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ABSTRACT

In recent years, quantum key distribution (QKD) has seen the first proof-of-concept demonstrations from space.
Next on the agenda towards a full-blown global quantum internet is to address the more practical aspects, such
as efficiency, flexibility, and accessibility of QKD services. One of the main challenges that remains to be solved
in this regard is to enable operation in the presence of daylight noise. Here, we present a complete framework
for modelling daylight QKD from an orbiting satellite. We include the effects of atmospheric turbulence and
adaptive optics correction at the receivers. We consider single- and multi-mode fibre coupling as a means of
spatial filtering, for which we derived simple formulas for estimating coupling efficiencies of signal as well as
noise. Using our framework, we identify the most critical system parameters for daylight operation and discuss
the choice of signal wavelength and detection technology. Finally, we provide simulation results for various
parameter combinations in a hypothetical daylight QKD between Berlin and Munich via a satellite in a low
Earth orbit. The results show a clear advantage of 800 nm signal wavelength over 1550 nm with the currently
available technology. Moreover, we show the relevance of single-mode fibre coupling and the importance of
detectors with low timing jitters. We anticipate our work will provide valuable insight and tools to aid the future
feasibility studies of daylight QKD in dual-downlink configurations.

Keywords: quantum key distribution, quantum entanglement, dual downlink, daylight noise, adaptive optics

1. INTRODUCTION

Quantum key distribution1 is a form of quantum communication, where the communicating parties attempt to
establish a secret key, of which security is based on the laws of quantum mechanics. Since fibre-based implemen-
tations are limited to a few hundred kilometres,2 there is an ever growing interest in satellite implementations
for bridging larger distances.

There are two popular but fundamentally different ways to perform QKD from space: with attenuated lasers
(also called prepare-and-measure) or with entangled photons. Although still behind the technological maturity
of prepare-and-measure schemes, recent developments towards ultra-bright and space-suitable entangled photon
sources have considerably increased interest in entanglement-based QKD for space applications. Here, we focus
on the latter and consider a dual-downlink configuration, where an entangled photon source (EPS) on board
of a satellite is used to establish a secret key between two ground stations. This configuration offers several
advantages. First of all, the EPS does not need to be trusted, allowing the satellite to act as an untrusted
node. Furthermore, the EPS generates entangled photons in a completely passive manner, essentially requiring
no access to the inner workings of the satellite by the users on ground. This further gives users on ground
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much more flexibility in terms of the choice of protocol, quantum measurement, and post-processing, since these
considerations are to a large degree independent of the EPS.

One of the main remaining challenges in practical QKD is the daylight noise. During daytime, a vast
amount of sunlight enters receiver telescopes and may end up completely masking the weak quantum signal upon
detection. The background noise primarily consists of photons that are scattered in the Earth’s atmosphere, thus
changing the direction of propagation and ending up within the field of view of the receiver system. In order
to reduce the noise to acceptable levels, we therefore need strong filtering in all the possible degrees of freedom:
temporal, spectral and spatial. In QKD with entangled photons, temporal filtering is automatically realized by
the coincidence-based detection and typically provides the strongest rejection of the noise. The level of temporal
filtering we can apply is dictated by the detector time jitter. Similarly, the level of spectral filtering is usually
dictated by the signal bandwidth and realized by off-the-shelf components. Temporal and spectral filtering can
therefore be realized with relative ease and their effect can be typically predicted to a good degree. Moreover,
they do not depend on the link conditions. Spatial filtering, on the other hand, is more complex, because it
usually depends on the ability to focus the incoming light, which deteriorates in the presence of atmospheric
turbulence. Adaptive optics (AO) is therefore often considered in the context of spatial filtering, making the
system design much more demanding and complex. Coupling the signal into optical fibres is one of the ways to
realize spatial filtering. While notable daylight QKD experiments have been recently reported over terrestrial
links,3–5 all the satellite-based QKD demonstrations have thus far been performed at night.

Here, we present a complete framework to model daylight QKD with entangled photons from an orbiting
satellite. We review the established models for secure key and link efficiency calculations. We further derive
simple formulas for estimating signal coupling efficiency into single- and multi-mode fibres in the presence of
atmospheric turbulence. We also derive relations for estimating the sky background noise rate at the detectors
for the case of both single- and multi-mode fibres. We then discuss important open questions, such as the choice
of signal wavelength and the available detector technology, and provide insight into into state-of-the-art sources.
We finally provide simulation results for various parameter combinations in a hypothetical daylight QKD between
Berlin and Munich via a satellite in a low Earth orbit (LEO).

