DE GRUYTER

Open Physics 2025; 23: 20250133

Research Article

Zhi-Feng Deng, Hao-Ran Hu, Ya Wang, Jia-Hao Li, Jia-Hua Wei, Hui-Cun Yu*, and Lei Shi*
Modeling and analysis of quantum
communication channel in airborne platforms
with boundary layer effects

https://doi.org/10.1515/phys-2025-0133
received October 22, 2024; accepted January 13, 2025

Abstract: The establishment of secure global communica-
tion links is fundamentally dependent on the support of
airborne platforms. However, the transmission of quantum
signals from these platforms faces significant challenges
related to boundary layer (BL) effects. This article presents
an improved channel loss calculation model that effectively
incorporates these BL effects in airborne environment. The
model takes into account detailed variations in beam width,
scintillation index, and transmission efficiency within the
airborne environment. The results indicate that BL effects
have an impact on the beam width and scintillation index,
highlighting the need to maximize the receiver aperture within
payload capacity constraints. In addition, the analysis shows
that the supersonic BL results in greater losses and higher
error rates compared to the transonic BL. Furthermore, atmo-
spheric turbulence is identified as the primary factor that
reduces transmission efficiency when transmitting over long
distances in the airborne environment.

Keywords: airborne quantum key distribution, boundary
layer effects, free space optical

1 Introduction

In recent years, the field of secure communications has
seen a growing interest in quantum communication, which
is based on the principles of quantum mechanics and has
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made significant progress over the past decade [1-3].
However, it has become evident that fiber-optic quantum
communication cannot achieve ultra-long distance com-
munication without ground relays. Furthermore, due to
geographical constraints, global quantum communication
cannot be achieved by ground-based relays alone [4,5].
Consequently, the use of airborne platforms is a potential
way to overcome the distance limitations of quantum
communication and thus enable a global quantum net-
work [6,7].

Airborne quantum communication systems are strate-
gically valuable for secure military and emergency com-
munications, offering advantages such as high security,
high maneuverability, and low latency [6-8]. A significant
amount of research and experimental works on airborne
quantum key distribution (QKD) have been reported [9-11].
Nauerth et al. successfully integrated a BB84 system into an
airborne platform, enabling air-to-ground QKD experi-
ments [9]. Wang et al. conducted experiments on a floating
moving platform to investigate the feasibility of QKD using
entanglement states [10]. Pugh et al. conducted QKD experi-
ments between an aircraft and an optical ground station
utilizing a quantum up link, with experimental error rates
ranging from 2.66 to 5.08% [11]. These results provide a
technical basis for the practical implementation of air-
borne quantum communication platforms. However, in
both free-space optical and quantum communication sys-
tems, atmospheric turbulence is an unavoidable problem
[12-16]. Moreover, when the speed of the aircraft exceeds
0.3 Mach, the geometry of the optical window can lead to
the formation of complex turbulent flows. As the optical
signal traverses the flow field, boundary layer (BL) effects
such as optical distortion and interference occur.

The investigation of BL effects in airborne laser sys-
tems has become crucial [17-24]. The Airborne Aero-Optics
Laboratory has conducted experiments on transonic plane
window turntables to study the BL effect of outer pod win-
dows under high-speed flight conditions [17-19]. Smith
et al. conducted an analysis of the optical distortion caused
by turbulence at flight speeds of 0.4 to 0.6 Ma, thereby
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confirming the frozen flow hypothesis of the BL [20]. Mor-
rida et al. investigated the influence of shockwaves and
wakes generated by conical windows and planar windows
on the laser beam when the Mach number between 0.5 and
0.8 Ma [21]. Sun et al. investigated the simulation and ver-
ification methods of aero-optic effects in supersonic turbu-
lent BLs, demonstrating that numerical coding and appro-
priate grid scales are effective for both turbulence and
aero-optic statistical results [22]. Zhao et al. conducted
flight experiments in the BL, with a particular focus on
the potential of lens compensation to counteract detector
defocus caused by the BL [23]. Dang et al. proposed a
method to reduce dynamic aberrations by designing the
inner surface of a conformal dome [24]. Similarly, in the
context of airborne quantum communication, the BL intro-
duces a degree of random offsets and jitter to the trans-
mitted photons, which has the potential to disrupt their
modes. Previous studies have analyzed the performance
of BL effects on QKD systems in airborne environments,
covering air-to-ground, air-to-air, satellite-to-aircraft, as
well as measured supersonic BLs [25-28]. However, these
studies often overlook the significant influence of the BL
and do not fully consider the general conditions of atmo-
spheric turbulence in airborne communication links.

