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(a) (b) (c)



- E.g., small aircraft
- Cannot hover
- High speed
- Can carry high payload
- Can fly for several hour

- E.g., quadrotor drone
- Can hover
- Low speed
- Limited energy than fixed-wing
- Less than 1-hour flight duration

Satellite

(a) (b)

UAV

Fixed-wing

Rotary-wing

UAV 
classification
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Incident beam Incident beam

(a) Rayleigh scattering (b) Mie scattering
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Channel 
Estimator

Link Switching
Controller

Feedback channel

RF channel

FSO channelTransmitter Receiver

Data outData in

CS CS

Optical signal Electrical signal CS: control signal







Start

! " #!$

Instantaneous SNR of FSO and RF links: %$,%&
SNR threshold of FSO link:  %'()

$ * %'+)
$ *, * %'-.()

$

SNR threshold of RF link: %'()& * %'+)& *, * %'-.()&

Transmission rate of FSO and RF links: !$* !&

%$ / %'()
$ Data is transmitted via only 

FSO link. RF link is kept in 
standby mode 

Yes

Outage is declared.
No transmission 
takes place.

No

No

Data is transmitted via only 
RF link. FSO link is kept in 
standby mode 

Yes

! " #!&

RF mode

FSO mode

Determine # according to: 
%'-.()
$ 0 %$ / %'-)

$

End

Determine # according to: 
%'-.()& 0 %& / %'-)&

%& / %'()&











!"#$%&$"'$

(')*+'&$"'$

(,&-.%/
,01&-.%/

!23

4.5672-+.+89'&
:-$+;*")&<42:=

0$+'--.+'







!"

!"

!"

!"#$%&'
(")&

*+,'
-")#./0"$1/2&$

!" #

! "

3(4#0')/0/

5&./6'(")&

7!

!890%:9(;'
%"(0$"..&$

! "!"#$ %! "!"# $

! "

! "!" #

<&209(/09"('(")&

7:/((&.
&209-/0"$

=#04#0'
)/0/

*+,')&-")#./0"$

7!

! "!
"#$% &

! "

>!='.9(?

>!='.9(?5>'.9(?

5/0&'/)/409@&'
%"(0$"..&$

>&
&)

A/
%?

'%
:/

((
&.

7!B'%"(0$".'29;(/.
C.&%0$9%/.'29;(/.
=409%/.'29;(/.

D+E'
:"@&$9(;

F9;:G+.090#)&'H./0I"$-'JF+HK

!/0&..90&

5>'A/%?#4'.9(?

7."#)+0-"24:&$9%
0#$A#.&(%&











1 5 10 15 20

Cloud liquid water content (mg/m3)

0

10

20

30

40

V
is

ib
ili

ty
 (

m
)

Stratus, N
c
 = 250 cm-3

Altrostratus, N
c
 = 400 cm-3

Nimbostratus, N
c
 = 200 cm-3





y

x

UAV initial 
position

UAV position
due to hovering

Beam 
center

!"

!"#$

!"%

"&

"'

(

0

















5 10 15 20 25

Satellite transmit power (dBm)

10
-8

10-6

10-4

10-2

100

O
u

ta
g
e

 p
ro

b
a
b
ili

ty

Dual-hop FSO - FSO/RF

Dual-hop FSO - RF

Dual-hop FSO - FSO (uncoded)

Dual-hop FSO - FSO (R
c
 = 1/2)

Simulation

5 10 15 20 25

Satellite transmit power (dBm)

10-8

10
-6

10-4

10
-2

100

O
u
ta

g
e
 p

ro
b
a
b
ili

ty

Dual-hop FSO - FSO/RF

Dual-hop FSO - RF

Dual-hop FSO - FSO (uncoded)

Dual-hop FSO - FSO (R
c
 = 1/2)

Simulation

5 10 15 20 25

Satellite transmit power (dBm)

10-8

10
-6

10-4

10
-2

100

O
u
ta

g
e
 p

ro
b
a
b
ili

ty

Dual-hop FSO - FSO/RF

Dual-hop FSO - RF

Dual-hop FSO - FSO (uncoded)

Dual-hop FSO - FSO (R
c
 = 1/2)

Simulation

CLWC = 10 mg/m3

CLWC = 6 mg/m3
CLWC = 8 mg/m3









0 3 6 9 12 15 18 21 24 27

Distance from UAV to beam center (m)

