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ABSTRACT The utilization of drones as flying base stations (BSs) in the sixth-generation (6G) cellular
networks has attracted much attention recently. In this context, free-space optical (FSO) systems could be
deployed to provide high-capacity fronthaul/backhaul links between drones and ground BSs. Particularly,
a drone-to-ground FSO communication link can be established by equipping the drone with a modulating
retro-reflector (MRR) to modulate the incoming optical beam and reflect the modulated beam back along the
same path. This helps to alleviate stringent pointing requirements from the drone while satisfying the limited
size, weight, and power (SWaP) consumption requirements. Nevertheless, the underlying physical channel
effects of this aerial retro-reflected FSO system have never been experimentally explored in the literature.
In this paper, we report, for the first time, the experimental channel statistics of a drone-to-ground retro-
reflected FSO link, offering practical insights into the angle-of-arrival (AoA) fluctuations at the receiver,
the channel coherence time, the probability of fade, the level crossing rate, the average fade duration, and the
time-frequency channel characteristics. Our results are expected to serve as practical sources of reference for
the theoretical performance analyses and engineering designs of drone-based retro-reflected FSO systems.

INDEX TERMS Free-space optics (FSO), unmanned aerial vehicles (UAVs), aerial fronthaul/backhaul links,
drone hovering, fine-tracking systems.

I. INTRODUCTION
The integration of unmanned aerial vehicles (UAVs) into the
sixth-generation (6G) networks has recently become a hot
topic, due to the rapid advancement of UAV technologies [1].
When multiple UAVs are deployed as flying base stations
(BSs), they can either operate independently or cooperatively
in a swarm to serve users simultaneously or share the data
load with each other through inter-UAV links. Of particu-
lar interest at the very-low-altitude platform (VLAP), e.g.
≤50 m, is the utilization of small-size UAVs, e.g. multi-
rotor drones, serving as flying BSs to provide on-demand
all-location communication services to ground users while
maintaining high-capacity aerial fronthaul/backhaul links to
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ground BSs. With the heavily congested spectrum in radio
frequency (RF), one promising candidate for the aerial fron-
thaul/backhaul links is free-space optics (FSO), due to its
license-free spectrum and ability to deliver high-capacity
point-to-point communications [2], [3]. In addition, the FSO
links can be utilized to simultaneously transmit the energy to
charge the batteries for drone-based BSs, thereby increasing
their service time [4]. These aerial FSO links are also paving
the way for the employment of free-space quantum key dis-
tribution (QKD) protocols to offer the information-theoretic
security between terrestrial and aerial platforms in the future
quantum wireless networks [5]–[7].

Terrestrial FSO systems are susceptible to misalignments
due to transceiver sway, platform vibrations, and beam wan-
der caused by the large-scale eddies in the atmosphere.
The impairment of misalignments is even more severe in
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drone-based FSO systems due to the random fluctuations in
the position and orientation of the drone, which may result in
the degradation or total loss of the received signal. Therefore,
acquisition, tracking, and pointing (ATP) mechanisms stand
out as important solutions to reduce the impact of misalign-
ments in mobile platforms [8]. However, the ATP subsys-
tem is typically large, heavy, and high power-consumption,
which may not be suitable for the limited size, weight, and
power (SWaP) consumption aboard the drone. In addition,
the ATP unit may require either one [6] or multiple laser
beacons [9] at different wavelengths with the communication
laser to be installed on the drone, which is sometimes daunt-
ing from the practical implementation perspective.

To relax the SWaP constraint and pointing accuracy
requirements, an alternative solution is to replace the ATP
unit on the drone with a modulating retro-reflector (MRR),
which is assembled by a light modulator, i.e. to modulate
the incoming optical beam, and a passive retro-reflector,
i.e. to reflect the modulated beam back along its incident
path [10]. As a result, the sophisticated ATP subsystem can be
moved to the optical transceiver on the ground. However, cur-
rent MRRs are based on an electro-optic modulation which
results in a low data rate, e.g. up toMbps [11], [12], due to the
fundamental bandwidth bottleneck between optics and elec-
tronics. Fortunately, in the quest to achieve Gbps data rates,
an all-optical retro-modulation where the retro-reflected opti-
cal signal is modulated all-optically was proposed [13].
In addition, a retro-reflected FSO link operating at 500 Mbps
at a range of 560 m between an octocopter drone and a
ground station has been recently reported [14], with the
potential of achieving 1∼2 Gbps by using electro-absorption
modulators (EAMs). These advancements promise the uti-
lization of MRRs for the future drone-based high-capacity
fronthaul/backhaul links.

From the theoretical aspect, the statistical channel models
for the retro-reflected terrestrial FSO links have only been
investigated by a limited number of research works [15]–[23].
In fact, all previous works merely focused on characterizing
the effect of atmospheric turbulence [15]–[21], and the mis-
alignments in the forward link (i.e. from the transmitter to
the MRR) [22], [23], without considering the misalignments
in the retro-reflected link when the MRR is installed on a
hovering drone. Furthermore, from the experimental aspect,
the recent experiment in [14] only concentrated on the achiev-
able data rate and bit-error rate (BER). To the best of authors’
knowledge, the underlying physical channel characteristics
of the atmospheric turbulence and misalignments-induced
fading in the drone-based retro-reflected FSO systems have
never been experimentally investigated in the literature.

Motivated by the above-mentioned facts, in this paper,
we report an optical beam propagation experiment between
an optical ground station (OGS) and a hexacopter
drone equipped with a passive corner-cube retro-reflector
(CCR), over a maximum 204-m roundtrip link. The
novel contributions of this paper can be summarized as
follows.

• Although the CCR can help to alleviate the pointing
requirements, the randomly hovering nature of the drone
would still result in severe angle-of-arrival (AoA) fluc-
tuations at the OGS. For high data-rate systems where
small detectors or fiber-coupled receivers are required,
the AoA fluctuations could possibly cause the received
optical beam to fall out of the detector/fiber-tip’s field
of view (FoV). To mitigate these AoA fluctuations,
we present the practical design of a compact (30 cm
width× 30 cm length) fine-tracking system at the OGS,
which is composed of a fast-steering mirror (FSM)
and a quadrant detector (QD) working in a closed-loop
operation governed by a proportional-integral-derivative
(PID) controller. The tracking accuracies1 of less
than 6 µm and 9 µm are then achieved with the drone’s
hovering altitudes at 15 m and 20 m, over roundtrip
distances of 201 m and 204 m, respectively.

• The drone’s random hovering trajectory is, for the first
time, experimentally visualized from the AoA fluctu-
ations data at the OGS. This also enables the estima-
tion of the retro-reflected beam-centroid displacements,
which can be subsequently fitted to well-known statisti-
cal probability density functions (PDFs) characterizing
the misalignments. From this, separated effects of the
misalignments and the atmospheric turbulence can be
comprehensively investigated by fitting the received
power histogram data with the corresponding theoretical
composite channel PDFs.

• Finally, important insights into the drone-based retro-
reflected physical channel are analyzed for the first
time in the literature, thus revealing the channel coher-
ence time, the probability of fade, the level crossing
rate (LCR), the average fade duration (AFD), and the
time-frequency channel characteristics. These practical
results are also compared with theoretical backgrounds,
providing crucial references for the theoretical analy-
ses and engineering designs of the drone-based retro-
reflected FSO systems.

The remainder of this paper is organized as follows.
Section II presents the theoretical channel PDFs character-
izing the atmospheric turbulence and misalignments-induced
fading that will be used to fit with the experimental data.
Section III describes the related physical channel character-
istics. The practical design of the fine-tracking system at
the OGS is detailed in Section IV, followed by the actual
experimental setup and results reported in Section V. Finally,
the conclusion is drawn in Section VI.