In this article, the influence of atmospheric turbulence
and BL effects on quantum channels in the airborne envir-
onment is comprehensively investigated. In Section 2, the BL
effects of the airborne platform are introduced, and the
relevant formulas for the beam width caused by the BL
effects are derived. In Section 3, the model of typical atmo-
spheric turbulence effects is introduced, and the BL effects
are incorporated into the typical atmospheric turbulence
model. In Section 4, the corresponding estimation results
for beam width, scintillation index, and transmission effi-
ciency are presented. By considering the combined influ-
ence of BL effects and atmospheric turbulence, this work
provides a reference for the design and optimization of air-
borne quantum communication systems in real scenarios.

2 Channel model

The airborne platform plays a key role in the integrated
quantum communication network, serving as both a receiver
for satellite signals and a transmitter to establish temporary
communication with ground stations, as illustrated in Figure
1. When a moving airborne platform is incorporated into the
communication system, the BL is formed around the optical
window surface of the airborne platform. The substantial
reduction in received intensity and signal loss can be attrib-
uted to atmospheric turbulence along the propagation path
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Figure 1: Schematic diagram of the quantum network based on the
airborne platform. (a) Satellite to aircraft, (b) air to air, and (c) air to
ground.

and the BL surrounding the aircraft. The present study is
concerned with the air-to-ground communication scenario,
in which the BL exerts an influence on the transmitter.

2.1 Effects of aero-optical BL

The BL surrounding a moving aircraft is typically confined
to a few centimeters near the fuselage. Consequently, it can
be modeled using a phase screen. The phase screen is char-
acterized by the Kolmogorov spectral model of refractive
index fluctuations, with the refractive index structure con-
stant C? employed to describe its characteristics [29]. As illu-
strated in Figure 2, the photon source is positioned within the
airborne environment. It traverses the BL and atmospheric
turbulence, ultimately reaching the receiver. In the context of
the transmission channel, two primary aspects of loss are
considered: the increase in beam width and the decay of light
intensity. The decay of light intensity can be appropriately
expressed by the scintillation index and the Strehl ratio (SR).
The optical evaluation of light transmitted in the convective
field is based on the optical path difference (OPD). By per-
forming a root mean square calculation on the OPD, it is
possible to relate it to aero-optical statistical quantities. To
gain a deeper understanding of these effects, phase screen
models and optical evaluation methods can be employed to
calculate transmission efficiency.

2.1.1 Beam broadening

In the airborne environment, considering the scintillation
caused by atmospheric turbulence and BL effects, the long-
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Figure 2: Schematic diagram of the transmitted photons in the airborne
environment. The black dashed lines represent the transmitted beams
affected only by diffraction effects, and the red line represents the
transmitted beam under the combined effect of the BL and atmospheric
turbulence.

distance transmission beam radius expressions under the
condition of weak and strong fluctuations are obtained,
respectively, as follows [29]:

Wl+ T + Ty, (weak fluctuations)
W1+ T, + Ty, (strong fluctuations),

where W represents the beam radius resulting from pure
diffraction for a collimated beam, which can be expressed
by the beam radius at the transmitter output aperture wy,
the transmission distance L, and the wave-vector k [30]:

