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Background

Old methods:

_/'_'\_

New [nethod:

Incandescent bulb
= 5% light, 95% heat
» Few thousand hours of life

Solid-state light emitting diode (LED)
= Compact and 50% light
= More than 50,000 hours lifespan

= More carbon-friendly
= 75% of all illumination by 2030

Fluorescent lamp
= 25% light
= Lifetime ~10,000s hours

Lighting Revolution
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Green Technology of Indoor VLC

e Unregulated Huge Bandwidth
e Energy-Conservation

e No Health Worry

e Data Secrecy

e Electromagnetic Immunity

e System Integration

Tunnel Existing LED facilities can
provide:

lllumination / Signaling/
Communication / Positioning /
Sensing...




VLC Application

P. Wilke Berenguer et al., Optical wireless MIMO experiments in an industrial environment,
IEEE Journal on Selected Areas in Communications, 2018.

IN A WORLD FIRST, AIR FRANCE TESTS LI-FI

TECHNOLOGY DURING ;A’FLIQHTJ|r IN

PARTNERSHIP WITH LATECOERE AND UBISOFT
sidlehe . | AIRFRANCE 7 ~

On Wednesday, October 30th, 2019, Air France tested the very first flight equipped with Li-Fi
(Light Fidelity) technology, developed by Latécoére on board the commercial flight AF6114
operated by Airbus A321 from Paris-Orly to Toulouse. As part of its commitment to researching
new in-flight uses for its customers, Air France welcomed gamers, finalists in the "Air France

Trackmania Cup”, developed by Ubisoft, who competed in the sky

Published an = October 31st, 20 — Group



VLS Application

: emitter
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(a) Only LoS rays. (b) LoS and reflected rays.

E. A. Jarchlo, X. Tang, H. Doroud, V. P. G. Jimenez, B. Lin, P. Casari, Q. Wang and Z. Marco, Passive sensing and
Z. Ghassemlooy, Li-Tect: 3-D monitoring and shape detection using communication using visible light: Taxonomy, challenges
visible light sensors, IEEE Sensors Journal, 2018. and opportunities." arXiv preprint arXiv:1704.01331, 2017.
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Conventional Trilateration Based VLP

TDM: time FDM: frequency
LED1 . T . teos division multiplex division multiplex
/ . . Tx
o '_; \ Tx A source
LED2 - K s 1
LTIV | VLCS3 [ VLCframeatfl | VLC frameatfi | =
1L\
1"\ VLCS3 | HR ﬂ;’n":m high | high | VLCframe | HR | - VLPS3 VP sgmalate
: VP VLC 82 VLC frameatfl | VLC frameatfl | -
| VLCSZ | HR | high | oo, | high | VLCframe | HR | -
{ . sig VLP 82 VLP signal atf3 ...
! / Terminal '
T VLCST| HR | high | high ,ULP” VLC frame | HR | «we VLC S1 VLC frameatfl | VLC frameatfl | -----
signa
Z. Zhou, M. Kavehrad, P. Deng, Indoor | ,» VLPS1 VLPsignalatf2 ...
positioning algorithm using light-emitting 0 Time _
diode visible light communications. Time
Optical Engineering, 2012. J. Chen and X. You, Visible light positioning and communication

cooperative systems, ICOCN, 2017
O Use TDM and FDM protocols to distinguish signals: at least three LEDs
® For TDM, signals are transmitted at different time slots

® For FDM, signals are transmitted in different frequency bands

® Require additional time or frequency resources
@

Cannot be applied in scenarios with limited LED numbers



Proposed CSI|-Based VLP Model

CSI: channel state information

® Due to the reflection of the mirror,
two LEDs (T1 and T2) generate two
virtual images (T1’and T2')

® T1 and T2 are turned on alternately
based on TDM for VLC

® Two mixed signals containing real
---»— and virtual signals will arrive at the
receiver, respectively