II. STATISTICAL CHANNEL MODELS
A. ATMOSPHERIC ATTENUATION
The molecular absorption and aerosol scattering suspended
in the atmosphere can cause a partial loss in the received

1The tracking accuracy is defined as the standard deviations of the focused
beam-centroid displacements in the horizontal and vertical axes at the receiv-
ing plane of a small detector or a fiber tip.
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signal, which is known as the atmospheric attenuation, given
by the Beer’s law as hl = exp(−βlL), where βl denotes the
attenuation coefficient and L is the optical beam propagation
distance [24]. For the retro-reflected link, since the optical
beam is propagated twice in the same path, the atmospheric
attenuation is simply derived as hl = exp(−βl(2L)).

B. ATMOSPHERIC TURBULENCE-INDUCED FADING
Atmospheric turbulence is an effect caused by the
refractive-index variations along the propagation path, which
results in received power fluctuations at the receiver, i.e. scin-
tillation or fading [24]. Since the optical beam experiences the
atmospheric turbulence of the same path in both the forward
and retro-reflected links, it has been proved by experimental
measurements [15]–[17] and wave-optics simulations [18]
that their fading channels are statistically correlated and the
retro-reflected channel should be modeled as the product of
two correlated random variables (RVs) [19], [20]. If the trans-
mitter and receiver are co-located at the OGS, i.e. monostatic
configuration, the forward and retro-reflected links show
a high correlation. On the contrary, if the transmitter and
receiver are separated by the order of a Fresnel zone radius,
i.e. rF =

√
Lλ/2π with λ the optical wavelength, the forward

and retro-reflected links can be considered independent. This
is also known as the bistatic configuration, which is chosen
in our OGS design. However, as the optical beam is widely
diverged in our experiment, the overlap of the beams can
make the off-axis receiver appear to experience the same
correlation effects of a monostatic system [16].

As a result, the turbulent channel coefficient can be written
as htc = ht1ht2 , where ht1 and ht2 are the channel coefficients
of the forward and retro-reflected links, respectively. To quan-
tify the strength of the atmospheric turbulence, the scintilla-
tion index (SI) is usually used and defined by [24]

SIhtc
1
=

E
[
h2tc
]

E
[
htc
]2 − 1, (1)

where E[·] denotes the statistical expectation. To ensure that
fading does not attenuate or amplify the average power,
the fading coefficient is normalized, i.e. E

[
htc
]
= 1. In gen-

eral, weak and moderate-to-strong turbulence conditions are
characterized by SI < 1 and SI ≥ 1, respectively.

1) LOG-NORMAL TURBULENCE MODEL
For weak turbulence conditions, the fading channel coef-
ficient can be modeled as htc = exp(2(X1 + X2)) =
exp(2Xc) [19], where X1 and X2 are respectively the
log-amplitudes of the optical intensity in the forward and
retro-reflected paths following Gaussian distributions, and Xc
is the sum of two correlated Gaussian RVs. Hence, the PDF
of htc follows a log-normal (LN) distribution, written as [19]

fLN(htc ) =
1

√
8πhtcσXc

exp

(
−

((
ln(htc )− 2µXc

)2
8σ 2

Xc

))
,

(2)

where µXc and σXc are the mean and variance of Xc. The
SI under weak turbulence conditions modeled by the LN
distribution can be calculated as [24]

SILN = exp
(
4σ 2

Xc

)
− 1. (3)

2) GAMMA-GAMMA TURBULENCE MODEL
For moderate-to-strong turbulence conditions, the turbulence
fading coefficient can bemodeled by aGamma-Gamma (GG)
distribution [25]. The retro-reflected turbulence fading coef-
ficient thus can be described as the product of two correlated
GG RVs. Although an expression for the joint PDF of the
product of two correlatedGGRVswas readily derived in [21],
it involves complicated infinite summation terms. Neverthe-
less, it has been verified by experiments in [15] that a single
GG distribution could provide a well approximation to the
histogram data of the retro-reflected link. Thus, the PDF of
htc can be given as [25]

fGG
(
htc
)
=

2 (αβ)(α+β)/2

0 (α) 0 (β)

(
htc
) α+β

2 −1 Kα−β
(
2
√
αβhtc

)
,

(4)

where 0(·) denotes the Gamma function defined as 0(w) 1
=∫

∞

0 tw−1e(−t)dt , Kα−β (·) represents the modified Bessel
function of the second kind of order

(
α − β

)
; α > 0 and

β > 0 are the effective numbers of large-scale and small-
scale atmospheric eddies. The SI under moderate-to-strong
turbulence conditions modeled by the GG distribution can be
given as [25]

SIGG =
1
α
+

1
β
+

1
αβ
. (5)

3) α-µ TURBULENCE MODEL
For moderate-to-strong turbulence conditions modeled by a
GG distribution, an alternative approach to approximate the
product of two correlated GG RVs for characterizing the
retro-reflected FSO channel was proposed in [20]. Specifi-
cally, the product of two correlated GG RVs is approximated
to an α-µ RV using the moment matching method. Thus,
the PDF of the channel coefficient can be expressed as [20]

fα−µ
(
htc
)
=
αµµ

(
htc
)αµ−1

(ĥtc )αµ0 (µ)
exp

(
−µ

(
htc
)α

(ĥtc )α

)
, (6)

where α > 0 is an arbitrary parameter, ĥtc is an α-root

mean value given as ĥtc =
α

√
E
[(
htc
)α], and µ > 0 is

the inverse of the normalized variance of
(
htc
)α expressed

as µ =
(
E
[(
htc
)α])2

/V
[(
htc
)α] with V [·] the variance

operator. From (1) and [20, (10)], the SI under moderate-to-
strong turbulence conditions modeled by the α-µ distribution
can be derived as

SIα−µ =
0
(
µ+ 2

α

)
0 (µ)(

0
(
µ+ 1

α

))2 − 1. (7)
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C. MISALIGNMENTS-INDUCED FADING
In our experiment, the drone carrying the CCR hovers
with random trajectories within the static beam footprint
in the forward link, hence leading to random movements
of the retro-reflected beam with respect to the OGS’s
receiving telescope. Since the misalignments in the forward
link result in the misalignments in the retro-reflected link,
the misalignments-induced fading coefficient can be con-
sidered as the product of two correlated RVs, written as
hpc = hp1hp2 , where hp1 and hp2 are two correlated RVs
characterizing the misalignments in the forward and retro-
reflected links, respectively. The misalignments-induced fad-
ing coefficient in each link can be readily given as hpi ≈

Ai exp
(
−

2r2i
w2
zeq,i

)
, i = {1, 2} [26], where A1 and A2 are the

fractions of power falling within the CCR in the forward
link and the receiving aperture in the retro-reflected link,
respectively, when there are no misalignments; r1 and r2 are
respectively the displacements of the drone’s position with
respect to the forward beam centroid and the retro-reflected
beam centroid with respect to the center of the receiving
aperture; wzeq,1 and wzeq,2 are the equivalent beam-widths
of the forward and retro-reflected beams, respectively. The
random displacements in both the horizontal x and vertical y
directions are commonly modeled as independent Gaussian
RVs, with means {µx , µy} and variances {σx , σy}. In the most
general case, both displacements are nonzero mean Gaussian
RVs with different jitters, i.e. (µx 6= µy, σx 6= σy), thus
ri follows a four-parameter Beckmann distribution written
as [27]

fri (ri) =
ri

2πσxσy

×

∫ 2π

0
exp

(
−
(ri cos (θ)− µx)2

2σ 2
x

−

(
ri sin (θ)− µy

)2
2σ 2

y

)
dθ.

(8)

Depending on the values of {µx , µy, σx , σy}, (8) reduces to
several well-known and tractable distributions such as the
Rayleigh distribution (µx = µy = 0, σx = σy = σ ),
the Rician distribution (µx + µy 6= 0, σx = σy = σ ),
and the Hoyt distribution (µx = µy = 0, σx 6= σy),
as detailed in [27]. These distributions correspond to differ-
ent special cases of the misalignments characterized by the
four-parameter Beckmann distribution.