10-6

10
-5

10
-4

10
-3

O
u
ta

g
e

 p
ro

b
a
b

ili
ty

HAP
 = 1.5 mrad

HAP
 = 2 mrad

HAP
 = 2.5 mrad

Simulation

0 3 6 9 12 15 18 21 24 27

Distance from UAV to beam center (m)

10
-6

10
-5

10
-4

10-3

O
u
ta

g
e

 p
ro

b
a
b

ili
ty

HAP
 = 1.5 mrad

HAP
 = 2 mrad

HAP
 = 2.5 mrad

Simulation

0 3 6 9 12 15 18 21 24 27

Distance from UAV to beam center (m)

10
-6

10
-5

10-4

10
-3

O
u
ta

g
e
 p

ro
b

a
b
ili

ty

HAP
 = 1.5 mrad

HAP
 = 2 mrad

HAP
 = 2.5 mrad

Simulation

P
t
 = 7 dBm P

t
 = 8 dBm P

t
 = 9 dBm

2 4 6 8 10

Cloud liquid water content (mg/m3)

0

0.5

1

1.5

2

2.5

3

3.5

A
ve

ra
g

e
 tr

a
n

sm
is

si
o

n
 r

at
e

 (
G

bp
s)

Adaptive rate design
Conventional design
Simulation

M = 128

M = 64

M = 32

M = 16

M = 8

M = 4

M = 2



9 11 13 15 17 19 21 23 25

Satellite transmit power (dBm)

0

1

2

3

4

5

6

7

A
ch

ie
va

bl
e 

sp
ec

tr
u

m
 e

ffi
ci

en
cy

 (
b

its
/s

ym
b

ol
)

Conventional design
Adaptive rate design
Simulation

M = 64

M = 32

M = 8

M = 4

M = 2

M = 16

M = 128

0 3 6 9 12 15 18 21 24 27

Distance from UAV to beam center (m)

10-9

10-8

10-7

10-6
A

ve
ra

ge
 B

E
R

1.5

2

2.5

3

3.5

A
ve

ra
ge

 tr
an

sm
is

si
o

n 
ra

te
 (

G
bp

s)

Adaptive rate design
Conventional design

0 3 6 9 12 15 18 21 24 27

Distance from UAV to beam center (m)

10-9

10-8

10-7

10-6

A
ve

ra
ge

 B
E

R

1.5

2

2.5

3

3.5

A
ve

ra
ge

 tr
an

sm
is

si
o

n 
ra

te
 (

G
bp

s)

Adaptive rate design
Conventional design

0 3 6 9 12 15 18 21 24 27

Distance from UAV to beam center (m)

10-9

10-8

10-7

10-6

A
ve

ra
g

e 
B

E
R

1.5

2

2.5

3

3.5

A
ve

ra
ge

 t
ra

ns
m

is
si

on
 r

at
e 

(G
bp

s)

Adaptive rate design
Conventional design

HAP
 = 1.5 mrad

HAP
 = 2 mrad

HAP
 = 2.5 mrad













Satellite

High-altitude platform 

UAV
FSO link
RF link

UAV 
charging 
station











Cloud

HAP
(20 km)

Low cloud
(3 km)

UAV
(1 - 2 km)

Altitude

UAV

Satellite

Atmospheric 
turbulence

Satellite
(600 km)

High-Altitude 
Platform

Ground station

Ground 
station
(50 m)

Source
node

QAM 
modulatorLaser Input 

data
CS Rate adaptive 

controller

HAP relay node

Switching 
controller

CS

FSO link

Destination node

Channel 
estimator

Output 
data

QAM 
demodulator

CS: control signal
Electrical signal
Optical signal

UAV reflecting 
node

Fe
ed

ba
ck

 c
ha

nn
el

s

u

2h

1h

SHL

UBL

HUL

HBL

























HU

RS

UGL

HUL

Incident Beam

Reflected Beam

(b)(a)

Tunable Element

! "

Liquid-Crystal 
Layer

Indium Tin Oxide Layers

Alignment Layers

Glass Substrate
Layer

CMOS Silicon 
Backplane Layer

1 2 3 4 5 6 7

#

RIS-UAV

$-axis

%-axis

i

r

rl

HAP

GS

&-axis

O















8 10 12 14 16 18 20

Cloud liquid water content (mg/m3)

