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The Royal Swedish Academy of Sciences has decided to a

2014 NOBEL PRIZE IN PHYSICS

Isamu Akasaki, Hiroshi Amano
and ShUJl Nakamura

“for the invention of efficient blue light-emitting diodes which has enabled bright and en

Cisco Annual Internet Report (2018-2023) White Paper.

Cisco Visual Networking Index: Global Mobile Data Traffic Forecast Update, 2017-2022.
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Input bits
&

Bit splitter

= Sebblock = DPE {116 |PAC| - LED}HPD] ADC| FFT | FDE =3 Subblock 1 i3
_ R} [ RO e RS | SR R TT] | TR e
----------------- “ -----------------.
E Subblockg 8 N=4,k=1 N=4,k=3 = | | Subblock g
i | Index i E 2 : = 3 T = = | '
Wi i _.‘i‘ Index bits|Index| Subblocks [Index bits/Index| Subblocks = Subblock
= |2 [0 0] 1| [5a000] [ [00] |123 ][50 505001 | o
mapper | | E [0 1] 2 [05,,00] [01] | 124|501 52 0 5.4 =
P J— 7 [10] 3 | [00s,0] [1O] | 134|501 0 5.5 5.4] r
=3 Subblock c [11] 4 | [000s,] [ [11] |2,34][05.2 Ses Ses % Subblock G =
L '

Principle of IM/DD VLC using OFDM-IM

Assuming selecting k out N subcarrier for IM with M-QAM constellation,

C. Chen*, etal.,

SE,\ =

Llog,

(C(N.k))] + k log,

(M)

N

m OFDM-IM can be more power efficient than OFDM
m OFDM-IM can achieve a finer-grained SE, such as 1.5 bits/s/Hz

Bit combiner

!

Output bits

“Experimental demonstration of optical OFDM with subcarrier index modulation for IM/DD VLC,” ACP, 2019.
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—_— Subblock 1 =
o Subblock g §
pibItS : In-phase index selector !
pcbits | [ 1-QAM QL
: mapper E separator — Y 1
y bits ) % 'i
Po T — Quadrature index selector — J i
| e e e S H

R Subblock G —

OFDM block creator

Subblock splitter

|""“""""“"“""""“"“""“""""""‘.‘_}
— Subblock 1 =
Y
i Subblock g E
: In-phase —
i LLR detector ;
10 M-QAM | | |
| separator xj demapper | 1
|| Quadrature ;
i LLR detector —
1R .""""""""'""""?—é
— Subblock (7 =
O

Assuming selecting k out N subcarrier for parallel IM with M-QAM constellation,

SEqm =

Qliogs (CN. )P+ k logs (M)

N

OFDM-QIM can transmit double index bits than OFDM-IM

F. Ahmed, Y. G. Nie, C. Chen*, et al., “DFT-spread OFDM with quadrature index modulation for practical VLC systems,” Optics Express, 2021.
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bbis) 5 | pebits | [ 4-0AM - SENZLE Elelsl s 1Q — T roamll |
- i mapper separator § K : = *;‘ —>3 5% f: — 2 M % separator j demapper , E ~
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—1 Quadrature index selector [z | = = | & 7] LLR detector
@) — o N
_________________________________________ o o e e e
w x
e, -~ & S S
m— S i 9.'2*3!?&!‘.9 ______________ K *Sbb'kG:
(a) DFT-S-OFDM-QIM transmitter (b) DFT-S-OFDM-QIM receiver

Low-complexity near-optimal log-likelihood ratio (LLR) detection is used:

I
Re(y )\ (M 1
I ‘ .17 , ,
Ay = In(k) — In(N - k) N In E exp (—h—Fﬂ|Re(_1g‘,;) am‘ )

m=1

Q
Agp =

2 Q
[m(yg.) < 1 2 \
In(k) = In(N — k) + ‘ = ‘ +1In Z exp (—h—f,‘lm{.rgﬂ) - 52 )

0 m=1 0 )