M
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where the broadening coefficients 7; and T, which are
due to turbulence of different fluctuations, are given by
the expressions T; = 1.3303A°/% and T, = 1.6363A°/%, respec-
tively. Ty, represents the broadening coefficient due to the
BL, expressed as Ty, = 19302, A°/%, and A denotes the dif-
fraction beam parameter at the receiver [25]. o,% represents
the Rytov index with a3 = 1.23C2k7/6L1"/6, and C? meets the

Table 1: Clear 1 model [31]
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Clear 1 model [31], as shown in Table 1. 6% represents the
modified Rytov index considering only BL effects, with

o, = 1.23CE 5 K7/8L1/S, ®3)

where C,%,BL represents the effective refractive index
structure constant under the BL effects, setting that
Crpy = 2 x 1076 m~2/3,

2.2 Beam width and scintillation index
2.2.1 Scintillation index

The scintillation index of the Gaussian beam at the receiving
end in the direction of the optical axis can be obtained
according to Rytov theory in the case of weak turbulence
and the Kolmogorov spectrum model [32] by considering the
influence of the BL effects as follows:

0% = 3.8602Re

511 17
i5/62P1[_ 5 s 1 - 9 + iA]

66 6°
- 2.6403 + o (L),

@

where O represents the diffraction beam parameter at the
receiver [30]. The term Re represents the real part of
the function. The expression i=,F,(a, b; ¢; x) denotes
a generalized hypergeometric function. 0% denotes the
increasing term of the scintillation index, which is affected
by the BL effect, expressed as follows:

05.(L) = 3.870% 5 (0% + A?)3/12

A | T ©)
2] -

For moderate-to-strong turbulence conditions, the scin-
tillation index along the optical axis can be expressed by the
Gamma-Gamma model:

X COS Etan‘1
6

Altitude (km)

af(0, L) = exp(P; + Py) - 1 Q)
_ 0.490% _ 0.510%
where P; = [1+0.56(1+ B)s 216’ P, = [1+ 0.6902F/6
C2(h)

123 <h <213
213<h <1034
1034 <h <30

h>30

log, [CX(h)] = 107025 - 4.3507h + 0.8141h?
log, [CA(h)] = 162897 + 0.0335h — 0.0134h2
log, [CA(R)] = =17.0577 - 0.0449h — 0.0005k?
+ 0.6181exp[-0.5((h - 15.5617)/3.4666)2]
CXh)=0
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Eq. (6) is valid when the receiving aperture is smaller
than the Fresnel scale or the spatial coherence length.
When the aperture at the receiving end is a fixed length
D, the scintillation index can be expressed as follows:

02(0, L; D) = explox(D) + aiy(D)] -1, Q>A, (7

where o, x(D), o y(D) are the large-scale and small-scale
logarithmic variances [26], respectively, which can be
expressed as follows:

2
Q-A 2
0.49[9+A] o

®

2
o y(D) = )
inx(D) [1+ P + 0.56(1 + ©)gi2%]

05103

110 0A12/5\5/6
(1+0.69057°)5/6 )

1.20(0g / ap)'2/5 + 0.83032/°
Q+A

01%1 y(D) =

0.4(2 - 8)(gp / aR)'”

]6/7, and Q is a dimensionless

where P; =
(gw[g-;@g@z
parameter describing the aperture at the receiving end
and can be expressed as Q = 16L/kD?.

2.2.2 Strehl ratio

The Strehl ratio is a measure of the on-axis beam intensity
at the target (far field receiver) relative to the intensity for
a perfect on-axis intensity at the target. It is calculated by
dividing the on-axis beam intensity I by the intensity for a
perfect on-axis intensity I using the Marechal approxima-
tion [33]:

I
SR =~ = exp(-¢2 ) = exp

I 2

2770PD s ]zl 10)

where OPD,,s represents the root mean square of the
optical path difference. With the ideal environment and
a low flight speed, the SR value is approximately equal
to 1.0.