® At receiver end, four transmission

distance of real and virtual signals
Z. Liu, X. You*, J. Chen, C. Yu, Two-LED indoor visible light

positioning method based on channel estimation with a mirror, can be Obtalned from CSI
ACP, 2019

O With two LEDs, we can realize positioning, overcoming the limitation of
using at least three LEDs for conventional trilateration algorithms

10
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48

Estimation of Transmission Distance

x10® FDTF from LEDito R

Channel impulse response (CIR):

hi(t) — Hi_real(0)5(t) + Hi_image(o)‘s(t - Ati)

43 Frequency-domain transfer function (FDTF):
‘L’W IH (ﬂlmax i reaf(o) ¥ Hi_fmage:-(o) 4 Y ( )
Q:qll\Himlmin i_reaf(o) . Hi_fmaget;o) |H l (f )I - |H i_real(o) apl o i_image(o)e
AT
/| %7’%} r. I Channel DC gains of real and virtual signals:
f e, 5
// T 7:-=1/(2At}g§5¢ H _ | H; (f)lmax B |Hi(f)|min
all 1 Pl | i_image(o) = 5
H; + |H; :
Hl'_real(()) - I l(f)lmax 2 | 1(f)|mm
10 20 30 40 50 Transmission distance of real and virtual signals:
Frequency (MHz)

2nfAt = km (k is integer)

7 = (m + 1)A,cos™(P)Ts(P)g(@) cos()
o ani_real(O)

o j (m + 1A, cos™ (T (Y )g (") cos ()

ZRHi_image (0)
11



Block Diagram of CSlI-Based VLP System

Time . :
) slot 1| gD Trar]smltted Repelved channel | EDTE
Switchy 75 B ol ﬁg&,ﬁa’ sigd estimation | H1(f) |G
i \ S1(t) ri(t)
OFDM . .
bl ‘: ! Trilateration
\ ] i i
Wi LEDz+TraS?gsgftedm. Rgi‘;e,;‘;fd Channe! . INEIR 1
_Tli”t“; T2 s2(f) channel ra(t estimation | H2(f)
slo

O By estimating the CSI under OFDM transmission, the FDTFs each light

path can be calculated

O In each time slot, the transmission distance of real and virtual signals can
be obtained, and then be used to realize positioning

O With the proposed CSl-based VLP scheme, we can implement VLP using
a VLC system with only two LEDs

12



Y-coordinate (m)

Simulation Results
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that about 90% of positioning

error is less than 10 cm
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Proposed 3D OWP and Orienteering Scheme

L Z O Two line lasers as transmitters
Line laser

(Tx1 and Tx2) in the ceiling

Tx2 O Tx1 (x4, ¥4, Z4) is steered
along X-axis, and Tx2 (xp, Yo,
Z,,) is steered along Y-axis

O A pair of photo-detectors (PD1

~~._ Height
and PD2) mounted on the
PD1 PD2 "~ )
V receiver (Rx) terminal in the
/\
~N o
\,e'i\g\“ y receiving plane
O PD1 (x4, ¥4 Z4) and PD2 (x.,,
X. You, Z. Liu, M. Gao, et al., Indoor three-dimensional optical i
wireless positioning and orienteering using steerable line Lasers, y r2 2’2) e fElCIﬂg upwards,

AGF, 2020 and their distance is fixed at /

We can not only achieve 3D positioning, but also get terminal orientation,



Proposed 3D OWP and Orienteering Scheme

(b)Z, (©)ya
Tx1 PD2f'!
3 2 Line | y/ ; A~ 2
Side view ne asegr:) a Top view /@ Rx
f,f ] (’.:/
| Quantification of a|Broadcast data| Plane B; ./ “pp1
y& F /.
180°/2N¢ = D2
) T TX2 l, g
Line laser g SIx1 ®
= ) o
[Quantification of BBroadcast datal /Orientation
. - /) angle@
X y z@/ "X