F. Ahmed, Y. G. Nie, C. Chen*, et al., “DFT-spread OFDM with quadrature index modulation for practical VLC systems,” Optics Express, 2021.
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System setup for simulation and experiments:

Table 1. Required M-QAM constellations to achieve a target SE for four

schemes.
Scheme SE=15bits/ssyHZz(N=4.k=1) | SE=2bits/ssHZz(N=4, k=2

OFDM-IM 16-QAM 8-QAM
DFT-S-OFDM-IM 16-QAM 8-QAM
OFDM-QIM 4-QAM 4-QAM
DFT-S-OFDM-QIM 4-QAM 4-QAM

g g.?g______l&?s g 20

sig{alﬁlAWG Bias-T —'()g signal .

Optical power
=

(b)
S ) i -
50 100 150
Current (mA)

0
n
Z-10
7
=
=]
220
]
= (c)

30

0 30 60 90 120
Frequency (MHz)
F. Ahmed, Y. G. Nie, C. Chen*, et al., “DFT-spread OFDM with quadrature index modulation for practical VLC systems,” Optics Express, 2021.
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Simulation results:

SE=15bit/s’Hz(N=4.k=1) SE = 2 bits/s’Hz (N =4. k= 2)
%] -1
10 ; ; ' 10 - ' ;
- - OFDM-IM e - - OFDM-IM
O DFT-S-OFDM-IM TH, - O DFT-S-OFDM-IM
By — OFDM-QIM g — OFDM-QIM |
u O DFT-S-OFDM-QIM © DFT-S-OFDM-QIM
9 = 21 4
107 F n 107 F
% : .................... -3 ...................... ?\ :.. ...... -3 .............................................................................
3L L 2 -3k h\
] 0 . \ﬂ\ ] 10 E h
\ [ \\
| B, . [ | Y
(a) 1 L (b) .
; , _ , A : : : o
10 , , 107
4 6 8 10 12 14 6 8 10 12 14
SNR (dB) SNR (dB)

m OFDM-QIM achieves better BER than OFDM-IM for both k=1, 2
m Alarger SNR gain is obtained for a smaller k

F. Ahmed, Y. G. Nie, C. Chen*, et al., “DFT-spread OFDM with quadrature index modulation for practical VLC systems,” Optics Express, 2021.
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Simulation results:

SE=15bits/s’Hz(N=4k=1)

SE =2bits/s/Hz (N=4,k=2)

10° 10
(b)
107! 1 16
[
=)
@)
&)
102 1 107} )
[ |-+ OFDM-IM LY \, : f |+ OFDM-IM %
|=-=- DFT-S-OFDM-IM \ ] t |===-DFT-S-OFDM-IM v o3
[ |- - OFDM-QIM ‘ | |- - OFDM-QIM &
— DFT-S-OFDM-QIM %k LY —DFT-S-OFDM-QIM v A
3 P f L 1 Tt p 2 ] L ! 3 Y
10~ , . 10™
8 9 10 11 12 13 14 6 8 10 12 14
PAPR (dB) PAPR (dB)

m DFT spreading cannot reduce PAPR for OFDM-IN when k =1
m DFT-S-OFDM-QIM achieves much lower PAPR than DFT-S-OFDM-IM

F. Ahmed, Y. G. Nie, C. Chen*, et al., “DFT-spread OFDM with quadrature index modulation for practical VLC systems,” Optics Express, 2021.
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Experimental results:

SE = 1.5 bits/s/Hz (N = 4,k = 1) SE=2bitss/Hz (N =4,k =2)
1014 ] : - OFDM-IM ' ¢ -u'. 0O |
L & -G DFT-S-OFDM-IM 107l Fi i Dﬁ?‘;"gﬁw ™
e -8 OFDM-QIM . -8 OFDM-QIM
wu . |©-DFT-S-OFDM-QIM| _go---~--~-¢ &

-6-DFT-S-OFDM-QIM

ps 1 2 3 4 5 05 1 2 3 4 5
Vpp (V) Vpp (V)

m DFT-S-OFDM-QIM always achieves the best BER performance
m DFT-S-OFDM-QIM can use a large Vpp, due to its lowest PAPR