Although the closed-form expression for the PDF of cor-
related misalignments-induced fading channels was derived
in [28] for the case of Rayleigh-distributed displacements,
deriving the PDF for the coefficient hpc as the product of
two correlated RVs for all cases is generally complicated,
if not impossible. For the sake of simplicity, we utilize the
misalignments-induced fading PDF of a single RV as an
approximation approach for fitting with the experimental his-
togram data, i.e. ri = r . Since the four-parameter Beckmann
distribution can be conveniently approximated by a Rayleigh
distribution with a modified variance [29], the PDF of radial

displacements can now be written as

fr (r) ∼=
r

σ 2
mod

exp

(
−

r2

2σ 2
mod

)
, r > 0, (9)

where σ 2
mod =

(
3µ2

xσ
4
x +3µ

2
yσ

4
y +σ

6
x +σ

6
y

2

)1/3

is the approxi-

mated jitter variance. As a result, the PDF of hpc can be
derived as [29]

fhpc
(
hpc
)
=
ϕ2mod

A
ϕ2mod
mod

(
hpc
)ϕ2mod−1 , 0 ≤ hpc ≤ Amod, (10)

where ϕmod =
wzeq
2σmod

is the ratio between the equivalent
beam radius and the jitter variance, Amod = A0G, G =

exp
(

1
ϕ2mod
−

1
2ϕ2x
−

1
2ϕ2y
−

µ2
x

2σ 2x ϕ2x
−

µ2
y

2σ 2y ϕ2y

)
, ϕx =

wzeq
2σx

and

ϕy =
wzeq
2σy

are the ratios between the equivalent beam radius
and the jitter variances in the x and y directions, respectively.
To quantify the strength of the fading caused by misalign-
ments, the definition of SI in (1) is also applied. With the help
of [27, (23)], the SI for misalignments can be newly derived
as

SIpc =
1

ϕ2mod

(
2+ ϕ2mod

) . (11)

As the misalignments-induced fading becomes more severe
when ϕmod → 1 and weaker when ϕmod > 5, we define
that weak, moderate, and strong misalignments correspond
to SIpc ≤ 0.001, 0.001 < SIpc < 0.3, and SIpc ≥ 0.3,
respectively.

D. AoA FLUCTUATIONS-INDUCED FADING
Due to drone hovering trajectories, the incident angle of the
optical beam at the receiver experiences severe fluctuations,
leading to jitters on the focal plane of the receiving lens that
can fluctuate or interrupt the received power at a detector
or a fiber tip with limited FoVs [30]. The total radial AoA

deviations can be written as θAoA =
√
θ2X + θ

2
Y , where

θX and θY are the AoA fluctuations in the horizontal and
vertical directions, respectively. θX and θY can be modeled
as zero-mean independent Gaussian RVs with variances σθX
and σθY , respectively. The corresponding loss due to AoA
fluctuations, denoted as hAoA, can take two discrete values
‘‘1’’ and ‘‘0’’ to determine if the incident beam spot falls
within the detector’s FoV or not [31]. This can be formulated

as hAoA =
{
1 if θAoA ≤ θFoV
0 if θAoA > θFoV

, where θFoV represents the

detector’s half-angle FoV. This assumption of hAoA only
holds if the power contributions from the side lobes in the
Airy pattern are ignored, since some fractions of power could
still be detected even when θAoA > θFoV. In our experiment,
the AoA fluctuations at the OGS are within the tracking
detector’s FoV, thus enabling the fine-tracking system to
compensate for the AoA fluctuations, making the focused
beam spot aligned to the center of the detector, and the whole
beam spot size is kept within the photosensitive area, resulting
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in hAoA = 1. Consequently, we could exclude the AoA
fluctuations-induced fading in our statistical analysis.

E. COMPOSITE CHANNEL MODELS
The composite channel coefficient of the double-pass retro-
reflected link can be expressed as h = Rhlhtchpc , where R
is the normalized reflection coefficient of the CCR, which
can be considered constant within a certain transmission
duration [19].

1) LN AND APPROXIMATED BECKMANN COMPOSITE
CHANNEL
From (2) and (10), the composite channel PDF of the
retro-reflected link can be expressed as [26]

fh (h) =
ϕ2mod

2 (AmodRhl)ϕ
2
mod

(h)ϕ
2
mod−1

×erfc

 ln
(

h
AmodRhl

)
+ µ

√
8σXc


× exp

(
2σ 2

Xcϕ
2
mod

(
1+ ϕ2mod

))
, (12)

where erfc (x) = 2
√
π

∫
∞

x exp
(
−t2

)
dt is the complementary

error function, and µ = 2σ 2
Xc

(
1+ 2ϕ2mod

)
. From (1) and

given the fact that htc and hpc are statistically independent
processes [27], the SI of the composite fading channel can
be calculated as

SI 1=
E
[ (
htchpc

)2 ]
E
[
htchpc

]2 − 1 =
E
[ (
htc
)2 ]E[ (hpc)2 ]

E
[
htc
]2E[hpc]2 − 1.

(13)

With the help of [27, (10) and (23)], (13) can be newly derived
as

SI =
exp

(
4σ 2

X

) (
1+ ϕ2mod

)2
ϕ2mod

(
2+ ϕ2mod

) − 1. (14)

2) GG AND APPROXIMATED BECKMANN COMPOSITE
CHANNEL
From (4) and (10), the composite channel PDF of the
retro-reflected link can be expressed as [32]

fh (h) =
αβϕ2mod

AmodRhl0 (α) 0 (β)

×G3,0
1,3

[
αβ

AmodRhl
h

∣∣∣∣ ϕ2mod
ϕ2mod − 1, α − 1, β − 1

]
,

(15)

where Gm,np,q [·] represents the Meijer’s G-function [33,
(9.301)]. From (13) and [27, (14) and (23)], the SI of the
composite fading channel can be newly derived as

SI =
(α + 1) (β + 1)

(
1+ ϕ2mod

)2
αβϕ2mod

(
2+ ϕ2mod

) − 1. (16)

3) α-µ AND APPROXIMATED BECKMANN COMPOSITE
CHANNEL
From (6) and (10), the composite channel PDF of the
retro-reflected link can be newly derived as

fh (h) =
ϕ2mod

0 (µ)

(
µ

4(ĥtc )α

) d
2

W αµ−ϕ2mod−α
2α ,

ϕ2mod−αµ
2α

(
µ

(
h

4ĥtc

)α)

×h
d
2−1 exp

[
−
µ

2

(
h

4ĥtc

)α]
, (17)

where d = ϕ2mod+αµ−α,4 = AmodRhl, andWa,b(·) denotes
the Whittaker function [33, (9.220.4)]. From (13), [20, (10)],
and [27, (23)], the SI of the composite fading channel can be
newly derived as

SI =
0 (µ)0

(
µ+ 2

α

) (
1+ ϕ2mod

)2
0
(
µ+ 1

α

)2
ϕ2mod

(
2+ ϕ2mod

) − 1. (18)

Remark 1: It is noted that a composite channel PDF simi-
lar to (17) was derived in [34, (11)], however, we found that
[34, (11)] is not accurate. Hence, we provide a correct proof
of (17) in Appendix A to rectify [34, (11)].
Remark 2: For statistical verifications, both the data and

the composite channel PDFs, i.e. in (12), (15), and (17), are
normalized to the mean. The normalized PDFs then contain
only the parameters of the fluctuations that could be fitted
with the normalized experimental data. Details on the deriva-
tions of normalized composite channel PDFs are presented in
Appendix B.