2. SATELLITE-BASED QUANTUM KEY DISTRIBUTION WITH ENTANGLED
PHOTONS

In QKD in a dual-downlink configuration, an EPS on board of a satellite generates pairs of entangled photons,
which are transmitted to two separate optical ground stations (OGSs). Two communicating users, commonly
called Alice and Bob, each associated with one OGS, perform measurements on the incoming photons according
to a specific protocol from which they try to extract a secret key. For modelling the link geometry dynamics for
a particular orbit and ground station locations, we used the Skyfield package∗.

Figure 1. Dual-downlink configuration for entanglement-based quantum key distribution.

∗http://rhodesmill.org/skyfield/
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2.1 Secure Key Rate Calculation

Here, we consider the BBM92 protocol,6 which is the most commonly considered protocol for entanglement-based
QKD. For secure key rate calculations, we adapted the model from Ref. 7. Consider a continuous-wave pumped
EPS that generates pairs of polarization-entangled photons with the rate G. Note, that this is the intrinsic pair
generation rate, meaning that no loss – not even of the source optics – is yet considered. One photon of each
generated pair is sent towards Alice and the other one towards Bob via their respective channels, which are
characterized by their total channel efficiencies ηA and ηB.

Secure key generation is based on correlation of simultaneous detection events – coincidences – at Alice and
Bob, and this correlation is provided by the quantum entanglement of the signal photon pairs. Coincidences are
defined as events when a single-photon detection at one site happens within ± τ

2 of a detection time at the other
site, where τ is called coincidence window. Due to channel losses, many pairs do not make it to their respective
detectors, in turn reducing the rate of desirable coincidences, called true coincidences. But what is even worse,
is that some photons lose their partner photons while they alone make it to a detector. There is a chance that
two such partner-less photons – one at each site – still produce simultaneous clicks, which are called accidental
coincidences.

In order to estimate the secure key rate, the relationship between true and accidental coincidences need to
be established. True coincidence rate is simply the pair generation rate reduced by the combined total loss of
both channels,

Ctrue = ηAηBG . (1)

Accidental coincidences, on the other hand, are determined by the single photons detected locally at each site. For
high-loss scenarios, which certainly is the case for space links, accidental coincidence rate can be approximated
by7

Cacc =

(
1− e−SA

detτ
)(

1− e−SB
detτ

)
τ

, (2)

where SA
det and SB

det are the local single-photon detection rates at Alice and Bob, respectively. Since not only
the signal but also noise contributes to the detected single-photon rates, we break them down as

Si
det = Si

true + Si
back + Si

dark . (3)

where Si
dark is the dark count rate, Si

back is the background noise rate, and Si
true is the rate of true single photon

detection events that originate from the EPS, given by

Si
true = ηiG . (4)

We introduced i ∈ [A,B], which indicates Alice or Bob. Note, that these are total rates, therefore Si
dark is a sum

of dark count rates of all 4 detectors used at site i.

We may now combine true and accidental coincidences into the total detected coincidence rate,

Cdet = ηcoinCtrue + Cacc , (5)

where we introduced coincidence detection efficiency ηcoin that only applies to coincidence and not to single-
photon detection. It is given by

ηcoin = erf

 1

2
√
2

τ√
σA
det

2
+ σB

det

2

 , (6)

where σi
det is the total detection timing jitter at the ground station i. Strictly speaking, σi

det should in addition to
detector jitters include also effects of dispersion and photon coherence times, however, these are often negligible
compared to detector jitters. Some of the true coincidences may nevertheless cause erroneous (uncorrelated)
outcomes. This is characterized by the baseline error rate e0, which accounts for the source imperfections and
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imperfect alignment of polarization frame of reference between Alice and Bob. We calculate the rate of erroneous
coincidences as

Cerr = ηcoinCtruee0 +
1

2
Cacc . (7)

Note, that not all the accidental coincidences contribute to errors – some may completely by chance produce a
correlated outcome, which also contributes to the secret key, hence the factor of 1/2. The quantum bit error rate
(QBER) is then given by

E =
Cerr

Cdet
. (8)

Assuming that one of the two mutually unbiased measurement bases is selected with 50:50 probability, secure
key rate is finally given by

K =
1

2
Cdet [1− fECH2(E)−H2(E)] , (9)

where H2 is the binary entropy function defined as

H2(x) = −x log2(x)− (1− x) log2(1− x) , (10)

and fEC is the error correction efficiency factor. In general, fEC depends on E and the chosen error correction
algorithm, but for simulations we may set it to a conservative fixed value, e.g. fEC = 1.22.8 Note, that this is the
asymptotic secure key rate, which assumes infinitely large blocks of raw key, before post-processing is applied to
distil the final secret key. Finite key analysis is an important aspect of practical QKD – even more so for space
links, where the satellite is available for only short periods of time – however, it is beyond the scope of this work.

