogra-
phy: public key distribution and coin tossing,” in Pro-
ceedings of the IEEE International Conference on Com-
puters, Systems, and Signal Processing, Bangalore, India,
1984 (IEEE, New York, 1984), p. 175.

[66] Michael C Roggemann and Byron M Welsh, Imaging
through turbulence (CRC press, 2018).

[67] Yuan Cao, Yu-Huai Li, Kui-Xing Yang, Yang-Fan
Jiang, Shuang-Lin Li, Xiao-Long Hu, Maimaiti Ab-
ulizi, Cheng-Long Li, Weijun Zhang, Qi-Chao Sun,
et al., “Long-distance free-space measurement-device-
independent quantum key distribution,” Physical Review
Letters 125, 260503 (2020).

Appendix A: Creating the spatial characteristics of
slant-path turbulence at a terrestrial field site

The spatial nature of atmospheric turbulence is quanti-
fied through the spatial coherence and scintillation prop-
erties of the optical field. Spatial coherence is quanti-
fied through Fried’s coherence length, r0. Scintillation
associated with the depth of the turbulent path is quan-
tified through the log-intensity variance, or Rytov vari-
ance. Experimentally, scintillation is quantified via the
scintillation index, σ2

I , which is a measurable quantity
that saturates with increased depth of turbulence.

Figure 4(b) of the main text shows that the 1.6-km
atmospheric path yielded ranges of r0 and σ2

I that are
comparable to those calculated for slant-path propaga-
tion through atmospheric turbulence over a large range
of zenith angles. This appendix provides the theoretical
basis for this experimental result and demonstrates the
1.6-km propagation path is what one would expect to be
nearly optimum for introducing the spatial characteris-
tics of slant-path turbulence.

We begin by reviewing theoretical expressions for r0,
Rytov variance, and σ2

I as a function of the atmospheric
structure parameter both for slant-path propagation and
for horizontal propagation. We then proceed to calculate
the horizontal path length that introduces r0 and Ry-
tov variance values comparable to those introduced by
slant-path propagation. An important consequence of
this analysis is that propagation over significantly longer
distances actually misrepresents the effects of slant-path
turbulence.

The strength of turbulence through any propagation
path is described by the structure parameter C2

n. In the
case of slant-path propagation between space and Earth,
the structure parameter takes the form of an altitude-
dependent function, C2

n(h), where h is the height above
ground level. The Hufnagel-Valley HV5/7 model of C2

n(h)
defines relevant conditions for many ground observational
sites and can be expressed as [57],

C2
n(h) = 0.00594

( w
27

)2
(10−5h)10e−h/1000

+ 2.7 × 10−16e−h/1500 +Ae−h/100,

(A1)

where C2
n(h) is in m−2/3, h is in m, w is a pseudo wind

speed taken to be 21 m/s, and A = 1.7 × 10−14 m−2/3.
The strength of turbulence varies considerably over the
course of a day and the HV5/7 model can be scaled to
approximate stronger turbulence through a multiplica-
tive factor to C2

n(h). These scaled versions are desig-
nated by the multiplicative factor as 1×HV5/7, 2×HV5/7,
3×HV5/7, etc. Calculating the net effect of turbulence
over any path requires integrating the structure parame-
ter over the path.
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1. Fried Coherence Length

The number and size of wavefront sensor subapertures
required to resolve the spatial scale of turbulence is deter-
mined by r0 which describes the transverse spatial scale
of turbulence. For the case of long-distance propagation
from a satellite to a telescope at ground level, the opti-
cal wavefront sampling the column of turbulence can be
approximated as a plane-wave and r0 can be expressed
as [43],

r0 slant−path =
(

0.423 k2 sec(θz)

×
∫ a

0

C2
n(h) dh

)−3/5

,
(A2)

where k = 2π/λ, λ is the optical wavelength, θz is the
slant-path propagation angle relative to zenith and the
upper limit of integration is the altitude of the satel-
lite. For the field experiment conditions with diverging
wavefronts over much shorter distances, the optical wave-
front sampling the atmospheric path is approximated as
a spherical wave and r0 is given by [43],

r0 horizontal =
(

0.1602 k2 C2
n(h0)L

)−3/5

, (A3)

where h0 is the height of propagation above ground level
and L is the horizontal propagation distance.