There are various methods to calculate OPD. In experi-
mental settings, the most commonly used wavefront aber-
ration measurement methods include Malley probes,
Shack-Hartmann sensors, small aperture beam techni-
ques, sensors based on Background Oriented Schlieren-
based wavefront sensing, and nano-tracer-based planar
laser scattering [34,35]. In a simulation, the corresponding
flow field is typically obtained using computational fluid
dynamics (CFD) software, and then the OPD is calculated
using ray tracing methods [36]. The density distribution of
a flow field determines its optical refractive properties,
and the density distribution is not directly applicable to
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optical calculations. The interface between fluid dynamics
and optics is the Gladstone-Dale equation [25]:

n=1+ PKcp, 11

where n is the gradient refractive index and p is the den-
sity of flow field. Kgp is the Gladstone-Dale constant
decided only the wavelength A of photons [25]:

7.52 x 1073
+

= (12)

Kgp = 2.23 x 107* x [1

Based on extensive data, OPD,ys can be linked to aero-
optic statistics, and multiple scaling arguments for the root
mean square phase distortion have been proposed [36-38].
For the sake of computational convenience, we adopt the
scaling argument as follows [37]:

OPDrms = (SKGDprwrZ_B/ZMao%\/?f, (13)

where § represents the BL thickness, Kgp is the Gaussian-
Dorfler constant, p, and Ma., respectively, denote the den-
sity and Mach number of the free stream, C,, is the model
parameter, typically taken as 0.34, and 0.7 under hypersonic
conditions, and Cr is the skin friction coefficient. For a
heated wall, the parameter r;, can be expressed as follows:

r =1+ Ma2(y - 1)1 - rrd)/2, (14)

where r is the recovery factor, taken as 0.9. The parameter
y is equal to 1.4. For the subsonic BL, r; is equal to 0.82. For
the supersonic BL, r; is equal to 0.84.

2.3 Channel transmittance models

In a previous study [39-41], the mathematical expression
for the free-space quantum communication channel was
presented, with the transmittance 1 representing the linear
losses of the channel. This transmittance is composed of
three factors [39]: the deterministic attenuation due to
optical absorption and scattering r;, the random fluctua-
tions caused by time-varying atmospheric turbulence
near the ground I,, and the inconclusive fraction of
received power collected by a certain diameter of a tele-
scope, accounting for pointing errors-induced fluctuations
and beam broadening-induced geometrical loss 1,. Since
the three factors are statistically independent, n can be

expressed as follows:
N = nlan,. (15)

The systematic effects encompass predictable physical
processes that disrupt and attenuate the signal. These
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effects include the refraction of the beam in different atmo-
spheric layers and the reduction of light due to absorption or
scattering by air molecules or aerosols. When the zenith angle
is below 60 °, the elongation effect has a negligible impact on
the quantum communication process, allowing 7, to be
simply scaled as T,en [42]. The scaling of e, falls within the
range of [0, 1], indicating the determined transmission effi-
ciency at a specific zenith angle, a value that can be conve-
niently determined using the MODTRAN code [43].

In examining the effect of random atmospheric turbu-
lence, it is possible to select from a range of statistical
probability distributions, with a specific choice depending
on the intensity of the turbulence. In situations where tur-
bulence is relatively weak, the log-normal (LN) probability
distribution is a suitable option [44], expressed as follows:

1
fa) = ex
Y Lona?