2.2 Link Loss Model

As shown in Sec. 2.1, we need to know the total loss for each of the two channels to calculate the key rate.
We now go step by step through the entire channel and identify each individual loss contribution. We start by
defining the total efficiency of the channel i as

ηi = ηiEPSη
i
Txη

i
DLη

i
Rxη

i
FCη

i
det , (11)

Here, ηiEPS is the source efficiency, which accounts for all the losses for the i-channel photons, before they leave the
source module. All the remaining losses of the transmitter optics are combined in ηiTx. The downlink efficiency
is given by9

ηiDL = Gi
TxL

i
pL

i
FSL

i
atmL

i
BSG

i
Rx , (12)

where the individual factors represent transmitter gain, pointing loss, free-space loss, atmospheric loss (absorption
and scattering), beam spreading loss (due to atmospheric turbulence), and receiver gain, respectively. These
factors can be calculated using well established formulas, which are listed in Appendix A, and depend on signal
wavelength λi, transmitted beam waist wi

0, transmitter pointing jitter σi
p, downlink path length zi, receiver

primary aperture diameter Di
Rx, atmospheric transmittance at zenith ηizen, and satellite altitude angle αi, as

seen from the ground station i.

The model for fiber coupling ηiFC is fundamentally different for a single-mode (SM) or a multi-mode (MM)
fibre. In literature, the Strehl ratio has been suggested as an estimator for SM fibre coupling efficiency.10 In the
presence of atmospheric turbulence, the Strehl ratio can be approximated as11

SR ≈
[
1 + γ(DRx/r0)

5/3
]−6/5

, (13)

where r0 is the Fried parameter that characterizes atmospheric turbulence. Factor γ accounts for the level of
AO correction and is given by

γ =


1 for no correction,

0.28 for tip-tilt correction,

0 for full AO correction.

(14)
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Note, that only perfect correction is considered here, meaning that the tip-tilt correction completely removes
the tip and the tilt contribution to the wavefront error, while full AO correction removes all the aberrations,
resulting in a diffraction limited spot.

But even a perfectly corrected wavefront, having a flat phase, would not result in 100% coupling efficiency
due to the unavoidable mismatch of the amplitude profiles. The mode of the SM fibre can be well approximated
with a Gaussian function.12 Since the aperture plane and the focal plane are related via a Fourier transform,
perfect coupling could only be achieved with a matching Gaussian beam in the aperture of the coupling optics.
The long-term average of the incoming light, however, is expected to have a flat-top amplitude profile, allowing
at most 81% average coupling efficiency.13 In the case of MM coupling, we calculate the corresponding efficiency
by integrating the focal plane intensity profile, as expected in the presence of atmospheric turbulence, over the
area of the MM core (for derivation, see Appendix B). Assuming the coupling optics is chosen for the optimal
coupling efficiency, we then estimate the coupling efficiency as

ηiFC =

0.81
[
1 + γ(DRx/r0)

5/3
]−6/5

for SM fibre,

1− exp
[
− d2

MM

8σ2
PSF

]
for MM fibre,

(15)

where

σ2
PSF =

λ2
[
1 + γ(DRx/r0)

5/3
]

2π2NA2
MM

, (16)

and the multi-mode fibre is characterized by its fibre core diameter dMM and numerical aperture NAMM.

Finally, ηidet is the detection efficiency of the detectors. Note, that some of the parameters above are very
likely to be the same for Alice and for Bob channel, but for the sake of generality we made no such assumptions
so far.

2.3 Fibre Coupling of Background Noise

We model the background noise as an incoherent Lambertian source with radiance B. The amount of noise
power that eventually couples into a MM fibre is given by14

Pnoise = M
Bλ2

2
, (17)

with

M =
1

2

(
πdMMNAMM

λ

)2

, (18)

where M represents the number of guided modes. According to Ref. 14, Eq. (17) can be used even in the case of
a SM fibre, where we simply take M = 2 (one fundamental mode for each of the two orthogonal polarizations).

The actual sky brightness is usually given in terms of spectral radiance Bλ, from which we calculate radiance
as B = Bλ∆λ, where ∆λ is the bandwidth of the spectral filter employed at the receiver. With the energy of a
single photon being hc/λ, we can now express the rate of detected background noise photons as

Sback =

{
ηRxηdet

Bλ∆λλ3

hc for SM fibre,

ηRxηdet
Bλ∆λλ

hc

(
πdMMNAMM

2

)2
for MM fibre,

(19)

where h is the Planck constant and c is the speed of light in vacuum.