III. PHYSICAL CHANNEL CHARACTERISTICS
A. CHANNEL COHERENCE TIME
The channel coherence time, denoted as Tc, measures the time
duration wherein two signals show high amplitude correla-
tion, which can be directly calculated from the normalized
auto-covariance function of the received power, denoted as
%̂, by considering the coherence time at 1/e of the peak at
zero lag, written as %̂ (Tc) = 1

e [35], where %̂ (m) = %(m)
%(0)

with

% (m) =
{∑N−m

n=1 P̂Rx,n+mP̂Rx,n, N − 1 ≥ m ≥ 0
% (−m) , − N + 1 ≤ m < 0,

(19)

being the auto-covariance function, where
P̂Rx,n = PRx,n − 1

N

∑N
i=1 PRx,i with PRx,i the ith sample

of the total N samples of the received power. The channel
coherence time reveals the time duration over which the
channel fading coefficient is considered to be not varying.
This metric is of critical importance for the error-correction
code and inter-leaver designs in FSO communication
systems [36].
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B. RECEIVED POWER SI
The SI, i.e. normalized variance of the received power, can be
experimentally derived from the received power data as

SIPRx
1
=

E
[
P2Rx

]
E
[
PRx

]2 − 1, (20)

where E
[
P2Rx

]
=

1
N

∑N
i=1 P

2
Rx,i and E

[
PRx

]
=

1
N

∑N
i=1 PRx,i. The experimental SIPRx can be later compared

with the theoretical SIs derived in (14), (16), and (18).

C. PROBABILITY OF FADE
The experimental probability of fade is defined by the prob-
ability that the received power level falls below a given
fade threshold Pth, written as P (PRx ≤ Pth) = FPRx (Pth) ,
where FPRx (PRx) is the empirical cumulative distribution
function (CDF) of the received power data. It is generally cus-
tomary to investigate the experimental probability of fade ver-
sus the fade margin, defined as FT = 10 log10

(
E
[
PRx

]
/Pth

)
,

FT ≥ 0 dB, to find out the power margin above the fade
threshold level to achieve a specific fade probability. The
experimental fade probability can be compared with the
corresponding theoretical CDF of the composite channel,
denoted as Fh (h0) with h0 a threshold level and Fh (h0)
the CDF of the composite channel. The theoretical FT can
be expressed as FT = 10 log10

(
E
[
h
]
/h0

)
. Theoretical

closed-form expressions of Fh (h0) for the composite chan-
nels in Sections II-E1 and II-E2 can be found in [26, (18)]
and [32, (15)], respectively.

D. LEVEL CROSSING RATE
The LCR is defined as the average number of crossings of
the signal above a certain threshold h0 per unit of time,
mathematically given as

Lh (h0) =
∫
∞

0
ḣfh,ḣ

(
h0, ḣ

)
dḣ, (21)

where fh,ḣ (·) denotes the joint PDF of h and its time derivative
ḣ. It is also customary to investigate the LCR versus the
normalized threshold level defined as ρ0 = h0/E(h). A theo-
retical closed-form expression of the LCR for an FSO channel
considering the LN turbulence and approximated Beckmann
misalignments is newly derived in Appendix C.

E. AVERAGE FADE DURATION
The AFD is defined as the average duration during which the
signal stays below a certain threshold h0, written as

Th (h0) =
Fh (h0)
Lh (h0)

, (22)

where Fh (h0) and Lh (h0) are the above-defined CDF
(Section III-C) and LCR (Section III-D), respectively. Thus,
a theoretical closed-form expression of the AFD considering
the LN turbulence and approximated Beckmann displace-
ments can be straightforwardly obtained. The LCR and AFD
are important second-order statistical metrics that describe
the time-varying behavior of a fading channel [37].

F. TIME-FREQUENCY CHARACTERISTICS
1) POWER SPECTRAL DENSITY
For an FSO link, it is essential to quantitatively analyze the
temporal behavior of the received power fluctuations, which
is particularly useful for evaluating the burst error rate and
the design of optimal schemes for the detection and coding.
Based on Taylor’s frozen turbulence hypothesis, which per-
mits the conversion of spatial statistics into temporal statis-
tics, the temporal spectrum of irradiance fluctuations, i.e.
power spectral density (PSD) denoted as S (ω), of the optical
signal for point receivers is defined by the Fourier transform
of the temporal covariance function as

S (ω) = 2
∫
∞

−∞

B (τ,L) exp (−iωτ) dτ

= 4
∫
∞

0
B (τ,L) cos (ωτ) dτ, (23)

where ω is the angular frequency and B (τ,L) is the temporal
covariance function [24]. Based on this theory, there exists a
cut-off frequency fc that divides the spectrum into two parts,
where the part below fc has a relatively flat PSD and the part
above fc decays following a power-law exponent κ = 8/3, i.e.
the PSD decays by f −κ with f a frequency vector. fc can be
linked with the channel coherence time Tc as fc =

√
2π/Tc.

In practice, since non-point receivers are typically used for
communication systems, a slight deviation in the power-law
exponent of the experimental spectrum from the theoretical
one is expected. From the received power data, the PSD can
be estimated by its periodogram, i.e. the Fourier transform of
the biased estimate of the autocorrelation sequence, given as

P̂ (f ) =
1t
N

∣∣∣∣∣
N−1∑
n=0

PRx,n exp (−j2π f1tn)

∣∣∣∣∣
2

, (24)

where −1/21t < f ≤ 1/21t and 1t is the sampling
interval.

2) SPECTROGRAM
One effective tool to visualize the spectrum of frequencies of
a signal as it varies with time is the spectrogram, defined as
an intensity plot of the short-time Fourier transform (STFT)
magnitude. The STFT is a sequence of fast Fourier trans-
forms of windowed data segments, where the windows are
overlapped in time. Given that the received power data PRx
is a discrete time signal with N samples and consecutive
segments of length m, let S ∈ Rm×(N−m+1) be the matrix
with the consecutive segments as consecutive columns, i.e.
[PRx [0] ,PRx [1] , . . . ,PRx [m− 1]]T is the first column, and
[PRx [1] ,PRx [2] , . . . ,PRx [m]]T is the second column, and
so forth, with the rows and columns indexed by time. The
spectrogram of PRx with window sizem is the matrix Ŝwhose
columns are the discrete Fourier transform of the columns of
S, given as Ŝ = F̄S, where F̄ is the complex conjugate of the

VOLUME 9, 2021 137153



P. V. Trinh et al.: Experimental Channel Statistics of Drone-to-Ground Retro-Reflected FSO Links

FIGURE 1. (a) OGS’s optics configuration; (b) OGS’s ray-tracing 3D design;
(c) Simplified diagram of the fine-tracking system.

Fourier matrix F expressed as

F =



1 1 1 · · · 1

1 e

(
j 2πN

)
e

(
j 4πN

)
· · · e

(
j 2π(N−1)N

)
1 e

(
j 4πN

)
e

(
j 8πN

)
· · · e

(
j 4π(N−1)N

)
...

...
...

. . .
...

1 e

(
j 2π(N−1)N

)
e

(
j 4π(N−1)N

)
· · · e

(
j 2π(N−1)

2
N

)


. (25)

Each location on Ŝ is a point in frequency, i.e. the rows, and
time, i.e. the columns.

IV. FINE-TRACKING SYSTEM DESIGN
A. OPTICS DESIGN
The optics configuration at the OGS is shown in Fig. 1a
and a 3-dimensional (3D) design using an optical ray-tracing
software is illustrated in Fig. 1b. We employ the bistatic
configuration, where the transmitting laser and the receiving
telescope are separated by 2.5 cm. The transceiver consists
of a high-power 976-nm laser and a 5-cm telescope aperture.
The output beam is transmitted through a diverging lens with
the full divergence angle of about 0.04 rad, which makes a
beam footprint of 4 m at 100-m line-of-sight (LoS) distance.2

This divergent beam is designed to sufficiently illuminate
the drone in hovering conditions with some margin. Table 1
summarizes the main information of the OGS’s components.

To aid the initial link alignment process, two alignment
cameras, i.e. a wide-FoV external camera and a narrow-FoV
internal camera, are included. The fine-tracking system con-
sists of an FSM, which is placed at 45◦ relative to the tele-
scope’s optical axis, and a QD working in a closed-loop
operation with the FSM, governed by a PID controller. The
optical beam at the QD is defocused so that the FSM can
steer the beam through all the QD’s FoV. The FSM also has
a built-in high-precision optical sensor to monitor the AoA

2It is noted that the maximum power of 9 W at 976-nm wavelength
is employed in our experiment to compensate for the large geometrical
losses of the forward and retro-reflected beams. The 976-nm wavelength is
selected only for the sake of the experimental setup due to the availability
of the high-power source. Nevertheless, when deploying MRR-based FSO
communication systems, the wavelengths in C-band (1530∼1565 nm) are
preferred and smaller beam divergence angle with lower transmitted power
can be applied [14].