2. Rytov Variance

Over a sufficiently long propagation distance,
turbulence-induced wavefront errors give rise to trans-
verse intensity variations. In sufficiently deep turbulence,
these intensity variations lead to intensity nulls that
negatively impact the performance of a SHWFS-based
AO system. The Rytov variance is the property of the
atmosphere that gives rise to these intensity variations.
For the case of long-distance propagation from a satellite
to a telescope at ground level, the Rytov variance in the
plane-wave approximation can be written as a function
of zenith angle [58]:

σ2
1 slant−path = 2.25 k7/6 sec11/6(θz)

×
∫ a

0

C2
n(h)h5/6 dh.

(A4)

For the field-site case, the Rytov variance in the
spherical-wave approximation is given by [58],

β2
0 horizontal = 0.5 k7/6 C2

n(h0)L11/6. (A5)

3. Equivalent horizontal path lengths for r0 and
Rytov variance

Setting Eqs. A2 and A3 equal and solving for L yields
the horizontal propagation distance needed to introduce

the same r0 that would be created by slant-path propa-
gation at angle θz:

Lr0 =

[
2.64

∫ a
0
C2
n(h) dh

C2
n(h0)

]
sec(θz)

= [377.1 m] sec(θz),

(A6)

where the coefficient 377.1 m is found by numerical inte-
gration assuming h0 = 10 m. Similarly, setting Eqs. A4
and A5 equal and solving for L yields the horizontal
propagation distance yielding the same Rytov variance
created by slant-path propagation at angle θz:

LRytov =

[
4.5
∫ a
0
C2
n(h)h5/6 dh

C2
n(h0)

]6/11
sec(θz)

= [682.1 m] sec(θz),

(A7)

where the coefficient 682.1 m is found by numerical inte-
gration assuming h0 = 10 m. Note that these results are
independent of wavelength. Because stronger turbulence
can occur in both slant-path and horizontal propagation,
these results are also independent of the choice of turbu-
lence strengths. The structure-parameter scaling coeffi-
cients apply equally to numerator and denominator and
stronger turbulence does not affect the equivalent path
calculation.

4. Scintillation index

The effects of scintillation are measured and charac-
terized via the scintillation index σ2

I where, consistent
with Ref. [58], the subscript “I” in σ2

I distinguishes this
quantity from the plane-wave Rytov variance with sub-
script “1” in Eq. A4. For weak scintillation, the scintilla-
tion index is equal to the Rytov variance. As turbulence
deepens, the Rytov variance increases but scintillation
as measured by the scintillation index saturates. In the
plane-wave approximation for slant-path turbulence, the
scintillation index can be expressed as a function of the
Rytov variance according to

σ2
I slant−path = exp

[
0.49σ2

1

(1 + 1.11σ
12/5
1 )7/6

+
0.51σ2

1

(1 + 0.69σ
12/5
1 )5/6

]
− 1.

(A8)

Correspondingly, in the spherical-wave approximation for
horizontal propagation,

σ2
I horizontal = exp

[ 0.49β2
0

(1 + 0.56β
12/5
0 )7/6

+
0.51β2

0

(1 + 0.69β
12/5
0 )5/6

]
− 1.

(A9)
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FIG. 13: Plot of [σ2
I , r0] pairs calculated for slant-path

propagation with three strengths of turbulence and
zenith angles ranging from 0◦ to 75◦.

The maximum theoretical value for σ2
I slant−path is ap-

proximately 1.24. The maximum calculated value for
σ2
I horizontal is approximately 1.69. This calculation as-

sumes uniform C2
n over the path. Experimentally, the

horizontal path is not always uniform and the maximum
measured values were approximately 2.0.