2.4 Signal Wavelength Considerations

When it comes to the choice of the signal wavelength for potential daylight QKD, there are several important
aspects to consider. First of all, we need a source of high-fidelity entangled photons with high generation
rates, and these are available only at certain wavelengths. Secondly, single-photon detectors with high detection
efficiencies are required at the corresponding wavelengths. It is also crucial that that the Earth’s atmosphere
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has a high transmittance at these wavelengths. Based on these considerations, two wavelength ranges of interest
have been established in the satellite-based QKD community: one around 800 nm and the other one at about
1550 nm.

The most obvious advantage of the roughly half smaller ∼800 nm wavelengths is considerably smaller diffrac-
tion, resulting in a much more concentrated photon flux at the OGS, improving the product Gi

TxL
i
FSG

i
Rx ap-

proximately by a factor of 4, see Eqs. (20), (22), and (29). In turn, however, smaller transmitted beam cone
results in higher pointing loss, Eq. (21), making the overall effect on the link loss much less trivial. Furthermore,
atmosphere transmittance is about 10% lower at ∼800 nm than it is at 1550 nm.4 Beam spreading loss due to
atmospheric turbulence is in the case of downlinks substantially smaller compared to other losses,11 therefore
it does not need to be considered here. Atmospheric turbulence does, however, distort the wavefront of lower
wavelengths more,11 which would have an impact on single-mode fibre coupling or spatial filtering in general,
unless corrected for.

All of the above is applicable to satellite-based QKD in general, but there are further considerations that
are particularly relevant for daylight QKD. Spectral radiance of the daytime sky is generally about an order of
magnitude higher at ∼800 nm than at 1550 nm.9 By mimicking the actual tracking of a satellite across the sky
with their telescope, Liao et al.3 measured the single photon counts at 1550 nm to be a factor of 22.5 larger
than at 850 nm. Based solely on the argument of smaller noise, plus the argument of better compatibility with
established fibre-optical communication infrastructure, they chose 1550 nm for their groundbreaking terrestrial
daylight QKD experiments. Gruneisen et al.,4 on the other hand, took several more aspects including wavelength-
dependent link loss into consideration. They conclude that at 780 nm signal-to-noise ratio would be about 1.8
higher and overall signal level about 3.6 times larger than at 1550 nm, finally choosing 780 nm for their terrestrial
daylight QKD experiments.

Although we can narrow down the choice of wavelength to only two ranges, we can see that the final choice
between the two is far from trivial. In the near-term, the community will therefore very likely to keep investigating
and developing the relevant technologies in both domains.

2.5 Detection Technology

Another crucial consideration that can have an enormous impact on the achievable secure key rates is the choice
of single-photon detection technology. Performance of single-photon detectors is typically characterized by their
detection efficiency, dark count rate, and detection time jitter. Dark count rates, although critical for some other
applications, are usually negligible compared to orders of magnitude higher background noise rates from the
day-lit sky. Detection efficiency directly influences the rate of detected coincidences Cdet in Eq. (9), therefore
it is trivial to recognize its importance in achieving high secure key rates. The importance of low time jitters,
however, is even more important but much less trivial to see. The entangled pair sources most commonly used
for QKD are based on spontaneous parametric down-conversion (SPDC), which convert pump photons into pairs
of entangled photons. To achieve a higher pair generation rate G, one may therefore simply increase the pump
power. But even though higher G generally increase detected coincidences Cdet and in turn secure key rate K,
as can be seen from Eq. (9), there exists an optimal pair generation rate, which is dictated by the detector time
jitter.