The nth order statistical moment of the LN random
variable is given by the following equation:

ain(n - 1)
|

_(n(@) + oi/2)*
203

]. (16)

E[I]}] = exp a”n

On the other hand, the moderate-to-strong turbulence
condition is the consequence of both large-scale and small-
scale fluctuations, which can be modeled using a
Gamma-Gamma distribution for the I, with the following
probability density function [45]:

2
1) = —————(aBl)“*PI’K,_5(2\/aBl,),
f( a) F(a)l“(ﬁ)la( ﬁ a) a ﬁ( ﬁ a)
where I'(") is the gamma function, K,(-) is the modified
Bessel function of the second kind, and the parameters a
and S are defined as follows:
1 1

O o @] -1 P emplody @) -1

The nth order moment under the Gamma-Gamma
model can be expressed as follows:

I'(a + n)I(B + n)
(@B)"T(a)r(p)

In free-space quantum communication, the width of
the optical beam increases as it propagates over distances
of tens to hundreds of kilometers. A reduction in beam size
requires higher precision for the pointing and tracking
mechanisms. This is of particular importance in the context
of quantum communication, given that the smaller footprint
of the beam significantly reduces losses when received
through a finite-aperture telescope. Furthermore, mechanical
errors in the tracking and pointing systems, as well as

(18)

(19)

E[I"] = 20)
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vibrations of the airborne platform, can lead to random
beam jitter, resulting in fluctuation losses. In the case of a
Gaussian beam, the normalized spatial distribution of the
emission intensity at a distance L from the transmitter is
given by the following equation [46]:

2

I(p1) = — 5 exp
L

=2 |l
2

L

], @D

where p, denotes the radial vector from the beam center
with ||| the norm of a vector, and w;, is the beam radius
calculated at a distance L.

Assuming a circular receiving telescope aperture with
an opening area C, 1, can be given as follows:

My = I I(p - s, L)dp, 22)
C
where s represents the radial vector that signifies random
beam displacements, while 7, is defined as the fraction of
power collected when coupling the received beam to a finite
receiving aperture. Given the symmetry of the beam shape
and receiver area, the characterization of 1), depends solely
on the radial jitter distance ||s||. A commonly used approxi-
mation of 1), can be expressed as follows [47]:
252
wip )

n, = Ao €xp 23)

where A, = [erf(v)]* represents the maximum fraction of
collected power on the receiving aperture when there is no

pointing error (s = 0). Meanwhile, v = /T a/~/2 w;, represents
s . 2 X 9

deterministic geometric loss, and erf(x) = ﬁjo exp(—t4)dt

represents Gauss error function. In addition, it is important

to note that wip is the calculated equivalent beam radius
and can be expressed as follows:

merf(v

Wiy = Wi

T m . (24)

To ascertain the probability density function of n, it is
necessary to determine the distribution of s, considering the
random jitter on the horizontal x-axis and the elevation angle
y-axis. Previous studies on quantum atmospheric channels
have assumed that s follows a Gaussian, Rayleigh, Rician, or
Beckmann distribution [39,48-50], where the jitters on the x
and y axes are two independent Gaussian random variables,
and the distribution model of s can be expressed as follows:

2

s
f($)= 21100y, X .[ €xp
0 ) (25)
rcos(®) - u )2 (rsin(®) - u,)
J-freos® — ot L2 Y
20y 205
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where i, and y,, represent the mean jitters on the x and y axes,
respectively, while o, and oy, represent the standard deviations
of the jitters on the x and y axes, respectively. The first statistical
moment of 1, is given by the following equation.

(W +u;

2
Wip

E[n,] € |0, A exp . (26)

In airborne quantum communication systems, the photon
transmission efficiency 1, is reduced due to the BL effects
when the optical beam passes through the BL and is then
received by the telescope at the receiving end. It can be
modified as m, [40]:
2
wip )

The overall transmission efficiency, accounting for BL
effects, can be determined as follows:

N’ =SR-n, = SR A exp @7n

N = mlan,. (28)

From Eq. (28), it can be seen that the first statistical
moment of n’ is given by E[n’] = njE [Ia][E[qI;], where 1, €
[0,1], E[L] = 1, and[E[r;I;] € [0, 1]. Therefore, E[n’] € [0, 1],
satisfies the exchange relation between the transmitted
and received quantum states. Subsequently, by substi-
tuting the calculated transmission efficiency into the
decoy-state BB84 protocol [51], the gain of the signal states
here can be calculated as follows:

Q=Yp+1-em (29)

where Y; is the dark count rate of QKD systems, and p is the
intensity of the signal state. Thus, the quantum bit error
rate (QBER) of airborne QKD under BL effects can be deter-

mined as follows:
E, = EyQy/ Qp (30)

where E,Q, represents the error gain of signal quantum
states, with

EQ, = eYp + eq(1 — ™), (3D

where ey, = 0.5 is the error rate of dark counts, and e, is the
detection error rate of QKD systems.