F. Ahmed, Y. G. Nie, C. Chen*, et al., “DFT-spread OFDM with quadrature index modulation for practical VLC systems,” Optics Express, 2021.
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Experimental results:
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F. Ahmed, Y. G. Nie, C. Chen*, et al., “DFT-spread OFDM with quadrature index modulation for practical VLC systems,” Optics Express, 2021.
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Experimental results:

SE=15bits/s’Hz(N=4k=1) SE =2bits/s/Hz (N=4,k=2)

BER

-z OFDM-IM I -& OFDM-IM
-@ DFT-S-OFDM-IM |1 107 F -& DFT-S-OFDM-IM
-8~ OFDM-QIM 3 ' -8- OFDM-QIM -
~©-DFT-S-OFDM-QIM| ] -6-DFT-S-OFDM-QIM| |
80 90 100 110 70 80 90 100
Distance (cm) Distance (cm)

m DFT-S-OFDM-QIM always achieves the largest transmission distance
m A larger distance extension is obtained for a smaller k

F. Ahmed, Y. G. Nie, C. Chen*, et al., “DFT-spread OFDM with quadrature index modulation for practical VLC systems,” Optics Express, 2021.
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MIMO{EHaRI =R

LED LED Spatial Multiplexing (SMP)
| LED LED

"~ b @ LED 1
RO O Y SO ................ B2 &) LED 2

L SMP
AAAAAAA ”’ (2) LED 3
User LED 4
Repetition Coding (RC) Spatial Modulation (SM)
@ LED 1 @ @ LED 1
OO® | DA I ey X
RE @ LED 3 @ @ LED 3

OlO

@ LED 4 = - LED 4

T. Fath and H. Haas, “Performance comparison of MIMO techniques for optical wireless communications in indoor environments,” IEEE Trans.
Commun., pp. 733-742, Feb. 2013. XXX
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HHXpLER: (1) DHT-OFDM-based SM

Con. S OFDM mod. H{LED [-——~{pp[ ap 1 H{ OFDM dem. Con.

Vi o
£ mapping K SM V2L ML = demap. =
< { 0FDM mod. { LED [={pp| A 3 ZF [ 0FDM dem. | detection =
= (LED i z
S . . £ £ * :"n £ 4 equ. £ fLED . =
= Spatial | |selection) - /A : ' 3 Spatial =

APy = CA estimation) [ demap. ~
- S OFDM mod. B{LED [*--{PD| A/D | OFDM dem.
Ay . i Xo i
00— o 0 |
Xy E i X i
- s : . §
> M3 2 N-point MRS 13 2N-point IR
= N-poin Adc i ! N-poin y '
N = P/S | D/A L c = P/S | D/A . P
00—y IDFT DC 7 Tsp| 0—24 IDHT pC |7
Ly X+l P Xy+1 |
Mirrored ' |
complex | : '
conjugate | X2y Xang '
(a) DFT-OFDM mod. o (b) DHT-OFDM mod. |

.................................................................................................................................................

@ IDHT/DHT + 1D constellation (i.e., PAM) Self-inverse: DHT and IDHT are the same
€ Hermitian symmetry constraint is not required
€ LED selection can only be performed with respect to all the subcarriers

C. Chen, et al., “DHT-OFDM based spatial modulation for optical wireless communication,” IEEE OGC, 2020. (Best Paper Award)
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HHXpLER: (1) DHT-OFDM-based SM

4.6 I I l I
Ll T
12| 4.4 ~DFT-OFDM, spatial
— +~ DHT-OFDM, spatial
—&-DFT-OFD E\ * DFT-OFDM, constellation
Nio} [Z°-DHT-OFI 4.2 _| - DHT-OFDM, constellation
= - =4 ~DFT-OFDM, overall
> ;
5 g ~DHT-OFDM, overall
o g
z
=
3 2
-
= 6f o 3.8
=
- Z
ot
g 4t x 3.6
& £
W
2/ = 3.4
ot
1 1 E
1 2 3 3.2
3