PD1 is within the intersection line of Planes a, and S, :

| £, (%, +2, cotal)]/(—cotaf =| P1—(¥2 + 2,2 00t B,) ]/ (—cotB)=2
PD2 is within the intersection line of Planes a, and (3, :

|:x (%, +2, cot az)]/(—cotag): I:j:'rz —(y,?_ +z,cot 3, :I/ —cotfB,)=2,

s letZ,1=2.,=h

(cot%—cotal)z(h—z ) +((:0t,£7’2 cotﬁl) (h— )2=I2

15



Simulation Results

+ Real Iocatlon _ O __E_stimated location 0.16 . ! . . ' . ' ] 50

—oe— Error in X-axis 145 'g‘;‘
—>—Error in Y-axis =
—&— Error in Z-axis i 4.0 5
—s— Error in XY-plane 8.8 o
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--¥r-- Error of orientation angle | =
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O A total of around 95% 3D positioning errors are less than 6.01 cm

O When/=2.5cm and N, =12, the mean 3D positioning error is 14.94 cm and

the mean orientation error is 5.33°
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Proposed 3D VLP System

(dy? = (%1 = 22)? + Ors = ye2)? + (1 — 20)? (1)

dy’ = (Br1— x12)? + Pr1 — ¥12)* + (Br1 — 2:2)? (2)
J d3® = (B2 — x1)? + Frz — ye1)? + (rz — 201)? (3)
dy? = (B — x:2)% + Prz = Ye2)? + Grz — 212)? (4)
‘!2 — (frz - f1*"1)2 + (frz _ 5}7‘1)2 + (érz - 21'1)2 (5)
L Zyy = Zr1(6)

X. Yang, Z. Jiang, X. You™, et al., A 3D visible light positioning and orienteering
scheme using two LEDs and a pair of photo-detectors, ACP, 2021

O Two LEDs as transmitters in the ceiling: LED1 (X4, Y4, Zq) , LED2 (X0, Yo, Zo)
O A receiver contains a pair of PDs: PD1 (X4, Y1, Z41) , PD2 (X5, Vi2, Z2)

O The distance between PD1 and PD2 is fixed at /

O PD1 and PD2 are at the same height

We can not only achieve 3D VLP, but also get terminal orientation 17



Solving Method
Step 1: Subtract between (1) and (2) , (3) and (4)

di® = &1 — %)%+ Gr1 — ¥21)? + Gy — 21)? ()
(Rr1 = x2)° + Fr1 = ¥e2)* + Gy — 212)* (2)
d3® = (Bry — %01)% + Prz — Ye1)? + Gz — 211)? (3)
(Rrz — xe2)% + Prz — ¥e2)? + (2 — 212)° (4)

O Equations 1 to 4 represent spheres
O After equation 1 minus equation 2, we can obtain a plane equation P,
O PD1 is located on the intersection circle K, of plane P, and sphere LED1

0 The centers and radius of the circles can be obtained:

w; w; Wiy
Ki(a;, b, ci) = (xtl + (X2 — xtﬂf:ytl + Ve2 — J/ti)f,zm + (242 — 241) Tl)l =1,2(7)

R; = Jdlz — w2, i=1,2 (8)
w; : the distance between LED1 to Plane P; (i= 1, 2) L : the distance between LED1 and LED2. 18



Solving Method

Step 2: Carry out coordinate transformation and inverse transformation

{lz = (frz o f1"1)2 + (ﬁrz o ?rl)z : 3 (érz T frl)z (5)
Zyy = Zr1(6)

O Transform XYZ-coordinate system into X'Y’'Z'-coordinate system
O Transform X'Y'Z'-coordinate system into cylindrical coordinate system

{ ®, — P, = +arccosM ,(9) calculate the value of &, ®,

B(R,sin®, — R, sin®;) = —yS , (10) >

M= (R24R,2+S*—P)/(2R\R,),S=Va? + b% + ¢% , = —/(a% + b2) /S,y =c/S, a = ay,—a,, b= b,~b,, c = c;—¢,

