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LED Selection and MAP Detection for
Generalized LED Index Modulation
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Abstract—In this letter, we propose light-emitting diode (LED)
selection that can be applied not only to the conventional
multiple-input multiple-output (MIMOQO) case but also to a larger
MIMO configuration of a generalized LED index modula-
tion (GLIM) system with optical orthogonal frequency division
multiplexing in visible light communication. Moreover, we derive
an implementation of the maximum a posteriori (MAP) detector
when the number of LEDs is an even number larger than four.
Simulation results show that the performance of MAP and LED
selection is better than other detection algorithms for larger even
numbers of LEDs and conventional GLIM for 4 x 4 transmission,
respectively.

Index Terms— Visible light communication, MIMO-OFDM,
index modulation, LED selection.

I. INTRODUCTION

ISIBLE light communication (VLC) which utilizes opti-

cal wireless communication technology via high-power
and high-speed modulated light-emitting diodes (LEDs) as the
transmitters and photo detectors (PDs) as the receivers has the
advantages of a high transmission rate, energy preservation,
and secure data communication [1]. As an emerging technol-
ogy, there have been many studies on multiple-input multiple-
output VLC (MIMO-VLC) systems, including both theoretical
analysis and experimental demonstrations [2], [3].

MIMO-based VLC schemes significantly suffer from per-
formance degradation because indoor optical wireless channels
have a strong correlation [3]. There are efforts to decorrelate
the channels which include altering the angle of PDs [4]-[6],
using imaging lens and a detector array [2], or power allocation
between transmitters [3].

Lately, orthogonal frequency division multiplexing (OFDM)
with its high spectral efficiency and robustness to channel
impairments has been frequently used in optical wire-
less communications [7] such as DC-biased optical OFDM
(DCO-OFDM) [8] and asymmetrically clipped optical OFDM
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(ACO-OFDM) [9]. These schemes also have trade-offs among
various parameters that are related to system performance
such as power efficiency, data rate, and number of the OFDM
sub-carriers.

Furthermore, optical spatial modulation (OSM) in VLC
exploits the spatial domain as a solution to reduce inter-
ferences between transmitters [10]. Non-DC-biased OFDM
(NDC-OFDM) in [11] was proposed to transmit positive
and negative signals separately without DC bias while non-
Hermitian symmetry OFDM (NHS-OFDM) in [12] required
DC bias to transmit real and image parts of signals by
two LEDs. Recently, the GLIM and extended GLIM tech-
niques for 4 x 4 MIMO-based OFDM systems were proposed
in [13] and [14] to overcome the need for Hermitian symme-
try or DC bias, which are generally demanded for OFDM-
based VLC systems. Performance of the 4 x 4 case was
presented in [14]. However, a generalization of the results
in [14] to a larger number of LEDs was not discussed and
application of the GLIM in [14] to larger number of LEDs
system showed worse performance.

In this letter, we expand GLIM to even numbers of LEDs
larger than four, and derive a MAP-based demodulation algo-
rithm at the receiver. We also propose LED selection to
decorrelate MIMO channels for performance enhancement.
The LED selection technique can be applied to the 4 x4 GLIM
case with various channels for channel decorrelation, and show
better decorrelation performance when the number of LEDs is
larger than four. Simulation results show that when the number
of LEDs increases, the proposed system achieves much better
performance than the original GLIM system.

II. PROPOSED GLIM SYSTEM

We introduce the system model of the proposed GLIM
scheme based on the original GLIM system [14], which
focuses on MIMO transmission nt X ngr where nt and ng
are number of LEDs and PDs, respectively. The general
explanation of LED selection for large numbers of LEDs will
be discussed in the next subsection.