3 4 5 6
Spectral Efficiency (bits/s/Hz)

A larger SNR gain is achieved for a higher SE

C. Chen, et al., “DHT-OFDM based spatial modulation for optical wireless communication,” IEEE OGC, 2020. (Best Paper Award)
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tBCRkE: (2) Enhanced OFDM-based SM

Principle of FD-OSM using HS-OFDM:

o HS-OFDMmod. P{LEDE-{PD[AD |  H{HS-OFDM dem ]S
Con. || v || Con.
@ map. DGR [ - ] ¥y [ e [ ] ML demap. Z
z ' 2= 2| 5| BrLepf+Hpp{am M zr HH S| = | 8 F detection =
= (Single Tx - = Vi = | = z
= . ¥y equ. (Single Tx &
= . selection) HS-OFDM mod. i : HS-OFDM dem. L . =
Spatial | J , Al , estimation) | Spatial =
map. : : demap.
—3[ HS-OFDM mod. }9 LED [--{PD| A/D P %{HS-OFDM dem.]—9

Spectral efficiency with M-QAM constellation and N, LED transmitters:

MFD-0SM

Hermitian symmetry (HS) constraint !

€ FD-OSM mapping (HS-OFDM mod. selection) in the frequency domain, i.e., subcarrier level

C. Chen, et al., “Enhanced OFDM-based optical spatial modulatioexX IEEE International Conference on Communications (ICC), 2021.
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tBCRkE: (2) Enhanced OFDM-based SM

Principle of TD-OSM using HS-OFDM:

[ S{LEDLPD|AD B P

Con. w| Sle|<|o v | =] = Con.

K map. T E|&la]a — VY ML 2|8 demap. | |

72} - s ~—

£ S\ LED [-++4PD| A/D B zF P detection 2

- HS-OFDM mod. (Single Tx Vi . HS-OFDM dem. -

= . Yy equ. (Single Tx =)

= selection) s A 3 : : . =

e ) AN estimation) ) o

R Spatial P/S i S/P Spatial | |

map. LS LED 1PD| AD B [ demap.

Spectral efficiency with M-QAM constellation and N, LED transmitters:

TITD-0SM 2o (M f+ [log, (V)] -
e — m—

spatial

Doubled spatial bits !

HS constraint !

€ TD-OSM mapping (LED selection) in the time domain

€ Need a secondary DC bias to avoid the loss of spatial information

C. Chen, et al., “Enhanced OFDM-based optical spatial modulation,” IEEE International Conference on Communications (ICC), 2021.
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tBCRkE: (2) Enhanced OFDM-based SM

Principle of our proposed enhanced scheme: TD-OSM using NHS-OFDM (eTD-OSM)

h S s s 3\
g ; (\n 8 SRc,m)I — LED PD| A/D P — SRe,m " E
X Z| = % M X
o o 2 ¥y Modified X ; = dCO{I- |
map. : =<l o] [smm Enhanced | 4 LED |- AD B [y ML - : a | = emap. .
£ d - E|a|= 12-081.“ zx detection adl: 5 é
= X pair equ. . ; > =
2 (__NHS-OFDM mod. | : It’ ) q ITepuir (NHS-OFDM dem. E
selection
~ { 1 iy estimation) | ¢, A N -}
Spatial | €7 \CRe,m s Cim,my {Cre,m s Cim,m} Cr | Spatial
= P/S ; S/P Seman.
p- —{ LED [-—{PD| A/D — p-

Spectral efficiency with M-QAM constellation and N, LED transmitters:

More selections,
more spatial bits !

(loga(C(N¢,2)))

Mg i
T

spatial

neTD-sm = loga (M)

il

constellation

No HS constraint, doubled constellation bits !