5. [σ2
I , r0] pairs in slant-path propagation

Figure 13 shows [σ2
I , r0] pairs calculated as a function

of zenith angle from Eqs. A2 and A8 for 780-nm wave-
length and 1×HV5/7, 2×HV5/7, and 3×HV5/7 turbulence
strengths and plotted over the range 0◦ ≤ θz ≤ 75◦. Over
this range of turbulence strengths, r0 varies from 2.0 cm
to 8.5 cm and σ2

I varies from 0.14 to 1.2. Turbulence
at the field site varies considerably over the course of a
day. This variability was utilized to create an experimen-
tal parameter space for r0 that spanned the same range
from 2.0- to 8.5-cm. The same natural variability yielded
an experimental parameter space for σ2

I that spanned the
range from σ2

I = 0.14, the minimum value occurring for
1×HV5/7 turbulence at θz = 0◦, to σ2

I ≈ 0.9, which cor-
responds to 2×HV5/7 turbulence at θz ≈ 67◦. In order

to extend the range of σ2
I , some of the data sets were

acquired with a heat source placed under the beam path
near the transmitter to increase scintillation.

Appendix B: Temporal dynamics of slant-path
turbulence relative to AO control-loop bandwidths

The temporal rate of change of turbulence is quanti-
fied through the Greenwood frequency fG [63]. For a
static pointing angle, temporal fluctuations intrinsic to
the atmospheric channel itself occur due to wind. When
a ground telescopes tracks a moving satellite through

turbulence, slewing leads to additional dynamics in the
turbulence-induced wavefront error. Compensation of
dynamic wavefront errors is most effective when the
closed-loop control bandwidth of the AO system fc ex-
ceeds fG. However, fc does not denote a sharp cutoff
frequency and degradation in AO compensation is typi-
cally graceful as fG approaches and exceeds fc.

The 130-Hz closed-loop bandwidth of the AO system
utilized in this field experiment was designed to accom-
modate the field-site turbulence where the maximum
measured fG was 62 Hz. Previously, we presented analy-
ses quantifying the efficacy of 200- and 500-Hz bandwidth
AO systems for a QKD protocol implemented from LEO.
This appendix elucidates the relevancy of these three
bandwidths to overhead LEO satellite passes. Green-
wood frequencies are calculated with and without slew-
ing effects and compared to AO bandwidths of interest.
Circular LEO orbits and overhead passes are assumed.

1. Greenwood frequencies versus zenith angle

For propagation at a fixed angle, fG is determined by
altitude-dependent wind conditions and the strength of
turbulence. The zenith-angle-dependent fG can be esti-
mated by the following equation [43]:

fGslant−path =
[
0.1022 k2 sec(θz)

×
∫ a

0

C2
n(h) v5/3(h) dh

]3/5 (B1)

where θz is the zenith angle, h is the height above ground
level, and C2

n(h) is the altitude-dependent structure pa-
rameter given by Eq. A1. It is common to assume the
altitude-dependent Bufton wind profile [57]

v(h) = vg + 30 exp
[
−
(h− 9400

4800

)2]
(B2)

where vg is the wind velocity near ground and is taken
to be vg = 5 m/s.

Tracking a moving satellite requires the ground tele-
scope to slew at an angular rate that matches that of the
satellite motion. The effect of slewing is to introduce an
altitude-dependent contribution to the wind speed [58],

v(h) = ωsh+ vg + 30 exp
[
−
(h− 9400

4800

)2]
(B3)

where the angular rate of slewing ωs depends on the satel-
lite orbit. For the case of a satellite in a circular orbit
passing directly overhead, ωs can be written as [58],

ωs =
[ GM

a2(R+ a)

]1/2
cos2(θz) (B4)

where G = 6.673 × 10−20 km3 kg−1 s−2 is the universal
gravitational constant, M = 5.97 × 1024 kg is the mass
of the Earth, R = 6, 371 km is the radius of the Earth,
and a is the satellite orbit altitude in km.
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FIG. 14: Plot of Greenwood frequency vs. zenith angle
calculated for a) 1×HV5/7, b) 2×HV5/7, and c)

3×HV5/7 turbulence strengths. Black and red solid
lines are calculated for 400- and 800-km circular orbits,
respectively. The dashed lines are calculated without

the effects of slewing. Horizontal lines indicate the 130-,
200-, and 500-Hz AO loop bandwidths considered.

