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Abstract In the multiple-input multiple-output (MIMO ) visible light communication (VLC ) system, the effect of
multipath can not be ignored specially at high bit rates. A modeling method for indoor multipath channel in VLC-
MIMO system is proposed when there is the time dispersion at transmitter. A modeling method for indoor multipath
channel in VLC-MIMO is proposed. Because the orthogonal frequency division multiplex (OFDM ) can effectively
resist inter-symbol-interference (ISI), the MIMO-asymmetrically clipped optical (ACO)-OFDM system is proposed by
combing ACO-OFDM and MIMO techniques. The impulse response of each pair of LED and photoelectric detector
(PD) is calculated by using recursive method. Then considering that the link between the centroid of LED and PD
array is the equivalent line of sight (LLOS) link, the multipath channel is established. The analysis results indicate
that the gain of multipath channel is large and the multipath interference is weak when the PD arrays are at the center
of the room, while the signal attenuation is large and the multipath interference is strong when the PD arrays are in
a corner. The Monte Carlo bit-error-ratio (BER ) simulation of MIMO-ACO-OFDM system are derived and modeled
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during both zero-forcing (ZF ) and minimum mean square error (MMSE ) signal detection. The BER performance
degrades as the modulation order increases. When the modulation order is less than 64, the BER performance of ZF is
worse than that of MMSE and the performance difference between ZF and MMSE decreases as the SNR increases.
When the semi-angle at half power of LED becomes small, it has a better performance at the center of the room due
to the strong beam convergence. Moreover, when the field of view (FOV ) of LED becomes small, it has a better
performance at the center of the room due to the decreased multipath interference, although the received power
remains the same.

Key words optical communications; multiple input multiple output; asymmetrically-clipped optical orthogonal

frequency division multiplexing; multipath fading channel
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Fig. 2 Schematic of multipath fading channel model
,LED s PD , VLC-MIMO LED PD
s LED PD LOS ,
LED PD LOS ( PD ) LOS s
LED PD LOS s LED PD
R LOS To=dgr/c, n, LED n, PD
h — [h«n h(l) h<2> .. h”’”w”fl) :lT7 (14)
rr po o
"I‘SP‘FTO sl W o
DTh® 35S, JR, ) de. [=0
RO - ! k=0 ‘ r (15)
et DT ey & °
J Eh(“(l‘;s,, aR” )dtv 1:152""91471 o —1
IT ey =0 ! r ot
1 1 h 510?71‘ ’
. 1 2 2
h (@Y y . ° . PD ’
I‘n oy 2 b ’1471 n
3 MIMO-ACO-OFDM
(SM) ,LED s MIMO-ACO-OFDM
3 o b b b
MH Herimitian ,ex ,sd MIMO .
3 MIMO-ACO-OFDM
Fig. 3 Diagram of MIMO-ACO-OFDM system in VLC
3.1 MIMO-ACO-OFDM

(S/P)