€ ¢TD-OSM mapping (LED pair selection) in the time domain

C. Chen, et al., “Enhanced OFDM-based optical spatial modulation,” IEEE International Conference on Communications (ICC), 2021.
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tBCRkE: (2) Enhanced OFDM-based SM

10°

=<}

~
N
=
@
£
6
By
% 1 o,
P 210 :
=4 > _
E y " [-9—FD-OSM, M=64
g ——FD-OSM " |-&-TD-0SM, M=16, p=0
b1 ‘ —=-TD-OSM 10'3 .=+ TD-OSM, M=16, p=0.1 -
22 ——eTD-OSM| | F |-8-TD-0SM, M=16, p=0.2
% ! ] ] | el [ |0 eTD-OSM, M=4, p=0
- |-0- eTD-OSM, M=4, p=0.1
4 16 32 64 " [~e—eTD-OSM, M=4, p=0.2
M 10-4 1 1 1
140 145 150 155 160 165 170
Transmit SNR (dB)

Substantially higher SE for large constellations, 5.5-dB SNR gain

C. Chen, et al., “Enhanced OFDM-based optical spatial modulation,” IEEE International Conference on Communications (ICC), 2021.
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fBXpkER: (3) OFDM-based generalized optical MIMO (GOMIMO)

Spatial Multiplexing (SMP) GSMP
ay, LED 1 @ @ LED 1
' ':52
EE@®m | S eeem | HEHE
SMP @ LED 3 g LED 3
LED 4 'tZ:Itl: LED 4
Spatial Modulation (SM) GSM
@ @ LEI @ @ LED 1
@ @ LED2 :l\V O N ryy
_ SM ' § it . \-‘ E : i :
@ @ LED 3 GSM @ @ LED 3
OO0 LED 4 OO0 LED 4
t2 tl t2 t1

C. Chen, et al., “OFDM-based generalized optical MIMO,” Journal of Lightwave Technology, 2021
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fBXpkER: (3) OFDM-based generalized optical MIMO (GOMIMO)

Principle of OFDM-based FD-GSM and FD-GSMP:

N\ X 2],
’ OFDM OFDM ; ’
C ¢
Con, / ) mod. — VA | LED T — AD —{ dem. | ; MRC Con.
" map. 41 #l #1 m demap. -
.é FD- - : ] i - ZF : ML [t‘]'\. i
g GSM : ' ' ' . . ' det, g
= | | spatial | ¥ OFDM LED [ \PD “% Jorom) | ¥ | Spatial | | S
Spatia mod. | DA = L L AD = dem. L
map. N, #N, #N, BN, demap.
(a) OFDM-based FD-GSM
: X
Con. OFDM OFDM &, | Con,
—y  map. mod, /A Lf D1, ]?.D AD — dem, demap.
#1 i1 #1 #1 il #1
—3 S5/P P/S
w ]
= Con. |[ 7F ML | & | Con. S
== =4 map. i i i i i i demap. —:-‘g_
= #N GSMP equ. det. HN s
= =
|y OFDM , OFDM ¥r | enati
Spatial mod. = /A ILE_[_:: P[_]I — A/D —3 dem, 4 F Spanal
map. \\ ) EN, #N, HN, 4N, demap.
v

(b) OFDM-based FD-GSMP

C. Chen, et al., “OFDM-based generalized optical MIMO,” Journal of Lightwave Technology, 2021
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fBXpkER: (3) OFDM-based generalized optical MIMO (GOMIMO)

Principle of OFDM-based TD-GSM and TD-GSMP:

— X X [51,
) - Fa1 5 . 3 I f 1
Con, R OFDM L) Sec, D/A b LED y F'ID L4 AD b ) ; MRC OFDM ) Con,
- map. mod. De #l #l dem. | |demap. 8
= TD- : - : : ZF ML | [5Iv "
= i : i : =
; GSM equ. det. A ?
— y a 7 ¥r 1 ie O
Spatial D/A o LED VS NPDL S ap | - Spatial
map. #N, #N, demap.
(a) OFDM-based TD-GSM
yaN *; X
Con. | [OFDM] [ Add ! \ = [OFDM] [ Con.
_ : LED PD| | ., l
= map. = mod. (o sec DIA o ) L AD - dem. | demap. -
4 # DC #1 #l i #1
—35/P : : : ; : P/
n