Figure 14 shows Greenwood frequencies calculated for
λ = 780-nm and plotted versus zenith angle. Green-
wood frequencies calculated without slewing are shown
as dashed lines. fG values calculated for 400- and 800-
km circular orbit altitudes are shown in black and red, re-
spectively. Without slewing, fG increases with zenith an-
gle due to the increased atmospheric path length. With

slewing, fG attains its maximum value at zenith where
slew rates are highest. The AO control-loop bandwidth
implemented in this field experiment and those consid-
ered in previous analyses are shown as horizontal lines
at 130 Hz, 200 Hz, and 500 Hz [25, 28, 49]. Results
calculated with 1×HV5/7, 2×HV5/7, and 3×HV5/7 tur-
bulence strengths are plotted in Figs. 14(a), 14(b), and
14(c), respectively.

The 130-Hz control-loop bandwidth implemented in
the field experiment is comparable to or greater than all
stationary-angle fG within a 120◦ cone about zenith. Fig-
ure 14(a) shows that for an 800-km orbit and 1×HV5/7

turbulence, 130 Hz is also greater than all fG within a
160◦ cone. For cases with stronger turbulence or the
lower orbit, fG increases and typically exceeds the 130-
Hz bandwidth.

Previously, we presented a numerical simulation show-
ing that a 200-Hz control-loop bandwidth AO system can
be useful for implementations with 400-km and 800-km
orbits even when fG exceeds fc [28]. For the 800-km orbit
case shown Figs. 14(a) and 14(b), the 200-Hz bandwidth
is comparable to, or exceeds, fG for nearly all zenith an-
gles. For the lower 400-km orbit altitude however, fG can
exceed 200 Hz at the smaller zenith angles. The 500-Hz
control-loop bandwidth that was previously analyzed in
Ref. [25] exceeds fG for all cases considered in the over-
head pass scenario.

Appendix C: Quantum Channel Performance
Measures

This appendix reviews definitions and equations as-
sociated with quantum measurements and measures of
quantum channel performance. Measures of quantum
channel performance include the S/N probability as
well as the QBER and key bit yield associated with
a decoy-state BB84 QKD protocol. The field experi-
ment was conducted using a prepare-and-measure pro-
tocol implemented with weak-coherent pulses obeying
Poissonian photon number statistics. Consistent with
the vacuum-plus-decoy-state protocol [64], the pulses
launched from the transmitter included signal, decoy, and
vacuum pulses of mean photon number µ, ν, and 0, re-
spectively. Received pulses are detected via Geiger-mode
APDs within a measurement window defined by a tem-
poral interval ∆t, spectral window ∆λ, and solid-angle
FOV ΩFOV.

1. Signal-to-Noise Probability Ratio

The probability a background detection event occurs
due to background optical noise or detector dark counts
is given by

Y0 = Nb ηrec ηspec ηdet + 4fdark ∆t, (C1)
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where Nb is the number of background photons in a de-
tection window ∆t. The efficiencies ηrec, ηspec, and ηdet
are the optical efficiencies of the receiver optics, spec-
tral filter, and detectors, respectively, and fdark is the
dark count rate of the detectors. For an optical receiver
pointed to the sky, the parameter Nb is proportional to
the sky radiance Hb according to,

Nb =
Hb ΩFOV πD

2
Rλ∆λ∆t

4hc
, (C2)

where λ is the quantum channel wavelength, ∆λ is the
spectral filter bandpass in µm, ∆t is the integration time
for photon counting in seconds, h is Planck’s constant,
and c is the speed of light.