3 Simulation results

3.1 Parameters setting

In this section, we focus on the beam broadening caused by
BL effects in the airborne environment, the increase in
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beam width, scintillation index, and the corresponding
changes in transmission efficiency. It is worth noting
that, for computational convenience, the eigenvalues of
the statistical components are considered when estimating
the transmission efficiency, with a primary focus on the BL
effects. Given the detailed aircraft description with 0.7 Ma
velocity, the BL will be generated around the hemisphere-
on-cylinder turret and its refractive index distribution can
be calculated by Eqs (11) and (12), shown in Figure 3. The
relevant parameters are presented in Table 2.

3.2 Beam width and scintillation index

By employing Eqs (1)-(3) and substituting the relevant
parameters, it is feasible to determine the curve between
the beam radius of the transmitted beam in the airborne
environment and the transmission distance for varying
wavelengths and altitudes, as illustrated in Figure 4. For
longer transmission distances, the BL effects result in a
greater degree of beam broadening for the 1,060 nm
beam compared to the 1,550 nm beam. Furthermore, the
results show that as the transmission distance increases,
the beam radius continues to expand. When the altitude is
maintained at a constant value, the beam with a wave-
length of 1,550 nm exhibits a greater transmitted beam
radius than the 1,060 nm beam. Conversely, as shown in
Figure 4(b), when the wavelength is maintained at a con-
stant value, an increase in altitude results in a reduction in
the size of the transmitted beam radius. It is worth noting
that the beam radius with the BL effects is larger than that
observed in the absence of such effects. Therefore, in the
engineering practice of quantum communications on air-
borne platforms, it is advisable to consider the combined

0.4 1.000

1.000

11.000
0.1 \
; 1.000
0l ‘ / 1.000
-0.2 5
-0.5 0 0.5 1

-1

y Axis (meter)

(=}

x Axis (meter)

Figure 3: Cross section of the evaluated refractive index distribution of
the hemisphere-on-cylinder turret.
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Table 2: Parameters of airborne QKD

Quantum channel with boundary layer effects

—_— 7

Category Parameter Description Value
BL M Flight speed 0.8 Ma/1.5 Ma
) BL thickness 0.025 m
Pn Air density 0.525 kg/m?
Cy Modelling parameters 0.34/0.7
G Skin friction coefficient 0.0026
Atmosphere turbulence C,f Refractive index CLEAR 1 model [31]
Tzen Deterministic attenuation 0.75
Photon source W Waist radius 0.05 m
A Transmitter wavelength 1,550 mm
Ty Fried parameter in zenith 02m
Receiver D Diameter of the receiver telescope 03 m
eq system detection error rate 0.01
Protocol u Intensity of signal states 0.8
v Intensity of decoy states 0.1
N System repetition rate 100 MHz
P, Sent probability of signal states 0.5
B Sent probability of decoy states 0.25
B, Sent probability of vacuum states 0.25

effects of the BL and atmospheric turbulence on beam radius.
This can be achieved by using a beacon beam with a shorter
wavelength to mitigate the impact of these effects.