2] - -
= Con. | |OFDM Add | kv | TD- 7F ML | Bx DFxDM Con. 3
=— 3 map. 4 mod. 3 sec - : : : i dem. (4 demap. —Z
o HN #N, DC GSMP equ. det. #N, 4N =
= ; o

Ay ) : Vi "y

Spatial D/A I'..”.) , f[j 4 AD 1 o Spatial

map. \ ) #N, H#N, demap.

v

(b) OFDM-based TD-GSMP

C. Chen, et al., “OFDM-based generalized optical MIMO,” Journal of Lightwave Technology, 2021
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fBXpkER: (3) OFDM-based generalized optical MIMO (GOMIMO)

4 X 4 MIMO with N activated LEDs:

(a) FD-GSM (b) TD-GSM
O N
T 4} =
=2 &
[Rd} :.J. I | 2 I —— N=2] 1
vl ol —8— N=3
) —5— N=4
ﬂ " . " " " {:I i " ke " L
2 4 6 8 10 12 2 4 6 B8 10 12
log, M log, M
(¢) FD-GSMP (d) TD-GSMP
§ ) /./‘} E ‘| C
= Z
£ 4 —— = || e 4] —— =1 ||
e ——N=2 =9 ——N=2
: . —8— =3 I ) 22 N=3 ]
- —E—N=4 —a— N=4
2 4 6 g8 10 2 4 6 8
log M log_ M

C. Chen, et al., “OFDM-based generalized optical MIMO,” Journal of Lightwave Technology, 2021
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tHXRkR:

(3) OFDM-based generalized optical MIMO (GOMIMO)

4 X 4 MIMO with N activated LEDs:

1 O()

(a) 4 x4, FD-GSM/GSMP, 4 bits/s/Hz

(D) 4x4, TD-GSM. 4 bits/s/Hz (C) 4x4, TD-GSMP, 4 bits/s/Hz

10° 100 F—
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——FD-GSMP, N=2 s ol ——=N=2, p=0.4
—8-FD-GSMP, N=3 LS. P Al
» -6-FD-GSMP, N=4 -0 N=3, p=0.2
0 10 2 - k. +N:3, p:04 2
m % |[-o=N=4 10
38%10° AN N v N 000 1 eart\ R . NN 1 Faeeos R oy
5 i
10 10'3 :+ ....... S
....... %
-4 ;
O3 140 145 ' ' 1 : ,
A Sy SR ee i il 1507130 135 140 145 150
PSS (B) Transmitted SNR (dB) Transmitted SNR (dB)
Scenario Optimal technique Minimum SNR
3 bits/s/Hz TD-GSEM, N =3, p=04 133.1 dB
4 bits/s/Hz TD-GSM, N =3, p=04 134.1 dB
Sbhits/s’Hze TD-GSMP. N =3, p=04 138.7 dB

User-centric design for different SEs and user positions

C. Chen, et al., “OFDM-based generalized optical MIMO,” Journal of Lightwave Technology, 2021
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¢ NOMA using SPC/SIC
Error propagation due to imperfect SIC

LED

' 7 LE P
s . i —
: % | '\-”_‘
------------------------------------ G R | e P ¢
:" @ !
v User
© v
User ©
User

4 Precoding to remove multi-user interference

Challenging due to limited dynamic range and eS|
severe nonlinearity of LED
Illustration of downlink
¢ Conventional OFDMA NOMA-VLC
Reduced user bandwidth due to spectrum
partitioning
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HHXEER: (1) MIMO-NOMA-based VLC

SISO-NOMA MIMO-NOMA
LED  LED
LED
| LED % LED
""""""""""""""""""""""" , ..1 ;‘
““““ -" [ = :v:/v L .\I‘\/v
g v User . ACIRN
I taiia
User \= U :
User ser User

' : M+ hain > hiig +heip > -+« > hiik + hai
¢ Sum channel gain-based user sorting Li,1 7 21 11,2 7 21,2 li, K + N2i,K
0i1 <02 <--- <0k