The probability of a detection event occurring within
a measurement window is referred to as the signal-state
gain Qµ. Because signal detection events are indistin-
guishable from background detection events, this is given
by the sum of the probabilities for detecting a non-zero
signal pulse and a noise photon

Qµ = Y0 + 1 − e−ηµ. (C3)

where µ is the mean photon number of the signal states
and η is the quantum channel efficiency including all con-
tributions associated with transmitting and detecting sig-
nal pulses:

η = ηgeo ηtrans ηFS ηrec ηspec ηdet, (C4)

where ηgeo, ηtrans, and ηFS are the efficiencies associated
with diffraction losses between transmitter and receiver
apertures, atmospheric scattering and absorption, and
losses due to the effects of atmospheric turbulence at the
field stop, respectively. Note that in the downlink sce-
nario, the effects of atmospheric turbulence on aperture-
to-aperture coupling are negligible and therefore not in-
cluded.

The signal-state gain Qµ is measured experimentally
during time intervals when signal pulses are launched.
The background probability Y0 is measured experimen-
tally during intervals when no signal pulses are launched.
The ratio of these two parameters gives the S/N probabil-
ity which is a measure of quantum channel performance:

S/N = Qµ/Y0. (C5)

2. Quantum Key Distribution Measures

For QKD protocols, the QBER Eµ is a useful measure
of quantum channel performance. The QBER is defined
within a matched basis as the probability an incorrect
state is measured divided by the probability of any detec-
tion event occurring within a measurement window. Eµ

was determined experimentally by comparing detected
quantum states to the transmitted states. Theoretically,
Eµ is calculated as a function of Hb according to

Eµ =
e0Y0 + ed(1 − e−ηµ)

Y0 + 1 − e−ηµ
, (C6)

where e0 is the noise error rate and the polarization
crosstalk ed is the probability a photon prepared in one
linear polarization will be detected as the orthogonal po-
larization due to polarization crosstalk associated with
imperfect optics. The parameter ed is determined by
measuring quantum detection events in each of the four
polarization states while transmitting pulses in an or-
thogonal polarization.

An important measure of performance for a QKD pro-
tocol is the key-bit yield referring to the probability that
a given signal photon results in a processed key bit. For
the vacuum-plus-decoy-state BB84 QKD protocol, this
can be expressed as [64]

R ≥ q
(
−Qµ f(Eµ)H2(Eµ) +Q1[1 −H2(e1)]

)
, (C7)

where the protocol efficiency q is 0.5, f(Eµ) is the bidi-
rectional error correction efficiency, Q1 is the gain of the
single-photon state given by

Q1 =
µ2e−µ

µν − ν2

(
Qνe

ν −Qµe
µ ν

2

µ2
− µ2 − ν2

µ2
Y0

)
, (C8)

and e1 is the error rate of the single photon states,

e1 =
EνQνe

ν − e0Y0
Y1ν

, (C9)

where Qν is the gain of the weak decoy state given by
substituting ν for µ in Eq. C3 and Eν is the weak-decoy-
state QBER given by substituting ν for µ in Eq. C6.
The parameter Y1 is the lower bound for the yield of the
single-photon states,

Y1 =
µ

µν − ν2

(
Qνe

ν −Qµe
µ ν

2

µ2
− µ2 − ν2

µ2
Y0

)
. (C10)

Information leakage to a potential eavesdropper is quan-
tified through the Shannon binary entropy function as a
function of the single-photon error rate:

H2(e1) = −e1 log2(e1) − (1 − e1) log2(1 − e1). (C11)

In this field experiment, µ, ν, Eµ, Eν , Qµ, Qν , Y0, and η
are measured via quantum detection events. From these
measured values, one can calculate the QKD bit yield R
that could be achieved through post-processing of a raw
key.
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