In practice, accidental coincidences can often be approximated by Cacc ≈ SA
detS

B
detτ ,

7 meaning that they scale
quadratically with the pair generation rate G. True coincidences, which primarily contribute to the generation
of the secure key, scale only linearly with G, as seen in Eq. (1). For this reason, increasing G would lead to
higher QBER, eventually reaching the threshold value of about 10%, which is imposed by H2 in Eq. (9), at which
generation of positive secure key rate becomes impossible. What can also be appreciated from the approximation
above is that we may decrease the rate of accidental coincidence by decreasing the coincidence window τ . This
would allow for higher G before reaching the error threshold. Shorter τ also leads to better temporal filtering
of the background noise, as discussed above, and is therefore particularly desired for daylight QKD. Through
Eq. (6), however, time jitters of the detectors impose a lower bound on the choice of τ , since reducing τ below
time jitter substantially reduces the coincidence detection efficiency. In conclusion, lower detector jitter allows for
a shorter coincidence window, which in turn allows for a higher pair generation rate and reduces the background
noise rate, finally leading to a higher secure key rate.
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Here we focus on the two most popular yet fundamentally different families of devices: single-photon avalanche
detectors (SPADs) and superconducting nanowire single-photon detectos (SNSPDs). Table 1 shows parameters
for typical commercially available SPADs and SNSPDs for ∼800 nm and 1550 nm, taken from the manufacturer
data sheets. The efficiency of Si-based SPADs for ∼800 nm has tremendously improved over the past years
and is now almost reaching similar levels as SNSPDs. InGaS-based SPADs for 1550 nm, on the other hand,
still suffer from very low detection efficiencies and high dark count rates. An order of magnitude lower timing
jitter of SNSPDs is, however, expected to allow for considerably higher key rates even at ∼800 nm, based on the
arguments given above. While SNSPD is without a doubt a far superior technology in terms of performance,
it is considerably more bulky and an order of magnitude more expensive, therefore making the more accessible
SPAD technology still an option worth considering.

Table 1. Typical parameters for commercially available single-photon detectors.

SPAD @ 800 nm SPAD @ 1550 nm SNSPD @ 800 nm SNSPD @ 1550 nm

Model IDQ ID120 IDQ ID Qube NIR Single Quantum Eos Single Quantum Eos

Efficiency 80% 25% 90% 85%

Dark count rate 300 s−1 6000 s−1 1 s−1 10 s−1

Timing jitter 400 ps 150 ps 15 ps 25 ps

3. CHOICE OF SIMULATION SCENARIOS AND PARAMETERS

In this section, we discuss the choice of the link geometry for our simulations and provide justifications for
individual parameters.

3.1 Satellite Orbit and Ground Station Selection

For all the simulations presented here, we chose the orbit of the Chinese Quantum Science Satellite – also known
as Micius – which is a Sun-synchronous low Earth orbit. Micius was the first satellite to have ever demonstrated
dual-downlink QKD with entangled photons.15 The orbit parameters were retrieved from CelesTrak online
database† in the form of a two-line element (TLE) set, shown in Tab. 2. For explanation of the TLE data format,
please refer to CelesTrak documentation. We also chose transmitter aperture diameter of DTx = 180 mm (we
assume w0 = DTx/3) and pointing jitter of σp = 1 µrad according to Micius.16 For transmitter efficiency, we
take the value of 75%, which roughly corresponds to 6 silver mirror surfaces.

Table 2. Two-line element set of Micius used for simulations.

Line 1 1 41731U 16051A 22221.10474242 .00001628 00000+0 63650-4 0 9992

Line 2 2 41731 97.3322 131.2551 0014121 117.8778 353.5535 15.27206413332907

As the two ground station sites, we choose the European cities of Berlin and Munich, and their coordinates
are shown in Tab. 3. The minimal surface distance (great-circle distance) between the two cities is about 500
km and an optical fibre connecting them would be even longer. QKD over such distances is infeasible due to
exponential loss along optical fibres,2 therefore the only alternative is a satellite link, making these two sites a
suitable choice for our feasibility study. We assume both sites are equipped with a DRx = 800 mm telescope,
having a central obstruction diameter of 328 mm (e.g. commercially available ASA AZ800). As the optical
efficiency of the rest of the receiver system, we take the value of 60%.

QKD can only be performed when the satellite can be seen from both ground sites simultaneously, i.e. its
altitude angle at both sites needs to be positive. We further limit ourselves to satellite altitude angles that are

†https://celestrak.org/NORAD/elements/
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Table 3. Coordinates of the two ground sites used for simulations.

Latitude Longitude Elevation

Berlin 52.5200◦ N 13.4050◦ E 34 m

Munich 48.1375◦ N 11.5750◦ E 520 m

larger than 30◦, since for smaller altitude angles the atmospheric models employed here are not valid anymore.9

Based on these considerations, we define a satellite pass as the time when the satellite altitude angle is above
30◦ at both ground sites simultaneously.

We chose all such passes in the year 2022 as our sample of possible satellite-Alice-Bob geometry dynamics
for subsequent key calculations. Note, that about half of these passes actually happen around midnight and the
other half around noon (ground station time), which is due to the fact that Micius is in a Sun-synchronous orbit.
Nevertheless, the distribution of geometry dynamics is essentially the same for day and night passes. Although
we are interested in investigating daylight QKD here, we use all these passes for the QKD simulations to have a
larger and a more representative sample of link geometry dynamics.