Ny , ACO-OFDM

0706005—5



N LED , n, R M
(MQAM) X, (n), E[|X, G |*]=1. ACO-OFDM :
X,,t(n) , XMH'“( (Hermitian) y
N T
X sttt = [o X, (0 0 X, () - X, (5— 1) 0 X (7 — 1) 0 - X (o)} . (16)
t t t t 4 t 4 t
()~ N (IFFT) , s
« N
XMH,,,l(n):XMH,,,l(N*n) . O<71<?o (17)
MIMO-ACO-OFDM (N+lb M) /4 bits/(s « Hz),
)(MH.Ht N-IFFT ’ -"711-'1-"1‘.11l
-’Cn-‘F’r.nl :FHXMH.nl ) (18)
()" .F NXN
1 1 1 1
1 w w’ !
1 )
F = 1 wz w4 s wZ(Nfl) s (19)
VN |,
1 N INTD L (NTDNED
L 2wy . ..
w=exp<*] ﬁ) =+ 1, XMH_,,t Hermitian , IFFT X 1EET.,
, (N>64),
X IFFT ., (k ;71) IFFT XMH.,,‘ (n) k JCIFFT.,,l (k) .
1 j2mnk
LIFFT.n (ksm) :ﬁXMH.nl(H )QXP<JT(T) ’ (20)
N 1 j2mtnk
ZIFFT.0, (k + 5 ) :ﬁXMH.”t (n)exp (J ]Ti]n ) exp(jnn) , @D
F=0,1,2,,N/2—1,n=0,1,2,+-,N—1, n ,XMH,,,l(n):O,
N
XL IFFT.n (k) — — X IFFT.n (k + *) ° (22)
t 1 2
(22) s X IFFT.n, ° X IFFT ., ’
x.ﬁ\(‘,().nl ’ L
1
L ACO.n, (k) = ?1'1”"1‘.”‘ (k) + 7 lip (k) (23)
naip (k) o X IFFT.0, XMH.ul o
’ 1'11717"[,,,((/8) XMH.“‘(T’Z) :
1 — 2xkn
XMH"H(”) 7ﬁkZSIIFFT.”‘(k)eXP<T> —
1 & — j2nk N —i2n(k + N/2)
- E {1‘1[“[7’1‘,”t (k)eXp<%) + IIFFT.”l (k + ?) exp[ Jém ];’7_ / 7’1} +
v N E=0oT1RRT 0 (k) 20
1 s { — 2nkn N —i2x(k+ N/2)n
- 2 _IH:FT,,,l(k)eXp - +.T1FFT_,,l k + - exp[ :|
VAN EZ0T 1m0 <0 < N ) ( 2 ) N
24)
, exp(—jnm)=—1,(24) 2

0706005—6



1 ,

Xy () =2 [ j k) (_jz"k")+ Zf
MH. (1) = —— L IFFT.n CXpP\—
VN R=0T B R 0 () =0 N £

=0T BT 0 () <0

IAC().nl(k)
1 Sl — j2mkn
Xaco, (1) :ﬁkzm 2 me-"r.,,l(/e)exp(JTK)JF

IFFT.n (k) =0

1 & N —i2n(k + N/2 1
= 2 IIFFT.r:‘(k —l—;) exp[ Jém Zj]— / )77}:§XMH,7,t(n)o
VN F=0 TR 0 ) <0
(26) s )
xAC().,u‘ (P/S) ’ (CP) ISI
(D/A) II‘ED'”t ([) n, LED ° NT LED

P =N1E [, J= N1 [ 2f,

IFFT.n,

2

Oo xIFFT,nt sf (x)=

1/ ( 5 )
P exp| — -
IFFT .0, oo/ 2n Zo‘é

E.=(yP,0)%,
Y s ’ y=1A/W,

LED B Nyquist , LED
MIMO-ACO-OFDM R=(NBgplb M) /2 bit/s,
3.2 MIMO-ACO-OFDM

N LED ,
, n, PD

VLC-MIMO

NT
Yo O =y D3, 0 () @ xipp., (0 +n, (1),

x IFFT . (k ) exp (7

(l)dl :NTO'O/\/ 27‘[ s

ul:l
~ 247
n, (t) , AWGNE |
r
Ny, vy (D) A/D S/P CpP, CP
r
29 ,
NT
Yo =7 §:h71 u, ® xLEI).nl+nn s
71\:1
X LED.n Y N s n, sh, .,
t r r r t
) @, .= @, =2 (2 &%)
h' noan O h”r'””r\”‘ h ”r'”’{! " h”r’”l h”r'”l
(€D () (I -D 3 2
Rl Rl 0 B e Wl hal
t r ot t r t t
(L —1) (L —2)
B e B e e, 0 0 0
—~ Tt 't rot
o, = 0 B LD h O 0 0
2 oan L ‘0 an n_an
T t T t T t
(L —2) (L —3)
0 0 h, h, e, 0
r t T t T t
(L —1) (L —2)
0 0 R Nt T

Tt ' rot

0706005—7

)} (25)

(26)

@27

(28)