TABLE 1. OGS’s main components.

fluctuations of the received beam. A simplified diagram of
the fine-tracking system is depicted in Fig. 1c, where a power
meter (PM) is installed at the focal plane of lens 3 to emulate
a possible receiving optical fiber or small detector. All the
optics, i.e. lenses and beam splitters (BSs), and other devices
are compactly housed on a 30 × 30-cm optical breadboard3

and mounted on top of a 3-axis gimbal tripod to assist the
alignment for the entire terminal.

B. POINTING AND TRACKING
At the initial link alignment process, the coarse pointing is
performed by using the external camera to point the entire
terminal towards the target drone. Once the link is roughly
aligned, the internal camera is used to further tune the track-
ing of the optical beam captured by the 5-cm telescope.
The external and internal cameras respectively provide FoV
frames of 6.5 × 4.8 m and 3.27 × 2.45 m at approximately
100-m LoS distance. The wide-FoV camera allows to quickly
search for the target drone, while the narrow-FoV camera
helps to locate the CCR attached on the drone and align
with the OGS’s receiving telescope. At this stage, the system
is in the open-loop operation, thus the received beam spot
is affected by the AoA fluctuations resulting in the image
dancing on the focal plane.

The fine-tracking system is based on a control loop to
control the FSM to correct the AoA of the received beam.
The tracking control loop uses the received beam spot inci-
dent onto the QD to detect changes in the beam’s AoA and
compensates the AoA error with the FSM. More specifically,
the QD outputs four signals proportional to the received
optical power incident on each segment and compares these
signals to determine the centroid position of the beam spot.
The intersection of the transition region is considered as the
origin of the X -Y coordinates. A PID controller is then used

3The compact size of the OGS makes it suitable for possible installations
on pole-mounted BSs, which could be located on the ground or building
rooftops in the cellular networks.
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FIGURE 2. (a) Beam spot radius at different positions in the OGS; (b) External FoVs of the QD and PM;
(c) Relationship between beam centroid positions at the QD and PM.

to close the feedback loop from the QD to the FSM, making
the beam spot centered to the detector’s photosensitive area.

C. OPTICAL RAY-TRACING SIMULATION RESULTS
An optical ray-tracing software was used in the design stage
of theOGS to characterize the behavior of the received optical
beam.4 Fig. 2a shows the simulation result of the beam spot
radius at different positions in the optics configuration. The
beam spot radius is defined as the radial distance at which the
relative intensity has decreased to 1/ exp(2) or 0.135 of its
peak value for a Gaussian beam. It is seen that the values of
the spot radius after the telescope, and at the QD and PM are
4.2 mm, 1.83 mm and 0.147 mm, respectively. The internal
collimated beam spot radius was designed to be 4.2 mm after
the telescope so that it is well within the FSM’s surface area
with some margin for misalignments. In addition, the spot
radius at the QD was designed to be approximately half the
size of the QD’s photosensitive area, which is a common
design choice [38]. Finally, the spot radius at the PM is very
small because the PM’s active area was placed approximately
at the focal plane of lens 3 to emulate a possible beam cou-
pling into an optical fiber or a small detector. The stability of
the beam spot position at the PM is guaranteed by putting the
FSM’s surface at the internal pupil of the receiving telescope.
The external FoVs of the QD and PM can then be determined
by changing the AoA of the simulated incoming beam at
the telescope entrance until the corresponding internal beam
centroid is detected across the whole detector size, which
respectively are 29.32 and 34.9 milliradian (mrad) as seen
in Fig. 2b. This makes an FoV frame of about 2.93× 2.93 m
at a 100-m LoS distance for the QD. There also exists a
linear relation between the changes in the centroid position
at the QD and PM due to the AoA variations at the telescope
entrance, depicted in Fig. 2c. This relation can be used to
determine the beam displacements at the PM from the data
measured at the QD.

V. EXPERIMENTAL RESULTS
A. EXPERIMENT SETUP AND DATA ACQUISITION
The field experiment was conducted on August 27th, 2020 at
NICT Kashima Space Technology Center in Kashima city,

4In optical engineering, ray tracing is a technique to emulate the propa-
gation of optical wavefronts through a system consisting of various optical
components. In our simulations, 861 optical rays were used to simulate an
optical beam with a sufficient accuracy.

FIGURE 3. (a) OGS and drone’s positions in the experiment field;
(b) Drone before takeoff with the CCR and camera attached on the
gimbal; (c) A screenshot captured by the drone’s camera; (d) A screenshot
captured by the OGS’s external camera.

Ibaraki prefecture, Japan. Fig. 3a shows the experiment field
where the OGS was located at 100-m distance away from
the drone’s position while the drone was hovering at 15-m
and 20-m altitudes.5 The commercial drone used in the
experiment was the DJI Matrice 600 Pro [39]. A 3-axis DJI
Ronin MX gimbal [40] was attached beneath the drone to
carry a 63.5-mm CCR and a camera for alignments with the
OGS, as shown in Fig. 3b. At the initial alignment process,
the drone’s camera is used to find the OGS and align with
the transmitting laser by remotely controlling the pointing
direction of the drone gimbal from a remote controller at
the OGS. It is noted that the gimbal was operated in the
independent mode, i.e. the pan, tilt, and roll axes can be
adjusted independently with the changes of the drone’s ori-
entation due to hovering. As a result, the retro-reflected beam
is not affected by the drone’s orientation but the changes of
the drone’s hovering position and gimbal’s vibration. Fig. 3c
shows an example of the image captured from the drone’s
camera together with the flight information such as the
drone’s hovering height above the ground and the horizontal
distance with respect to the drone’s remote controller at the
OGS. Once the link is roughly aligned, the OGS’s gimbal is
fixed and the drone is allowed to randomly hover without any
further control. The OGS was designed so that even when the
drone is randomly hovering, it is still within the FoV frames
of the external and internal cameras, as illustrated in Fig. 3d.

5These drone’s altitudes are equivalent to ground BSs deployed on the
rooftops of 5-story and 6-story buildings, respectively. The hovering altitude
is defined as the altitude of the drone at the initial stage of the link alignment.
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For operating the fine-tracking system, a LabVIEW pro-
gram was built to calibrate and control the PID closed-
loop operation. All the measurements were done with the
closed-loop tracking and experimental data were obtained
by a National InstrumentsTM data-acquisition card at the
sampling rate of 4 kHz. In each dataset examined in
Sections V-B and V-C, 12,000 samples over 3 seconds were
collected. To compare the experimental histogram data with
the theoretical PDFs, we utilize the root mean square
error (RMSE) and goodness-of-fit R2 statistical metrics [41].
RMSE determines how well the considered distribution pre-
dicts the experimental data, i.e. the data are well predicted
by the distribution when RMSE → 0, while R2 is used to
test the distribution’s fitness, i.e. R2 → 1 determines the
best fit. To the best of authors’ knowledge, in our paper,
it is the first time that the theoretical composite PDFs of a
retro-reflected FSO channel are verified with experimental
data in the literature.