A. System Model

The proposed system model in Fig. 1 has multiple LEDs
and PDs. Let nT and ng be the number of LEDs and PDs,
respectively, where nt is assumed to be an even number
for GLIM. Let the vector z be the transmitted signal from
the ny LEDs at time k, written as z = [z1---2,;]7. The
time-domain OFDM signals x; in xt, [ = 1,---, N are
separated into their real and imaginary parts as x; = x;r +
jxi,1 and converted into a time domain signal vector as
t = [X1R, X1, X2,R, X2 - - - ,xN,R,xN,I] . Then, the ‘P/S’
box chooses nt/2 elements in t in consecutive order as
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Fig. 1. System model of proposed GLIM with LED selection.
(a) (b)
Fig. 2. LED selection in 4 x 4 transmission. (a) C; with s; = {1, 2},

s7 = {3,4}. (b) C; with s = {1,3}, 50 = {2, 4}.

[tk,tk+1,...,tk+nT/2,1].TheindexkiS in the set {1, nt/2+1,
nt+1,...}. Let sgn(a) be

sen(a) = 1, ifa>0

M= 1 ifa <o.

The real signal #;4; after ‘+/—" box can be transmitted as

sgn(tg4i—1)+1
l+=g+tk+z—1, 4 =

The signals tl+ and f; with [ = 1,2,--- ,n71/2 can be
mapped to z. Let the LED set L be {1,2,--- ,nt}. Then nt/2
signals can be transmitted through nt/2 sets of s1, - - - , Spp/2,
which are subsets of L. Moreover, the sets si,---,Sup/2
are mutually exclusive and collectively exhaustive. Each of
the vectors si, - - - , s, ,2 Will represent the signals {t;r, IS
I =1,2,---,nt/2. For example, if s; = {1, 3}, so = {2, 4},
s3=1{5,7},and s4 = {6,8}, then z; = t;, 2o = 1], z3 = 1,
w=t,5=1t],26=1;,27=1],and zg =1, .

The signal z is transmitted over the nt X ngr optical
MIMO channel as y = Hz + n, where y = [y, -, Yurls
is the received signal. The signal z contains the electrical
signals obtained from PDs, and the real-valued additive white
Gaussian noise n whose elements are distributed as N'(0, ¢2).

sgn(fr—1) — 1
1k i-1-

N9}

B. LED Selection in GLIM

The LED selection technique is used to improve the per-
formance of the GLIM system with the MAP detector which
is affected by the correlation between LEDs. In particular,
a candidate C; is a map of the signals to LEDs. In the 4 x 4
case [14], C; = {s1,s2} with sy = {1,2} and s, = {(3,4}.
Another candidate for 4 x 4 LED selection is s; = {1, 3} and
s> = {2,4} shown in Fig. 2. Let H; be an ng x nt channel
matrix corresponding to C;. Then active channel matrix H',
with size ngr xnt/2 is a sub-matrix of H; for j =1, ..., 2n/2)
which depends on active LEDs to transmit the signal.

When transmitted through a number of LEDs, the per-
formance of the system heavily depends on the SNR and
correlation of the channel, as this determines the condition
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of the MIMO channel. For convenience, the first signal tfr
is allocated to the first LED. Then, the first element satisfies
s1(1) = 1. Moreover, because of the symmetric position of
the LEDs, the number of selections can be reduced. The
correlation of the channel as the selection of one LED affects
the receiving performance of GLIM according to two factors:
a) The correlation between a couple of active-inactive LEDs
channel h,, h;, which are the a-th and b-th column in H,
measured by the cosine between them [15] defined as

h/’h,
COS(h 9hh) = aia (1)
‘ g || [Ihy ]|
where ||.|| denotes the / - norm and b) the condition number
between active channel columns c(H’j) [16], defined as
c(H)) = Fmax )
Amin

where Amax and Apin are the maximum and minimum singular
values of the channel matrix, respectively. An algorithm to
jointly optimize two terms will first remove candidates mostly
impacted by an incorrect active decision, then select the
candidate that can give the best channel capacity. These steps
are described in Algorithm 1.