Fig. 2 shows the distribution of this sample by the pass duration. In the year 2022, there is a total of 571
passes of Micius over Berlin and Munich simultaneously, with 271 happening during the day. The longest pass
lasts 141 s and the mean pass duration is 102 s. Note, that these times would increase, should we allow lower
satellite altitude angles. In Fig. 3, we show the link geometry dynamics for an example pass of which the duration
roughly matches the median pass duration of 113 s.

Figure 2. Distribution of simultaneous passes of Micius over Berlin and Munich in 2022 by their duration.

3.2 Source and Detection Parameters

As discussed in Sec. 2.4, the choice between ∼800 nm and 1550 nm as the signal wavelength is far from trivial
and there remains a high interest in both within the community. Similarly, both SPAD and SNSPD detector
technologies are worth considering for the reasons given in Sec. 2.5. We therefore perform simulations for all
the four combinations of these wavelengths and detector technologies, using parameters from Tab. 1. As the
coincidence window, we chose τ = 5σdet, which corresponds to ηcoin ≈ 92%, according to Eq. (6).

While the optimal source pair generation rate heavily depends on the detector parameters, we do not expect
it to change considerably during a pass and between different passes. Moreover, optimizing it on the fly would
be extremely difficult in practice. For this reason, we optimize the pair generation rate for a single satellite
position for each of the four wavelength-detector combinations. The background noise was set to zero for the
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Figure 3. Typical dynamics of link geometry parameters for a Micius pass over Berlin and Munich (14/07/2022).

optimization. The resulting pair generation rates are shown in Tab. 4 and were used for all the simulations with
the corresponding wavelength-detector combination.

Table 4. Entangled pair source parameters used for simulations.

SPADs & 800 nm SNSPDs & 800 nm SPADs & 1550 nm SNSPDs & 1550 nm

Pair generation rate 42.4 Mpairs/s 1.14 Gpairs/s 67.2 Mpairs/s 0.681 Gpairs/s

Efficiency 80% 80% 47.8% 47.8%

An example ∼800 nm source from Ref. 17 can generate 6.25 Mpairs/s/mW with ηEPS = 80%. Note, that these
values are calculated from the reported measured values, by taking into account the reported detector efficiency.
To achieve the desired optimal pair generation rates, we would therefore need to pump such a source with less
than 7 mW, if SPAD detectors are used, or with about 182 mW, if SNSPD detectors are used. At 1550 nm, an
example source from Ref. 18 can generate 18.9 Mpairs/s/mW with ηEPS = 47.8%. We would therefore need to
pump it with less than 4 mW in the case of SPADs or with about 36 mW in the case of SNSPDs. Pumping the
source on board of a satellite with such powers should be feasible in practice.

For the spectral filter bandwidth, we took 3 nm, as this should be broad enough to work with the bandwidth
of the example sources in Refs. 17 and 18, and such filters are readily available on the market. We set the baseline
error rate to e0 = 0.02, which is in line with the above mentioned sources and allows for some polarization basis
alignment error.

3.3 Sky Brightness and Atmosphere Parameters

Sky spectral radiance Bλ depends on the relative geometry of the Sun, satellite and the corresponding ground
station location. In general, it therefore differs for Alice and Bob, and varies as the the receiver tracks the
satellite across the sky. Gruneisen et al.19 simulated Bλ for two typical LEO satellite passes. In the first case,
Bλ varied between 15 and 23 Wm−2sr−1µm−1 throughout the pass, while in the second case, it varied roughly
between 3 and 16 Wm−2sr−1µm−1 . While including a dynamical simulation of Bλ in the present model would
certainly be interesting, it is beyond the scope of this work. In our simulations, we kept a fixed Bλ for the entire
path, and the values for Alice and Bob were the same.
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We performed simulations for 4 different sky brightness scenarios. The first scenario, in which we set the back-
ground noise to zero, served as a benchmark. Then we defined three daylight scenarios: dark day, bright day, very
bright day. Under cloud-free conditions, sky spectral radiance from less than 1 to more than 100 Wm−2sr−1µm−1

can be expected during daytime.19 A MODTRAN simulation with the Sun being at α = 45◦ and the ob-
server being at sea level and looking towards α = 50◦ estimates sky spectral radiance to be in the order of
100 Wm−2sr−1µm−1 at ∼800 nm and an order of magnitude smaller at 1550 nm.9 Based on these arguments,
we define the sky spectral brightness for the three daylight scenarios as shown in Tab. 5.