B. DRONE HOVERING AT 15-m ALTITUDE
In this section, we examine a dataset when the drone was
hovering at 15-m altitude, making a slanted path of 101 m
between the OGS and the drone. The optical beam then
propagated over a total 202-m roundtrip distance.6

Figure 4a shows the AoA measured by the built-in sensor
of the FSM, which is the optical deflection angle of the beam
exiting the FSM relative to its neutral position. In the closed-
loop operation, the QD detects the residual beam deviations
and sends the error feedback signal to the PID controller. The
controller then sends a control signal to the FSM to correct
the AoA so that the beam spot is directed to the center of
the QD. This can be clearly seen in Fig. 4b, where the FSM
tracking signals show the correction of AoA over time in both
axes. Fig. 4c depicts the beam-centroid normalized position
density measured at the QD in the closed-loop operation,
and from the position relation between the QD and PM
in Fig. 2c, the normalized position density is estimated at the
PM in Fig. 4d. It is seen that the high density of the beam
centroid position appears around the centers of the QD and
PM with small displacements, i.e. with standard deviations
σX = 11, σY = 8 µm at the QD and σX = 5.91, σY =
4.36 µm at the PM. This confirms the tracking accuracy of
less than 6µm at the PM. From Fig. 4d and the beam spot size
at the PM in Fig. 2a, it is suggested that the beam coupling
into a very small detector, e.g. diameter of typically less than
1 mm, or a multi-mode fiber (MMF) with a core diameter
of 300µm, should be feasible. In the insets of Figs. 4c and 4d,
optical ray-tracing simulation results based on the AoA data
from Fig. 4a respectively show the beam-spot positions at
the QD and PM if the system is in the open-loop operation,
i.e. no fine-tracking and the FSM serves as a static mirror.
Without the closed-loop tracking, the beam spot is largely

6When hovering, the drone also moves backward and forward, however,
these movements are very small over a short time period compared to the
total LoS distance, thus the total propagation distance can be considered
approximately constant.

deviated from the center position at (0,0), i.e. red spots in the
insets, which confirms that the beam coupling into a small
detector or a fiber tip at the PM position is not possible.
To further investigate the statistics of AoA fluctuations after
fine-tracking corrections in both axes, respectively denoted as
{2X ,2Y } and {θX , θY }, at the QD and PM, Figs. 4e-4h depict
the AoA histogram data versus the fitted PDF following a
Gaussian distribution. Both metrics RMSE and R2 confirm
that the theoretical Gaussian PDFs fit well with the data. The
means and variances in Figs. 4e-4h could be used as practical
reference values for analyzing the AoA fluctuations-induced
fading when coupling the received beam into a small detector
or a fiber tip with a fine-tracking system.

The AoA fluctuations in both axes measured at the receiv-
ing telescope entrance are plotted in Fig. 5a, where the means
(µX = 6.96 mrad and µY = 1.32 mrad) and standard devi-
ations (σX = 1.47 mrad and σY = 1.17 mrad) in both axes
are provided to serve as practical references for theoretical
analyses of the AoA fluctuations and beam misalignments at
the receiving telescope. With the known LoS distance and
the AoA data in Fig. 5a, the normalized position density
of the drone hovering trajectory can be inferred in Fig. 5b
with the means µpX = 0.7 m and µpY = 0.13 m, and
standard deviations σpX = 0.15 m and σpY = 0.12 m in both
hovering directions, respectively. These mean and standard
deviation values are important references for characterizing
the hovering-inducedmisalignments in drone-based FSO sys-
tems. Since the optical beam is reflected back along the same
path from the drone to the OGS, it can be considered that the
AoA at the telescope entrance is equivalent to the displace-
ment angle of the retro-reflected beam from the drone. From
this, the radial displacements of the retro-reflected beam
centroid with respect to the center of the receiving telescope
can be determined and plotted in Fig. 5c.

The coherence time of the beam centroid displacement
is 700 milliseconds (ms) as shown in Fig. 5d, which can
be derived by applying the definition in Section III-A to
the data in Fig. 5c. This confirms the long coherence time
of the beam misalignments compared to that of the atmo-
spheric turbulence, typically 10∼100 ms. Theoretical PDFs
of misalignments in Section II-C are then fitted to the data
in Fig. 5c and the results are plotted in Fig. 5e. Details of
the statistical metrics and fitting parameters are summarized
in Table 2. It is seen from the RMSE and R2 metrics that
the Beckmann distribution is best fit with the data, followed
by the Hoyt distribution, and finally the Rayleigh and Rician
distributions. To evaluate the small-scale mismatch at the tails
of all the fitted PDFs, a log-log plot is provided in Fig. 5f.
It is shown that all the fitted PDFs moderately overestimate
the displacements at the lower tail and underestimate the
displacements at the upper tail. This discrepancy could result
from the approximation approach in Section II-C.

To analyze the combine effects of atmospheric turbulence-
and misalignments-induced fading, the total received optical
power at the QD shown in Fig. 6a is analyzed. The normalized
data are then fitted to theoretical composite PDFs described
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FIGURE 4. (a) AoA at FSM; (b) FSM tracking angle; (c) Beam-centroid normalized position density at the QD; (d) Beam-centroid normalized
position density at the PM; (e) PDF of AoA in QD X-axis; (f) PDF of AoA in QD Y-axis; (g) PDF of AoA in PM X-axis; (h) PDF of AoA in PM Y-axis.

FIGURE 5. (a) AoA at the OGS’s telescope entrance; (b) Drone hovering normalized position density;
(c) Estimated beam-centroid displacement at the OGS’s receiving plane; (d) Normalized autocovariance function
of the beam-centroid displacement; (e) PDF of the beam-centroid displacement; (f) PDF of the beam-centroid
displacement (log-log scale).

TABLE 2. Drone hovering at 15-m altitude: Statistical metrics and fitting
parameters of the beam-centroid displacements.

in Section II-E, as plotted in Fig. 6b. Details of the statistical
metrics and fitting parameters are summarized in Table 3.
From the RMSE and R2 metrics, it is suggested that the
composite PDFs in (12) and (15) are better fit to the data,
compared to (17). A closer look at the tails of the PDFs
is illustrated in a log-log scale in Fig. 6c. It is confirmed
that (15) is slightly better than (12) in matching the upper
tail with the data, while (12) shows a better fit at the lower
tail. Nevertheless, both (12) and (15) marginally overestimate
both tails of the data PDF. As seen in Table 3, the theoretical
SIs of the composite fading channel are calculated based

TABLE 3. Drone hovering at 15-m altitude: Statistical metrics and fitting
parameters of the received power.

on (14), (16), and (18). Due to the approximation approach,
a small difference of about 2∼3% in the theoretical SI and the
measured SIPRx calculated from (20) can be seen. It should
be emphasized that our analysis helps to separately evaluate
the SIs of the turbulence and misalignments, highlighting
that the retro-reflected FSO link is affected by moderate
misalignments and weak turbulence conditions, according to
definitions in Sections II-B and II-C.

For further investigations of the physical channel charac-
teristics, the channel coherence time can be directly deduced
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FIGURE 6. (a) Received power at the QD; (b) PDF of the normalized received power at the QD; (c) PDF of the normalized
received power at the QD (log-log scale); (d) Normalized autocovariance function of the received power; (e) Probability of
fade; (f) LCR and AFD.

FIGURE 7. (a) PSD of the radial AoA at the telescope entrance; (b) PSD of the normalized received power at the QD; (c) Spectrogram of the radial
AoA at the telescope entrance, window size m = 128; (d) Spectrogram of the normalized received power at the QD, window size m = 128.

from the definition in Section III-A, which is found as Tc =
180 ms in Fig. 6d. This confirms the slow composite fading
characteristic and suggests that the misalignments-induced
fading is the dominant factor. The probability of fade is then
investigated versus the fade margin FT in Fig. 6e and com-
pared with the theoretical composite PDFs in (12) and (15).
It is seen that the data are well predicted at FT ≤ 1.4 dB and
gradually mismatched with the theoretical results at higher
FT . From the data, to attain a probability of fade at 10−4,
a 2.35-dB power margin should be guaranteed, while the
theoretical results from (12) and (15) suggest the margins
of 3.8 dB and 4 dB, respectively. Finally, the LCR and AFD
of the physical channel are investigated in Fig. 6f. The exper-
imental LCR and AFD are obtained by simply counting the
average number of crossings above a threshold of the data
in Fig. 6a and measuring the average duration during which
the data stay below the threshold. As expected, the LCR
reaches its peak around ρ0 = 0 dB and decreases when
the threshold is set at lower or higher values. The AFD is,
however, proportionally increasing with the values of ρ0,
as the fade duration becomes longer at higher thresholds.
Theoretical results in Sections III-D and III-E are also plot-
ted using fitted parameters in Table 3 to compare with the
experimental results and a reasonable accuracy is achieved
within 1 dB near ρ0 = 0 dB.