0

0.2

0.4

0.6

0.8

1

S
e
le

c
te

d
 m

o
d

e
 p

ro
b
a

b
ili

ty
FSO-FSO1, Mode 2 (8QAM)

FSO-FSO1, Mode 1 (QPSK)

FSO-FSO2, Mode 2 (8QAM)

FSO-FSO2, Mode 2 (QPSK)

FSO-RF, Mode 2 (8QAM)

FSO-RF, Mode 1 (QPSK)

Simulation











5 10 15 20

Cloud liquid water content (mg/m3)

10-10

10-8

10-6

10-4

10-2

100

O
ut

a
g

e 
P

ro
b

ab
ili

ty

FSO-FSO Only
FSO-Hybrid FSO/RF Only
Our Proposed System
Simulation



6 7 8 9 10 11 12 13 14 15

Ground station aperture radius, D
GS

 (cm)

10-10

10-8

10-6

10-4

O
ut

a
g

e 
P

ro
b

ab
ili

ty

P
t
 = 7 dBm, 

HG
 = 4 mrad

P
t
 = 7 dBm, 

HG
 = 3 mrad

P
t
 = 11 dBm, 

HG
 = 4 mrad

P
t
 = 11 dBm, 

HG
 = 3 mrad

Simulation



10 11 12 13 14 15 16 17 18 19

Cloud liquid water content (mg/m3)

0

0.5

1

1.5

A
ve

ra
ge

 tr
a

ns
m

is
si

o
n

 r
a

te
 (

G
bp

s)

FSO-FSO Only
FSO-hybrid FSO/RF Only
Our Proposed System
Simulation



10 11 12 13 14 15 16 17 18 19

Cloud liquid water content (mg/m3)

0

0.5

1

1.5

A
ve

ra
ge

 tr
a

ns
m

is
si

o
n

 r
a

te
 (

G
bp

s)

Adaptive Rate on FSO-FSO2
Fixed Rate on FSO-FSO2 (M

2
 = 8)

Fixed Rate on FSO-FSO2 (M
2
 = 4)

Fixed Rate on FSO-FSO2 (M
2
 = 2)

Simulation



17 18 19 20 21 22

Cloud liquid water content (mg/m3)

0.9

1

1.1

1.2

1.3

1.4

1.5

A
v
e

ra
g
e

 t
ra

n
s
m

is
s
io

n
 r

a
te

 (
G

b
p

s
)

h
UAV

 = 1 km, h
HAP

 = 24 km

h
UAV

 = 1 km, h
HAP

 = 20 km

h
UAV

 = 2.5 km, h
HAP

 = 24 km

h
UAV

 = 2.5 km, h
HAP

 = 20 km

Simulation



10 11 12 13 14 15 16 17 18 19

Cloud liquid water content (mg/m3)

0

0.5

1

1.5

2

2.5

3

A
ve

ra
ge

 s
p

ec
tr

a
l e

ffi
ci

en
cy

 (
b

its
/s

ym
b

ol
)

FSO-FSO Only
FSO-hybrid FSO/RF Only
Our Proposed System
Simulation









Taiki

Sendai

Kashima

Koganei

Yokosuka

Hokuriku

KeihannaKobe

Fukuoka

Okinawa

Sunny
Cloudy
Visible
Invisible

Environmental-data 
collection station

Cloudage and cloud height 
estimation image

Whole-sky camera image 
(daytime).

Whole-sky camera image 
(night time).















15 20 25 30 35 40

Total link budget (dB)

55

65

75

85

95

S
ys

te
m

 a
va

ila
b

ili
ty

 (
%

)

Cloud without turbulence

Cloud with turbulence, C
n
2(0)=10-14

Cloud with turbulence, C
n
2(0)=10-13

1 GS 1 GS 1 GS 2 GSs 3 GSs
70

75

80

85

90

95

100

S
ys

te
m

 a
va

ila
b

ili
ty

 (
%

)

99.2996.94

83
82.01

76.88

Okinawa
(Oki)

Hokkaido
(Hok)

(b)(a)

Tokyo
(Tok)

(Hok +Tok
+Oki)

(Hok 
+Tok)












