¢ Normalized gain difference power allocation (NGDPA)

pik = (h.n',] + hoi1 — hiige1r — hoikst )kp.ﬁ |
) hii1 4 h2i i.k+

C. Chen, et al., “On the performance of MIMO-NOMA-based visible light communication systems,” IEEE Photonics Technology Letters, 2018.
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tBCEER: (1) MIMO-NOMA-based VLC LED1 LED2
2 X2 MIMO: |
User1 Userk User K
. ,,,,,,,,,,,,,,,,,,  L—— .
R
60 I I I I 1 I I
@ 30
g 55 S
=50 520
= . &o
= @
2 5 =
=4[ CSLED 1, GRPA =10
2 -0-LED 2, GRPA -2 E
=40 |=LED 1, NGDPA - . wn :
P> -0-LED 2, NGDPA 0¢
35 | 1 1 1 1 1 1 1 T 1 1 1 1 1 1 1 |
0.1 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 0.7 08 09 1
Normalized offset, r/R Normalized offset, /R

A larger sum rate gain for K=3 with more distinctive channel conditions

C. Chen, et al., “On the performance of MIMO-NOMA-based visible light communication systems,” IEEE Photonics Technology Letters, 2018.
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tBCRkER: (2) SIC-free NOMA based on CPC/UCD

Non-Gray-coded 8-QAM bn = bab3, by = by
constellation by SPC g
oveeseee-@eeen, TWO-bit difference e TR [ e
000 i 010 100 ¢ 110 000 ! 010 110 ' 100
o : o o : & ® @ a' A
: S i ’ >1
: >1 o | o o ! o
e e i o RUSESE R RS
001 : 011 101 111 . ' :
F'=?
Gray-coded 8-QAM
constellation for CPC
............. Q  ...Only one-bit difference
000 : 010 110: 100
e i o ° : ®
: ' >1
>1
o i o o: o
001 : 011 111: 101

C. Chen, et al., “Flexible-rate SIC-free NOMA for downlink VLC based on constellation partitioning coding,” IEEE WCL, 2019.
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tBCRkER: (2) SIC-free NOMA based on CPC/UCD

Two-user experiments with 45 Mbit/s over 100 cm:

DC | rp Near user.
. N 1 BF APD N
X . ear user
signal | AWG 7 Bias-T ‘l Lo I )' — Rx signal
g (a) MDO
S |, Far user
gljg Rx signal

5 10 15 20
Frequency (MHz)

Experimental setup of the two-user VLC system

C. Chen, et al., “Flexible-rate SIC-free NOMA for downlink VLC based on constellation partitioning coding,” IEEE WCL, 2019.
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tBCRkER: (2) SIC-free NOMA based on CPC/UCD

Two-user experiments with 45 Mbit/s over 100 cm:

&

=

=]

107"
[ |- Near user, SPC/SIC —*—Near user, SPC/SIC -
- |—t+—Far user, SPC/SIC —+—Far user, SPC/SIC 1
" |-8—Near user, CPC/UCD —&—-Near user, CPC/UCD 5
" |-©—Far user, CPC/UCD =©-Far user, CPC/UCD
] ] ] ] 1 10_4 ] ] ] 1 1
1.4 1.6 1.8 2 22 24 2.6 5 6 ” 8 9 10 11
Power allocation ratio, p Power allocation ratio, p
bn = babs, hf = b bp, = bo, f'}f = by by

Effective power allocation ratio range can be substantially extended

C. Chen, et al., “Flexible-rate SIC-free NOMA for downlink VLC based on constellation partitioning coding,” IEEE WCL, 2019.
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fBXBkER: (3) Energy-efficient NOMA for LiFi-loT

LiFi AP
E Visible Ilght LED Bidirectional
@ Visible light PD LiFi-loT
X e\ system
@ Infrared LED LY
: \
& Infrared PD \ \d

User K

Polar axis Ik, k. O%)

User k
User 1 (I 1, 61)
(/1. 11, 61)