Figure 5 presents the scintillation index varying with
the transmission distance in an airborne environment. It
can be observed that as the transmission distance
increases, the scintillation index also increases. At the

—=—wavelenth:1550 nm(12km,with BL) (a)
g 0.8 —=—wavelenth:1550 nm(12km,without BL)
‘;; : wavelenth:1060 nm(12km,with BL)

——wavelenth:1060 nm(12km,without BL)

—&—wavelenth: 1060 nm(12km,with BL) (b)
—=—wavelenth:1060 nm(12km,without BL)

wavelenth: 1060 nm(8km,with BL) 4
——wavelenth:1060 nm(8km,without BL)

e
o

Beam radius (m)
(=] S
to iN

S a

Transmission distance(km)

Figure 4: The beam radius varies with the transmission distance at
different altitudes and wavelengths: (a) the same altitudes and (b) the
same wavelength.

same altitude, the increase in the scintillation index to
the transmission distance is relatively smaller for the
1,550 nm wavelength compared to the 1,060 nm wave-
length. Similarly, at an altitude of 12 km, the increase in
the scintillation index relative to the transmission distance
is less pronounced than at an altitude of 8 km. Additionally,
the BL effects cause an increase in the scintillation index

—=—wavelenth: 1550 nm(8km,with BL) (a)
s 0.5 [=wavelenth:1550 nm(8km,without BL)
wavelenth: 1060 nm(8km,with BL)

-= (.4 |——wavelenth:1060 nm(8km,without BL)

0 20 40 60 80 100

0.6 = avelenth 1060 nm( 8km,with BL) | I

—=—wavelenth: 1060 nm( 8km,without BL) (b)
wavelenth: 1060 nm(12km,with BL)
——wavelenth: 1060 nm(12km,without BL)

<
~

Scintilation index
(=)
o

0 . P .
0 20 40 60 80 100

Transmission distance (km)

Figure 5: The scintillation index varies with the transmission distance at
different altitudes and wavelengths: (a) the same altitudes and (b) the
same wavelength.
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—=—altitude: 8km(Dr=0.1m with BL)
—=—altitude: 8km(Dr=0.3m with BL)

altitude: 12km(Dr=0.1m with BL)
——altitude: 12km(Dr=0.3m with BL)

Scintilation index
S
[\)

°

0 & 1
0 20 40 60 80
Transmission distance(km)

100

Figure 6: The scintillation index varies with transmission distance at
different altitudes and diameters of the receiver.

under the same conditions, with the largest increase occur-
ring at 12 km and 1,550 nm.

In the airborne environment, the payload capacity of
the aircraft platform limits the capabilities of the commu-
nications system, especially when the aircraft platform
serves as the receiving end. In such scenarios, the size of
the receiving telescope will impose limitations on its cap-
abilities. Accordingly, it is essential to examine the varia-
tion of the scintillation index with transmission distance
for diverse receiving apertures, as illustrated in Figure 6.
For the same receiving aperture, it can be seen that lower
altitudes result in higher scintillation indices. Similarly, at
the same altitude, larger receiving apertures lead to
smaller scintillation indices. Furthermore, considering
the overall performance of the system, it can be advised
that larger receiving apertures should be used within the
payload capacity of the airborne platform.

——Dr=0.3m

=071 © ~-Dr=0.4m
? 06k ¥ Dr=0.5m
5
Q -
2 0.5
()
_g 04r
203}
£
202t
8
o1t

0 1 1 1 1

0 20 40 60 80 100

Transmission distance (km)
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3.3 Transmission efficiency

In Figure 7, the curve between the transmission efficiency
of the system in the airborne environment and the trans-
mission distance can be quantified for different receiver
apertures. It can be seen that an increase in transmission
distance is accompanied by a gradual decrease in transmission
efficiency. When the level of BL effects remains constant, a
reduction in the size of the receiving aperture results in a
more rapid decline in transmission efficiency, even if the trans-
mission distance remains unchanged. It can be concluded that
larger receiving apertures can maintain a higher transmission
efficiency, which is consistent with the results for the beam
radius. Figure 7(b) presents a comparison of transmission effi-
ciency and receiving aperture with and without the BL effects.
It can be seen that the transmission efficiency continues to
improve as the receiving aperture increases. At this point,
altitude is not the main factor for affecting transmission effi-
ciency, and the BL becomes dominant.