For atmospheric transmittance at zenith ηzen, we used the MODTRAN online tool‡, arriving at values of
0.78 for 800 nm and 0.91 for 1550 nm. For calculating Fried parameters at each satellite position, the standard
H-V5/7

11 model was used.

Table 5. Sky spectral radiance used for simulations.

Sky spectral radiance [Wm−2sr−1µm−1 ] dark day bright day very bright day

@ 800 nm 1 10 100

@ 1550 nm 0.1 1 10

3.4 Fibre Coupling and the Level of Wavefront Correction

It has often been argued in the community that full AO, together with some form of strong spatial filtering such as
single-mode-fibre coupling, is the only way to go for daylight QKD. Full AO, however, incurs high additional costs
and complexity to the receiver system. For this reason, we investigated whether a much simpler and affordable
tip-tilt-only correction would, at least in principle, lead to acceptable amounts of secure key per satellite pass.
Moreover, since tip-tilt correction usually suffices for efficient multi-mode fibre coupling, we investigated also
coupling a MM fibre. We assumed a typical MM fibre, with its core and numerical aperture of 50 µm and 0.22,
respectively. With the present model and for the parameters above, we observed no considerable improvement
of MM fibre coupling efficiency by adding higher mode AO correction to the basic tip-tilt correction. And if full
AO correction is available, going for MM fibre coupling does not seem to make much sense. For these reasons,
we excluded simulations of MM fibre coupling with full AO.

4. RESULTS

Using the model described in Sec. 2 and parameters defined in Sec. 3, we first observed the QKD performance
for a typical pass. The results for 800 nm signal, SPAD detectors, SM fibre coupling, and full AO correction are
shown in Fig. 4. Note, that the link geometry corresponds to the one shown previously in Fig. 3). We can see
that even if there was no noise, the expected secure key rates would be within the 10-100 bps range throughout
the pass. This clearly shows the impact of enormous channel losses. Adding noise corresponding to a dark day
scenario, the performance reduces only slightly, but on a bright day, the key rates would reduce roughly by half.
On a very bright day, the QBER is beyond the permissible threshold, thus no key can be generated throughout
the pass. By integrating the secure key rate over the pass, we arrive at the total secret key per pass. For the
pass in Fig. 4, this results in 9.5 kb, 9.1 kb, 4.9 kb, and 0 kb for no noise, dark day, bright day, and very bright
day scenario, respectively.

We then calculated the total key per pass in a similar way for all the passes in the sample and for various
combinations of parameters. We observed how often a total key size of a certain order of magnitude can be
generated. Results for 800 nm signal and SPAD detectors are shown in Fig. 5. We can clearly see that with
MM fibre coupling, no key can be generated during daytime. SM fibre coupling is therefore necessary. As for
correction level, tip-tilt correction would suffice only for dark days. Full AO is obviously required to generate
key on bright days, and the key per pass would mostly be in the range between 1 kb and 100 kb. QKD on a
very bright day is not possible with this wavelength-detector combination.

‡http://modtran.spectral.com/modtran_home
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Figure 4. Quantum key distribution performance for a typical Micius pass over Berlin and Munich under different levels
of sky brightness. Signal wavelength of 800 nm, SPAD detection technology, SM fibre coupling, and full AO correction is
assumed.

Figure 5. Distribution of key per pass for 800 nm signal and SPAD detectors.

Next, we show how the situation changes, if SNSPDs are used instead of SPADs, see Fig. 6. While MM
coupling remains infeasible for anything but nights and dark days, SM fibre coupling with tip-tilt correction
would produce more than 1 kb of key per pass in about 80% of bright days and about 40% of very bright days.
Further adding full AO to the system, even keys as high as 100 kb - 1 Mb may be expected. This demonstrates
a clear advantage of SNSPD technology for daylight QKD.

We also investigated the combination of 1550 nm signal and SPADs. It turned out that this is by far the
least feasible choice. Even without noise and full AO, we could barely simulate any key, and even then it was
mostly below 10 b per pass. The situation greatly improves by introducing SNSPDs, as can be seen in Fig. 7.
Again, MM fibre coupling doesn’t seem to be a reasonable option. SM coupling with tip-tilt correction, on the
other hand, would work for bright days, with keys mostly in the range of 1-10 kb. For very bright days, however,
full AO is again required for daylight QKD on very bright days and would result in keys mostly in the 100 kb -
1 Mb range.
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Figure 6. Distribution of key per pass for 800 nm signal and SNSPD detectors.