1/C2B )™

29

300

h, ..
ot

3D



Yo, N FFT

NT NT NT
Y., =7 D Fh, ¥, + Ny =5 D H, L X, +7 D H, o N, N, (32)
”1:1 711:1 ”1:1
I\Tclip.nl N”r ’ o H”r'”l =
Ffz,,r,,llFH n, LED n, PD , NXN . H,. G
n Mm=0,1,2,+,N—1, , Y,,r P
N /4 .
Yo =[Y., (D Y, (3 Y, () = Y, (N2—=D]", (33)
)’ NT
Y, (m) =?2H7,r_7,‘(m>XMH_”‘(m> + N, Gn)ym =13, ,N/2—1, (34)
n =1
. (34) . MIMO
. LED , MIMO
o PD ch.n b b ]\7/4
MIMO , m

Y= [YCX_I (m) Yeao(m) Y ,Gm) - Yex,NR(m)J T_

Hl,l(ﬂ’l) Hl.z(ﬂ’l) b HI,NT(m) )(1 [(}’)1*1)/2] Nl(m)
Y H,,(m) H,,(m) H e (m) X, [(m—1)/2] N, (m)
z +
2 . . . . .

HNR.l (m) H;\'R,z (m) HNR.NT (m) Xs\w- [(m — 1)/2] NNR (m)

H,,X[(nm—1/2]+NGn), (35)
m=1.3.++.N/2—1.H.,, m MIMO X [n—1)/2] LED
(m—1)/2 MQAM SN Gm) PD m o
, W, ., R
ZF  MMSE o
ZF H., ,
Wiew = (Ha H ) Hi, (36)
(et Wy, N1t XNy o m 7F n, LED
X, [tn—1/2]
sz\ (%) =W [ne: Wa, =X, [On —1D/2]4+ W, [n: INGrO 37
W 1] m 7F n, . ZF
) , ZF . MMSE
) . MMSE
Wunse.n = (HY ,Hy.,, + N HY, (38)
1 Nt X N+ R m MMSE n, LED X,,‘

[(m—1)/2]

. m—1
XMMSE.N‘ <T> =Whmst. I:n[ ’ ::IY>(1./11 :WVIVISE,W [711 ’ :]H>(l.m [: 7nl:|Xul [(m - 1)/2] +

NT

E WMMSE-HII:”!’::IHSCI-UI[:’i:IXI [(77’1 _1)/2:|+WMMSE-,UI|:77‘7::|N(7n)7 (39)

i=1.i%nt

0706005—8



W nMSE. m [n, ’ :] m MMSE ¢ yH g, [: ,i] m

2 °
MIMO MQAM ; )
. MQAM BER (25]
Pb_m\Mzz(w\j_1> rf{ Spw] (40)
VM1b M 2(M — 1)
erfcC +) s Isar , MQAM
, ) BER
E, AWGN N, ) .
ZF s m MQAM sz,,,‘ [(m—1)/2]
m— 1 4rE,
FZF.”‘< 2 ):YzN?I‘ [ Wop[nes s JIIPNG S “b
MMSE , m  MQAM XMMSE,ut [(m—1)/2] (G
P, (m 2— 1) _ - AnE [ Wamseow (705 s JH g Lo : ] (42)
LR IDN Z ‘WMMSE.m [771 ’ ::IHsd.m [: ,i] ‘ 2 4 }/ZN'ZI‘ H WuMSE. m [771 s :] H *No»
i:1~i¢11t
. .m=1,3,-,N/2—1,
ZF  MMSE TI'sw (40) n, LED (m—1)/2 MQAM
Pl,,,,t[(mfl)/Zj, BER ,
41 & m—1
Py= NN~ ”,:1,321\_2711)‘“”[<T> ° (43)
4
) VLC-MIMO , MIMO-ACO-OFDM Monte Carlo
, o N 6 .6 .4 m, 4
3.5m LED ,LED drx=1m , o' .
0.85m, 4 PD dpp=0.1 m ,
o' . 0.1 m , 1 .
LED 50 MHz, Nyquist , LED 10 ns,
T, =5 ns IS1%, LOS
90%. ; LOS . 4 PD
(3,3,0.85) (0.5,0.5,0.85) , 4 LED(S,) 1 PD(R) o
. PD . hi) IR . ;
PD , , o
1
Table 1 Simulation parameters
Parameter Value
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Detector physical area of a PD Ay /cm? 1
Reflectivity of wall p, 0.8
Reflectivity area of small region AA /m? 0.01
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