O Carry out coordinate inverse transformation twice to get the coordinate of PDs

(f?‘ll ??‘1! Zhr]_)! = (ﬁ'x, ey, ez)(Rl COS (pl " R]_ sin (pl 4 0)‘F + (al, bl! Cl)’ 3 (11—)
(21"21 yTZJ 2?’2)’ = (ex, ey, ez)(Rz COS (‘DZ " Rz sin (pz ,S)' =+ (al, b1, Cl), > (1-2) 19



Solving Method

Step 3: Exclude redundant solutions to get the real solution

I Constraint Constraint ViL
i | 7z | lé.le L£D2
condition 1Z‘r/'|L'E‘,Dl LEDZ / |condition 2,/1 |
B | | | e/ | AESSERETEPNT
' I -I ' /6', .
e ad VT
/ 7 3
3, fj‘PD [*~epD2 |/ SO0 I_’D_Z__ 17
.r;.f _________ 4 /

O Constraint condition 1: exclude two solutions above the ceiling
O Constraint condition 2: obtain the real solution on one side of LEDs
0 The coordinate of the VLP terminal is estimated as:

[(-frl P f'rz)/z; (j}rl ) 5;?“2)/2: (21"1 ¥ ﬁ‘:‘2)/2]
O At the same time, the azimuthal angle of the VLP terminal is estimated as:

n = sign(yr, — yr1) arccos [(frz = i\rl)/\/(frl - £r2)2+(?r1 - ?‘rz)z]
20



CDFs of Positioning and Orientation Errors

1.0 - Tl SO, A S S — S i 1 A N 10F  i—srm— — = ————e
R - - — / / » - -
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004.,',' / = = =l = AL] I o [y = == =01 Ml
2 Jo . / i ..: - =
T e [=02m|| 045 oo- 1=02m
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Positioning error (m) Error of orientation (degree)

O When!/is0.1m, 0.2m, 0.5m and 1 m, around 90% of 3D positioning errors
are less than 30.6 , 14.6 , 5.8 and 3.0 cm, respectively
O When/is0.1m, 0.2m, 0.5 m and 1 m, around 90% of orientation errors are

less than4.1° ,2.0° ,0.8° and 0.4° , respectively 51
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Location-Based Channel Modelling

channel impulse response:

'\-—LE.D
Piotar (f) =Dy ps (’) + fyros (f) = Z w; [Hr,Los (0) o (f — T, 105 ) ‘*’I

i=1

+0

2 4; x1os (Tf,.-‘.'.r.os )5 (f —dT, o5 )}

T; NLOS

frequency domain transfer function: ‘
- -
Hi o (f ) = z W; [H i,LOS (0) exXp (‘j 27 /7, 105 )"’ L @ 4; nros (z':..w.os )exp (‘f 27 fdt, 05 )]
i=] iNLOS

frequency domain transfer function for LOS: '

Nic:
H (f) » HLOS(f) - Z w,H, 1o (Q)CXP(—fzn'frr,Los)

=1
\2-’-‘:9 w,(m+1)azcos” (4,)T, (Bj)g(ﬁj)cos(t?j)exp[—jZ?TfD,-] 0<8 <y
— =1 ZFDE C i e

0.6, >y, ‘
Use coordinates to describe VLC channel:

' LED ‘ H
2 2 2 v Side
D, = \/(xr: %) +(Pu=%) *(2e=2) ; Transmitter
; @ Near Centre M Near Corner
g2 A 'Receiver
. ¢, = arccos D )’ Orientation
\ i = :\ +
{ s . . \ I
Wiz ¥l Uiy, A SN
6, = arccos M ’ “%p, 3M \:\ !
' [vanlllvol RS
| \MVzn Vo 5 g
. L i <ALy
X. You, J. Chen, C. Yu, Performance of location-based equalization for X \ ; SN ==
OFDM indoor visible light communications, IEEE Transactions on Cognitive Yy ‘,-"'

Communications and Networking, 2019.