Figure 7. Distribution of key per pass for 1550 nm signal and SNSPD detectors.

5. CONCLUSION

We presented a complete approach for simulating daylight QKD in a dual-downlink configuration. It is based
on the BBM92 protocol and incorporates well established models for link geometry, channel loss, and secure key
calculations. In addition, we derived models for fibre coupling of signal and noise, both for the case of single-
as well as multi-mode fibres. While based on several approximations and assumptions that should be carefully
considered for more extensive and in-depth studies, the overall approach should nevertheless be suitable for a
quick investigation of bounds and basic system requirements, and provide a solid initial guess for achievable
secure keys under various conditions.

We demonstrated the use of the developed approach in a hypothetical but realistic scenario of daylight QKD
between Berlin and Munich with a LEO satellite. Based on our results, we may conclude that multi-mode fibre
coupling is not a feasible choice for daylight QKD, at least not with 50 micron or larger fibres. Furthermore, the
results clearly show that the SNSPD detection technology will play a key role in achieving practical amounts of
secure keys in daytime. The advantage of SNSPDs over SPADs seems even more substantial than the advantage
of full AO over tip-tilt-only correction. While the combination of SNSPD and 800 nm might allow for reasonable
amounts of secure keys with tip-tilt-only correction even for the brightest of days, both SNSPD and full AO
seem to be required in other wavelength-detector combinations. With regards to the wavelength choice, our
results also demonstrate a notable advantage of the 800 nm wavelength with the state-of-the-art technology.
With SPADs, daylight QKD is not even possible at 1550 nm, and with SNSPDs, 800 nm promises substantially
higher amounts of key. The higher downlink throughput and better spatial filtering due to a smaller SM fibre
therefore seem to outweigh the order of magnitude larger spectral brightness.

There are several possible further improvements and extensions of the present approach on the horizon. A
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better single-mode coupling model, such as the experimentally verified model in Ref. 20, would provide more
reliable estimates for fibre coupling efficiency and in turn for overall QKD performance. Furthermore, since
relatively small blocks of key can be expected per pass, as we have shown, it would make sense to include finite
key effects.21 Implementing dynamic modelling of the sky spectral radiance throughout the satellite pass would
further improve the reliability of results, and more advanced atmosphere models would make the overall approach
applicable also to lower satellite altitude angles. Finally, adding a more sophisticated AO model that would allow
for a realistic partial correction might be necessary for more elaborate studies.

APPENDIX A. DOWNLINK EFFICIENCY

The downlink efficiency, which characterizes the loss that the light experiences from the moment it leaves the
satellite until right after it enters the receiver, can be calculated using Eq. (12) and the following relations:9,11
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Here, ki = 2π/λi is the wavenumber, λi is the wavelength, wi
0 is the transmitted beam waist, σi

p is the total

pointing jitter, zi is the downlink path length, Di
Rx is the receiver primary aperture diameter, ηizen is the

atmospheric transmittance at zenith, and αi is the satellite altitude angle, as seen from the ground station i.
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APPENDIX B. MULTI-MODE FIBRE COUPLING EFFICIENCY

Receiver focal plane intensity distribution in the presence of atmospheric turbulence in the link can be approxi-
mated with a Gaussian function of the form11

IPSF(r) =
π2D4

Rx

64λ2f2
c

[
1 + γ(DRx/r0)5/3

] exp[− π2D2
Rxr

2

4λ2f2
c

[
1 + γ(DRx/r0)5/3

]] , (30)

where fc is the focal length of the coupling optics, r0 is the Fried parameter that characterizes the strength of
turbulence, and the AO correction factor is given by Eq. (14).

A MM fibre is characterized by numerical aperture NAMM, which defines its acceptance cone, its core diameter
dMM. For efficient coupling, numerical aperture of the coupling optics NAopt should not exceed the angle of the
MM acceptance cone, which is given by NAMM. For the sake of simplicity, we remove the explicit dependence of
IPSF(r) on fc by assuming an optical system where both numerical apertures are matched, therefore

NAMM = NAopt ≈
DRx

2fc
, (31)

Integrating IPSF(r) over the MM core area yields the coupled intensity

Ic =

∫ 2π

0

dφ

∫ dMM
2

0

IPSF(r)r dr = I0

(
1− exp

[
− d2MM

8σ2
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])
, (32)

where I0 is the intensity of light before coupling and σ2
PSF is given by Eq. (16). Finally, we arrive at the MM

coupling efficiency

ηMM =
Ic
I0

= 1− exp

[
− d2MM

8σ2
PSF

]
. (33)
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