Figure 8 shows the curve between the transmission
efficiency of a beam in the airborne environment and
the transmission distance under the influence of varying
intensities of BL effects (expressed as the ratio of OPD/A
and the evaluated refractive index) in both subsonic and
supersonic conditions. It can be observed that, except for
the initial value, the trend of the transmission efficiency r]};
obtained from the simulated flow field calculation is basi-
cally the same as that of the scaling argument. Further-
more, in the subsonic conditions, the transmission effi-
ciency is slightly lower in the short range compared to
the scenario in where there is no BL effect. This is due to
the fact that it is mainly influenced by SR, and the beam
divergence is smaller. As the transmission distance
increases, the influence of the beam divergence gradually

e
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() ' ' ——with BL
——without BL

.o e e
) w ~

Transimission efficiency 7/
(=)
=

O 1 1 1
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Figure 7: The transmission efficiency varies with (a) transmission distance and (b) diameter of the receiver.
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Figure 8: The transmission efficiency varies with transmission distance.

increases, resulting in a significant decrease in transmis-
sion efficiency compared to that observed at shorter dis-
tances. In the context of supersonic conditions, the trans-
mission efficiency initially drops to half of the value in the
absence of BL effects, due to the pronounced reduction in
SR. As the transmission distance increases, the transmis-
sion efficiency continues to decrease, eventually reaching a
value that is comparable to that observed under subsonic
conditions. This suggests that both subsonic and super-
sonic conditions have a considerable influence on the
transmission efficiency over long distances.
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—=—0PD/A=0.02
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——hemisphere-on-cylinder turret

Total loss (dB)

(2)
200
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Figure 9: The performance varies with transmission distance: (a) the
total loss and (b) the QBER.
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By incorporating the calculated transmission effi-
ciency into the vacuum and weak decoy BB84 protocol
and using the given parameters, it is feasible to calculate
the total transmission loss and the QBER value of the
system as the transmission distance increases, as shown
in Figure 9. It can be observed that the total loss due to
the hemisphere-on-cylinder turret and the QBER trend are
essentially the same as in the case of the scaling argument.
Furthermore, under supersonic conditions, the system
initially experiences significant losses due to BL effects,
although this is not significantly reflected in the QBER. As
the transmission distance increases, the rate of loss
increase is initially relatively slow. However, after a cer-
tain transmission distance is reached, both the transmis-
sion loss and the QBER value increase rapidly. The influ-
ence of the supersonic BL (OPD/A = 0.13) results in an
increase in transmission loss of up to 9.8 dB compared to
the case without BL effects, and an increase in QBER of up
to 0.22.

4 Conclusion

This article presents an improved channel loss calculation
model that incorporates BL effects in airborne environ-
ment. By incorporating scaling arguments, this model facil-
itates the rapid implementation of adaptive compensation
for BL effects. Modeling the BL as a thin phase screen
allows the derivation of beam width and scintillation index
under the combined effects of atmospheric turbulence and
BL. The results show that the BL has a significant effect on
the beam width, highlighting the importance of selecting
the largest possible receiving aperture within the con-
straints of payload capacity. Subsequently, the flow field
around the hemisphere-on-cylinder turret was simulated
using CFD and compared with scaling arguments.
Furthermore, an investigation of QBER was also carried
out using the decoy-state BB84 protocol, showing that BL
effects consistently reducing transmission efficiency, with
a more pronounced reduction observed at higher altitudes.
The analysis also shows that the supersonic BL results in
greater losses and higher error rates compared to the
transonic BL. While atmospheric turbulence has been iden-
tified as a primary factor in the reduction of transmission
efficiency, it is important to recognize the significant
impact of BL effects, which deserves considerable atten-
tion. Overall, our results provide valuable technical sup-
port for the implementation of airborne quantum
communication.
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