Variable Channel Condition for Mobile VLC

il

— llluminance: Received Power:
T . lﬁan,Ds . ‘ Hiumsinance [1x]
C D 20 f
3 1 e [
E =
- Al ﬁ
. N i
lighting equipment A B

(LED light)

o I 2 3 4 5
x [m]

T. Komine et al., IEEE Transactions on Consumer Electronics, 2004

O The layout of LED sources is usually discrete and fixed
O The spatial distribution of light intensity is not uniform
O The user terminal usually moves or changes orientations

O The received power, SNR and channel response will also fluctuate

dmax for PAM2

L2

. dmax for PAM4

S
NN
Y

NERYNL Y
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Proposed Location-Aware TDHM

Spectral Location 1, Terminal Location 2,
efficiency  Orientation 1, M Orientation 2,
A (Bright) (Dark)
A A
4 b1 \
Format 1,
D1% Format 2, Format 2,
1-D1% ***| D% Format3, |[ee°
1-D,% .
0 < > < >
Frame structure 1 Frame structure 2

X. You, Z. Liu, J. Chen, et al., Indoor three-dimensional optical wireless positioning and orienteering using
steerable line Lasers, ACP, 2020

O Through time domain hybrid modulation (TDHM), two different
modulation formats are transmitted alternately

O Average SE is adjusted according to the condition of mobile channel

O As long as the average BER in each frame is lower than the FEC

threshold required, the system capacity can be improved
25



Block Diagram

Hz‘,!os (O; T;’ R’O) ' 6(’ _T:'.Ios )

h(r T R 0) "LZE:D Constraint conditions:
ok g )= 8 S| e BER threshold, pulse
i=1 +j‘r - A.r'_n.’ox (Tf_ufos ’ 7; E R’ 0) ) 6(f - drf.nfas ) rate’ ...... p
v
P (T R 0) Terminal moving state:
SNR(T,R,O] = i A Sl location, orientation, | SNR, BER estimation
' P .. (T.,R,0)+N(T,R,0) speed, direction, ......
v v
— Parameter optimization:
BER o (T, R,0)< BER, Look-up table B format, order, ratio of
_— mixture, frame, ......
v
System capacity
improved

O VLC channel mainly depends on the geometrical relationship between
transmitters and a receiver

O The mobile channel impulse response is based on terminal moving state:

® Transmitters’ coordinates (T;: (X, Vi Z4))

® Receiver coordinates (R: (x,, ¥, Z,))

® Receiver orientation like azimuthal/polar angles (O: (a, B))



Comparison of Capacity within Receiving Plane

R,= 50 MHz

200
1180
160
140
120
100

ot ied J T N TS e AT e
e e ) [ LS |

O At (4, 4, 0.85), the maximum data rate can increase from 150 Mbps
(only PAM8) to 197 Mbps (hybrid PAM8+PAM16)

27



Conventional Schemes against Multi-path

O Inherent multiple transmitters and indoor reflections - 1SI
T. Komine, et al., 2009
Adaptive e
S o N
equalization " o eed TS
in SC: e Long convergence
o 12 ST gy % time
G samples from the end of the symbol are G samples from the end of the symbol are
OFDM: T (’.)“'x.«'-l(f) appended to the beginning of the symbol appended to the beginning of the symbol
Lol oowoms | T o]  owoms | ] -9 Need TS or pilot
J. Armstrong, 2009 X (#)s (1), (i) xy o (1) xy, (7) (i +1) -, (4 1)xy (i 41)
i-th OFDM symbol (i+1)-th OFDM symbol 9

Time 2 = g
£
gl 8D )
. PS Characteristics o

GPS Inapplicable in indoor environments

RF-ID, Cellular, Widely adopted but limited: low accuracy,
WLAN, ...... electromagnetic interference, low security

Visible light A hot area: high accuracy, energy efficiency, low cost,
positioning (VLP) and simple implementation