€ Energy Consumption

€ Diverse Device QoS Requirements

Power

User 1 User 2
QoS 1 QoS 2

—> Frequency
»,

Time
(a) FDMA/OFDMA

Power
User 1 User 2
e i —>Time
------- T1><T2>
Frequency
(b) TDMA
Frequency

User 1 User 2
QoS 1 QoS 2

—> Power

(c) NOMA

C. Chen, et al., “NOMA for energy-efficient LiFi-enabled bidirectional IoT communication,” IEEE Transactions on Communications, 2021.
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fBXBkER: (3) Energy-efficient NOMA for LiFi-loT

QoS-guaranteed | a4 pd pd QoS-guaranteed u  hU
power allocation K (R'va ? RZ 2 hz 5f 2 l N P ) power allocation é___-( Rz I Rz Tn? hlvf 1,mn ’P )
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: : : domain & ’ ‘ \Plﬂ Inter-pair
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pojpair| . L " i | pair -
s?_n &) inter-pair Simn 5 XD : allocation — x;ln
| : bandwidth * : (FDMA)
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C. Chen, et al., “NOMA for energy-efficient LiFi-enabled bidirectional IoT communication,” IEEE Transactions on Communications, 2021.
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fBXBkER: (3) Energy-efficient NOMA for LiFi-loT

Optimal decoding order:

Proposition 1: The optimal decoding orders for the far and
near users in the i-th user pair in the downlink and uplink
channels of the bidirectional LiFi-IoT system are given by

d . d . . Tur v
05 s = 07, and OF , < OF ,,. respectively.

QoS-guaranteed optimal power allocation:

P P =E P 5
¢ i (g P : b plov _Re (Re =4 T
P = (R R (h?.f)z) = o S (R“"(hi'.n)z (h?.f)“*)
d - Rd Pz | PetiEC pd'OPA = Rd i
i = B )2 > b T
P. ( P
u ~, v = u,OPA __ Tou -
Py = Rz‘.f (h?f)? max EE Piy = RMP (hl.‘f)g
f. i
P. < P
— z .OPA “
p]%lm, - R?R(Rtlf T ]‘) (hu j‘E pli].n - R?n( Ef T 1) (hu )2
1.7 \ 1.1

C. Chen, et al., “NOMA for energy-efficient LiFi-enabled bidirectional IoT communication,” IEEE Transactions on Communications, 2021.
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fBXBkER: (3) Energy-efficient NOMA for LiFi-loT

User pairing: Algorithm 1 Adaptive channel and QoS-based user pairing
Input: hb. R, P..be {du}, k=1,2,--- 2 N
Output: ophnm] user pair Lbom i=1,2,--- N
Step 1: channel-based user pairing

Sort {hi}k:]__g,... 2 ~ in ascending order

Divide the sorted users into G5 and G5*

Obtain U = {GY°(i),GY(i)}. i =1,2,--- N
Calculate PyS . using U and (18)

Step 2: QoS-based user pairing

Sort {Ri}kzl,g__...__g N in descending order
Divide the sorted users into Go9 and G54

. Obtain U9 = {G}9(i) C*bq( ) i=1,2,---,N
- Calculate P28 using U9 and (18)

. Step 3: adaptive selection

forz =11 N do

if pb¢ < pbd

elec.min — * elec.min

¢ Adaptive channel and QoS-based i

user pairing 1 oee

U?-Oﬂt _ Ufb-.q
end if
. end for

4 Channel-based user pairing
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C. Chen, et al., “NOMA for energy-efficient LiFi-enabled bidirectional IoT communication,” IEEE Transactions on Communications, 2021.
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tHXRkR:
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Adaptive channel and QoS-based user pairing outperforms individual channel-based or

QoS-based user pairing, especially for diverse QoS requirements

C. Chen, et al., “NOMA for energy-efficient LiFi-enabled bidirectional IoT communication,” IEEE Transactions on Communications, 2021.
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fBXBkER: (3) Energy-efficient NOMA for LiFi-loT
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The proposed NOMA with OPA achieves the best EE in both downlink and uplink

C. Chen, et al., “NOMA for energy-efficient LiFi-enabled bidirectional IoT communication,” IEEE Transactions on Communications, 2021.
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