In addition to the magnitude fluctuations of the signal,
the speed of the fluctuations is also an important figure of
merit. Particularly, the PSD profiles of the radial AoA fluctu-
ations at the telescope entrance and the normalized received
power are illustrated in Figs. 7a and 7b, respectively. Since
the AoA fluctuations are mainly the consequence of the
drone hovering, it is evident from the PSD in Fig. 7a that
significant magnitudes are contained mostly in frequencies
below 50 Hz. In Fig. 7b, the cutoff frequency is determined
from the coherence time as fc ≈ 13.93 Hz, which separates
the part with a relatively flat PSD, i.e. below 13.93 Hz,
and the part that decays with a power law exponent κ , i.e.
above 13.93 Hz. By applying the linear regression method,
it can be estimated that κ = 2.3378, which is close to the
theoretical value of 8/3 (≈ 2.66). This certifies the theoretical
background in Section III-F1. To have a closer look at how
the PSD magnitude changes versus the frequency and time,
the spectrograms of the radial AoA fluctuations and received
power are respectively depicted in Figs. 7c and 7d. It is again
confirmed in Fig. 7c that the AoA fluctuations have the main
frequency content below 50 Hz and some small components
up to 200 Hz. In Fig. 7d, the spectrogram of the received
power also confirms the high PSD magnitudes below 50 Hz,
indicating the dominant effect of the drone hovering-induced
AoA fluctuations. Higher frequency components with
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FIGURE 8. (a) AoA at FSM; (b) FSM tracking angle; (c) Beam-centroid normalized position density at the QD; (d) Beam-centroid
normalized position density at the PM; (e) PDF of AoA in QD X-axis; (f) PDF of AoA in QD Y-axis; (g) PDF of AoA in PM X-axis; (h) PDF of
AoA in PM Y-axis.

FIGURE 9. (a) AoA at the OGS’s telescope entrance; (b) Drone hovering normalized position density;
(c) Estimated beam-centroid displacement at the OGS’s receiving plane; (d) Normalized autocovariance
function of the beam-centroid displacement; (e) PDF of the beam-centroid displacement; (f) PDF of the
beam-centroid displacement (log-log scale).

considerable magnitudes mostly appear from 100 Hz to
500Hz, and sometimes reach to 2 kHz indicating stronger tur-
bulence conditions.7 It is seen from the spectrogram in Fig. 7d
that the turbulence effect appears to be stronger during the
first second, which is in agreement with the wide range of
power fluctuations in the first second shown in Fig. 6a.

C. DRONE HOVERING AT 20-m ALTITUDE
In this section, following the same approach as in
Section V-B, we examine another dataset when the drone was
hovering at 20-m altitude, making a LoS distance of about
102 m and a total propagation distance of 204 m.

Figure 8 again confirms that the fine-tracking system can
compensate for the AoA fluctuations (shown in Fig. 8a) by

7It is noted that the frequency components with high magnitudes can
be interpreted from the yellow stripes that intermittently appear over time
in Fig. 7d.

controlling the FSM tracking angle (shown in Fig. 8b) to
direct the beam centroid to the centers of the QD and PM.
To verify this fact, the beam-centroid normalized position
density illustrations at the QD and PM are shown, respec-
tively in Figs. 8c and 8d. It is seen that the highest position
density concentrates at the centers of the QD and PM and the
standard deviations are also very small, i.e. (σX = 17 µm,
σY = 16µm) at the QD and (σX = 8.83µm, σY = 8.38µm)
at the PM. This suggests that the tracking accuracy at the PM
is less than 9 µm, which is also suitable for coupling into
a small detector or an MMF. Similar to Figs. 4c and 4d,
simulation results in the open-loop operation are depicted in
the insets of Figs. 8c and 8d, which confirm the infeasibility
of beam coupling due to the large deviation of the beam
spot positions. The AoA fluctuations are further investigated
in Figs. 8e-8h by fitting the histogram data with the Gaus-
sian distribution and a perfect match between the data and
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FIGURE 10. (a) Received power at the QD; (b) PDF of the normalized received power at the QD; (c) PDF of the
normalized received power at the QD (log-log scale); (d) Normalized autocovariance function of the received
power; (e) Probability of fade; (f) LCR and AFD.

FIGURE 11. (a) PSD of the radial AoA at the telescope entrance; (b) PSD of the normalized received power at the QD; (c) Spectrogram of the radial
AoA at the telescope entrance, window size m = 128; (d) Spectrogram of the normalized received power at the QD, window size m = 128.

theoretical PDF can be confirmed, where the means and vari-
ances are given as practical reference values for theoretical
analyses and engineering designs.

In Fig. 9, the drone hovering-induced misalignments are
comprehensively analyzed. Specifically, the AoA fluctua-
tions at the receiving telescope entrance are shown in Fig. 9a,
where the means the standard deviations in both axes are
(µX = 4.19 mrad, µY = 10.82 mrad) and (σX = 1.17 mrad,
σY = 2.67 mrad), respectively, which show a stronger dis-
placement in the Y -axis. From the data in Fig. 9a, the normal-
ized position density of the drone hovering trajectory with the
means (µpX = 0.42 m and µpY = 1.1 m) and standard devia-
tions (σpX = 0.12m and σpY = 0.27m) is depicted in Fig. 9b,
which clearly displays the dominance of the random move-
ments in the Y -axis. The beam-centroid radial displacement
is also illustrated in Fig. 9c. The coherence time of the radial
displacements is also found to be 700 ms in Fig. 9d, which
again confirms the long coherence time of the misalignments.
In Fig. 9e, the histogram data from Fig. 9c are then fitted to
different PDFs in Section II-C, with the statistical metrics and
fitting parameters summarized in Table 4. It is again verified
that the Beckmann distribution is superior to other distri-
butions in characterizing the beam centroid displacements,
followed by the Hoyt, Rayleigh, and Rician distributions with
small differences among them. To emphasize the small-scale
mismatch at the tails of the PDFs, the log-log plot is provided

in Fig. 9f, where all the fitted PDFs slightly overestimate the
lower tail and underestimate the upper tail of the histogram
data.

The received power data at the QD are shown in Fig. 10a
and the normalized power data are then fitted to theoretical
PDFs discussed in Section II-E, as depicted in Fig. 10b.
Statistical metrics and fitting parameters are summarized
in Table 5. It is again confirmed that the composite PDFs
in (12) and (15) are better fit to the data than that in (17).
A log-log plot is also examined in Fig. 10c, and it is observed
that (12) and (15) marginally overestimate the lower tail of
the data PDF with (12) showing the smallest discrepancy,
while (15) performs better in the upper tail. In Table 5,
the SIs of the turbulence and misalignments are both smaller
than their counterparts for the case of 15-m hovering alti-
tude in Table 3. This is logical as the turbulence is weaker
at higher altitudes and as the total LoS distance is a little
longer which consequently broadens the beam footprint at
the receiver, the misalignments-induced fading also becomes
weaker. In addition, the composite channel theoretical SIs
match very well with the measured SIPRx , with the discrep-
ancy of 1∼1.3%.

Further investigations of the physical channel characteris-
tics are done in Figs. 10d-10f. The channel coherence time
of the composite channel can be determined as Tc = 45 ms
in Fig. 10d. This reveals a shorter channel coherence time,
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TABLE 4. Drone hovering at 20-m altitude: Statistical metrics and fitting
parameters of the beam-centroid displacements.