It is easy for a mobile VLC Rx terminal to obtain its indoor location



Proposed Location-based Equalization (LBE) Concept

S() wmmm) How() )  Aow()' ) S

e e e —I \4\ | | Photo- Elec'tnc?l - Signal '
|| Signal ™ Multiple AN detector Equalization Demodulation
| |Modulation LEDs | | T
| . (Xr,yr,Zr)
| Multi-path |
L WX | ehannel || Indoor | | Obtain Rx R
| Positioning Location X

X. You, J. Chen, C. Yu, Performance of location-based equalization

Heterogeneous Network for OFDM indoor visible light communications, IEEE Transactions
on Cognitive Communications and Networking, 2019

VLP, RF Positioning,
assive Positioning, -

VLC Location based value-added service
v Information

Data
4@ at Terminal

OVLC become a location-




LBE for OFDM

Transmitter:

Source . OFDM

Receiver:

ARk Demapping |«
Bits pping Demodulation<—I

O Implementation schemes of LBE:

1. Based on the line-of-
sight (LOS) CIR:

2. Based on the distance: H,.,(f)= I/HD (f)= /[ Z D

3. Based on look-up table
(LOS+non-LOS):

HZF3 (f) i l/Hforaf(f)

DC-bias or Multiple
Modulation [ | P/A[] Clipping | °| LEDs
Ittt T T === |
: Indoor :
! Positioning ! V\
o
OFDM iLocation-based, . Photo-
. Equalization ."_ o il detector
Lo
HZF](f): I/st (f)
& 1 —j27 fD,
——5 exp
i=1 i c



FDTF & BER Improvement

m 2
T o
E @
4t -
A Rx is
FDTF L located at
Amplitude: 5%
mplitude: %]
=
5ol ~ (a) near
O -16 | —— Hroral(f) ~ "
%-18- ----- HLos(f) Centre,
E_zn —— Hﬂ{f} " L M -1 I " . L . i 3 T 1 1 s L .
G 0 100 _ 200 300 400 500 O 100 _ 200 300 400 500 O 100 _ 200 300 400 500 (b) side:
z Frequency (MHz) Frequency (MHz) Frequency (MHz) ’
5
1"[3) . i ' 'I'D{b} T T T T 1.5 © T T T (c) near
5 1.0 1.0
g corner
= 0.5 0.5
('8
FDTF :
w 0.0 0.0 :
Phase: 5
g -0.5F -0.5
m
=
Q.10 -1.0
1.5 L " -1.0 - - - - -1.5 - . .
0 100 200 300 400 500 0 100 200 300 400 500 o0 100 200 300 400 500
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O Location-based equalizer can match with real channel

O Adopting LBE can achieve BER improvement effectively 31



Spectrum Sensing for Cognitive VLC

Freguency

O PU: primary user

O SU: secondary user

L
?

Time
T. Yucek and H. Arslan, A survey of spectrum sensing algorithms for cognitive radio applications, IEEE
Communications Surveys & Tutorials, 2009
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Z. Jiang, X. You*, C. Xiong, G. Shen, and B. Mukherjee, Collaborative spectrum sensing for cognitive
visible light communications, Optics Express, 2021
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Proposed Location-Aware Spectrum Sensing

Please see the paper to be published, thanks!

Z. Jiang, X. You*, G. Shen, and B. Mukherjee, Location-aware spectrum sensing for cognitive visible light
communications over multipath channels, submitted, 2021
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Summary

O 3D VLP and orienteering

O VLC can assist VLP

O VLP can assist VLC

O Coexisting VLC and VLP

O Coexisting RF and VLC

O How will location information play an important role in VLC?

OO0 What's more .....
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Some Issues

O White light illumination

O LEDs with ideal Lambertian radiation pattern
O Data source

O Turn off the lights / uplink

[0 Mobility

O killer application and potential users

OO0 What's more .....
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Thank you for your attention !

36



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36