TABLE 5. Drone hovering at 20-m altitude: Statistical metrics and fitting
parameters of the received power.

which corresponds to a faster fading channel compared to
Fig. 6d, and suggests that the turbulence has more contri-
butions to the fading. The probability of fade is then plotted
versus the fade margin FT in Fig. 10e together with the theo-
retical results. It is confirmed that the data are well predicted
at FT ≤ 1 dB and gradually mismatched at higher values,
which is in line with the lower-tail mismatch in Fig. 10c.
To achieve a probability of fade at 10−4, a 2.5-dB power
margin should be guaranteed, while the theoretical results
suggest the margins of 3.8 dB and 4 dB, respectively. Finally,
the LCR and AFD are investigated in Fig. 10f. As expected,
the same trends as in Fig. 6f are witnessed, however, the the-
oretical lines fit very well with the experimental results when
−1.5 ≤ ρ0 ≤ 1.5 dB, which covers most of the dataset from
Fig. 10a.

The PSD profiles of the radial AoA fluctuations and nor-
malized received power are again investigated in Figs. 11a
and 11b, respectively. The PSD of the radial AoAfluctuations
in Fig. 11a shows the same trends as observed in Fig. 7a.
In Fig. 11b, it is seen that the received power fluctuations
have the main frequency content below fc = 55.7 Hz. It is
also estimated that κ = 2.7449, which is very close to the
theoretical value of 8/3 (≈ 2.66). Finally, Figs. 11c and 11d
provide a closer look at the spectrograms of the radial AoA
fluctuations and received power, respectively. It is confirmed
in both figures that the highest PSD magnitudes are mostly
found at frequencies below 50 Hz, which is a consequence
from the domination of the drone hovering-induced mis-
alignments. However, high PSD magnitudes also appear fre-
quently at high frequency components up to 0.5∼2 kHz in
the first 2.3 s in Fig. 11d, indicating more contributions from
the turbulence. This is in agreement with the power data
fluctuations in Fig. 10a, where stronger fluctuations are also
seen in the first 2.3 s.

VI. CONCLUSION
In this paper, we experimentally investigated, for the first
time, the physical channel characteristics of a drone-based
retro-reflected FSO link, by conducting a beam propagation
experiment between an OGS equipped with a fine-tracking
system and a hexacopter drone equipped with a CCR over
a maximum 204-m roundtrip distance. The experimental

results were then compared with corresponding theoretical
backgrounds, thereby offering valuable references for theo-
retical analyses as well as engineering designs of the consid-
ered system. It was highlighted that the LN and approximated
Beckmann composite channel model provided the best fit to
experimental data. In addition, the developed fine-tracking
system showed a good tracking accuracy which is capable
of coupling signals into a small detector or an MMF for
high-speed signal processing techniques, while guaranteeing
a compact size (30× 30 cm) for practical deployments. This
paper hence serves as an important guideline for the practical
development of MRR-based drone-to-ground communica-
tion systems for fronthaul/backhaul links in the future 6G
cellular networks.

.

APPENDIX A A PROOF OF THE COMPOSITE CHANNEL
PDF IN (17)
The PDF of the channel coefficient h can be expressed as

fh (h) =
∫
fh|htc

(
h|htc

)
fhtc

(
htc
)
dhtc , (26)

where fh|htc
(
h|htc

)
denotes the conditional probability given

a turbulence state htc , expressed as

fh|htc
(
h|htc

)
=

1
Rhlhtc

fhpc

(
h(

Rhlhtc
)) . (27)

Substituting (10) and (27) into (26), we have

fh (h) =
ϕ2mod

(4)ϕ
2
mod

hϕ
2
mod−1

∫
∞

h/4
h
−ϕ2mod
tc fhtc

(
htc
)
dhtc , (28)

where 4 = AmodRhl. Then, plugging (6) into (28), we have

fh (h) =
αµµϕ2modh

ϕ2mod−1

(ĥtc )αµ0 (µ) (4)
ϕ2mod

×

∫
∞

h
4

(
htc
)αµ−ϕ2mod−1 exp

(
−

µ

(ĥtc )α
(
htc
)α) dhtc .

(29)

Making a change of variable and with the help of [33,
(3.383.4)],8 the integration in (29) can be eventually solved
as in (17). This completes the proof.

APPENDIX B NORMALIZED COMPOSITE CHANNEL PDFs
The PDFs in (12), (15), and (17) are normalized to the statis-
tical mean, i.e. E [h] = RhlE

[
htc
]
E
[
hpc
]
, where E

[
htc
]
= 1

andE
[
hpc
]
with hpc of a Beckmann RV can be written as [27]

E
[
hpc
]
=

A0ϕxϕy√(
1+ ϕ2x

) (
1+ ϕ2y

)
8It is noted that the authors in [34] used [42, (3.383.4)], which contains

an incorrect notation inside the Whittaker function, resulting in the incor-
rect closed-form expression. The incorrect equation in [42, (3.383.4)] was
amended in [33, (3.383.4)].
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× exp

− 2
w2
zeq

 µ2
x

1+ 1
ϕ2x

+
µ2
y

1+ 1
ϕ2y

 . (30)

Using a Rayleigh approximation for the BeckmannRV r [29],
the normalized hpc,norm can be rewritten as

hpc,norm ≈
ϒ

hl
exp

(
−

2r2

w2
zeq

)
, (31)

where ϒ = Amod
E
[
hpc
] . The normalized composite channel PDF

of h = Rhlhtchpc,norm corresponding to (12), (15), and (17)
can be respectively derived as

fh (h) =
ϕ2mod

2 (ϒ)ϕ
2
mod

(h)ϕ
2
mod−1

×erfc

(
ln
( h
ϒ

)
+µ

√
8σXc

)
exp

(
2σ 2

Xcϕ
2
mod

(
1+ϕ2mod

))
,

(32)

fh (h) =
αβϕ2mod

ϒ0 (α) 0 (β)

×G3,0
1,3

[
αβ

ϒ
h

∣∣∣∣ ϕ2mod
ϕ2mod − 1, α − 1, β − 1

]
, (33)

fh (h) =
ϕ2mod

0 (µ)

(
µ

ϒ(ĥtc )α

) d
2

W αµ−ϕ2mod−α
2α ,

ϕ2mod−αµ
2α

(
µ

(
h

ϒ ĥtc

)α)

×h
d
2−1 exp

[
−
µ

2

(
h

ϒ ĥtc

)α]
.

(34)

Since it is difficult to estimate the four random parameters
(µx , µy, σx , σy) from the mathematical expressions of Amod
and E

[
hpc
]
,ϒ is fitted to the histogram data as an estimation

of the ratio Amod
E
[
hpc
] .

APPENDIX C A CLOSED-FORM DERIVATION OF THE LCR
IN SECTION III.D
Since the LCR is investigated versus the normalized threshold
level ρ0 = h0/E(h), the normalized composite channel PDF
in (32) is utilized to derive the LCR considering the LN
turbulence and approximated Beckmann misalignments. Fol-
lowing the derivation steps in [37], the LCR can be expressed
as

Lh (h0) =
wzeq

16πσ 2
modσXc

×

∫
∞

0
exp

(
−ϕ2mody

)√
8η2y+ 4bσ 2

Xcw
2
zeq

× exp

−1
2

y+ ln
(
h0
ϒ

)
+ 2σ 2

Xc

2σXc

2 dy,

(35)

where η2 = 2σ 2
mod

∣∣∣�2
−

02

4

∣∣∣ with � the resonance fre-

quency and 0 the damping coefficient, and b = (2πσc)2

with σc =
f ′c√
2 ln(2)

and f ′c the 3-dB cut-off frequency. Now,
applying the Gaussian-Laguerre quadrature [43]∫

∞

0
g (y) dy ≈

M∑
l=1

ωl exp(τl)g (τl) , (36)

where ωl and τl are the weight factors and abscissas of the
Laguerre polynomials, andM is the number of iterations [43,
Table 25.9], the integration in (35) can be finally solved as

Lh (h0) =
wzeq

16πσ 2
modσXc

M∑
l=1

ωl exp
(
τl − ϕ

2
modτl

)
×

√
8η2τl + 4bσ 2

Xcw
2
zeq

× exp

−
(
τl + ln

(
h0
ϒ

)
+ 2σ 2

Xc

)2
8σ 2

Xc

 . (37)

This completes the proof of derivation.
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