Algorithm 1 Algorithm for nt x nr LED Selection
Input: Channel matrix H
Output: Optimal channel H
1: generate set @ = {#1, 6> ...} which includes all LED pairs
O =1{1,2},0, ={1,3},0; = {1,4}, ...
. calculate f; = cos(6;) with ¢, € ®
:set w = max ()
:if t; = @ then ® = O — {6;}
: from ® generate U = {Cy, C; ...} of all candidate C;
: for C,‘ e Udo
generate active set V; = {

i i
Hl,...,HznT/z}

® N W oA W

set 4; = max c(H;.)
H'jEV,'
9: end for
10: set Cgelection = arg min(;)
Cl‘EU
11: return HOP' corresponding to Cselection

C. MAP Detection

Among the three detection algorithms, e.g., zero-
forcing (ZF), minimum mean-square error (MMSE) and
MAP, MAP is considered here, since its performance
provides the best performance improvement [14]. Meanwhile,
the MAP detection in [14] is focused on the 4 x 4 case and
requires a complex mathematical representation with a higher
dimensional system such as 8, 16, or more LEDs.

To employ MAP for more complex systems, we derive
a representation of the solution that can be used in any
GLIM system. The flat fading channel [1]-[11], [13], [14]
is considered in this letter. For generality, take a VLC system

with an nT x nr channel matrix H = [h1 hy ... hnT], where
I =1,...,nT is the [-th column of H, the received signal is

nt/2
y:Hz—l—n:Z:1

nt/2 o=

(hs 1yt +hg)17) +n

3)
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Fig. 3. Position for 8 x 8 GLIM scenario. (a) LED position. (b) PD position.

where 7 = |f| and hlq) is either hg(1y or hg (), [

]
Shy s

into account the clipped Gaussian distribution of the transmit-
ted signal as the prior information [14], the conditional MAP
estimation of t can be obtained in a fashion similar to [14], as

1,...,nt/2. For a given set ® = {h?,.. },by taking

t = argrr{linMMAP(h(D,,...,h(pnT/z,t_l,...,t_nT/z,)
1)
= argmin [y — Holo 1?4+ 202 Jt] %), “)
0}

T _
t_,?;/z:l and Hep = I:hq:.1 .. 'hq)"T/Z:I is one

of 2"7/2 matrix candidates of size ng xnt/2 and corresponding
to the set @. Differentiating the second part of (4) with respect
to tgp and equating it to zero, the solution for tg is

to = Aoy, (5)

where Agp = (I?IZI;I:Iq) + 203)1)711:15). Let vector [a]T denote
that each element in [a]T calculated as max (0, a;) where
a; is the i-th element in a. Then, due to positive value
condition of light intensity, we need to take tp = [f¢]+
After calculation of the MAP estimates for all cases of ® and
considering all possible active LED scenarios, the conditional
MAP estimator of the GLIM-OFDM scheme decides on the
most likely active LEDs by calculating the MAP estimation
metric given for all scenarios. The unconditional estimates of
fi,1=1,...,n7/2 is

where tp = [t_fb .

(t, ®) = argmin MM*P(ho,, ... ho, .71, .. Tagj2),  (6)

to

where 7, = fl(D. By precalculating the values of Ag for all
cases of the set ® beforehand and storing them at the receiver,
the demodulation procedure is presented in Algorithm 2.

III. NUMERICAL RESULTS

We consider an 8 x 8 GLIM system arranged in a square
shape as in Fig. 3, where one side of the square of the
LEDs is 4 meters and the corresponding side for PDs is
1 meter. Ideally identical LEDs and PDs [3], [4], [6], [8],
[14] in this simulation are considered to be compared with
referenced systems. Moreover, the effects of bandwidth lim-
itation and nonlinearity of LED are not considered. We also
assume that the transmission is perfectly synchronized. The
cyclic prefix (CP) length is set to 8 with inverse fast Fourier
transform (IFFT) size of 256. The transmitter uses OFDM
with symbols from the 4QAM, 8QAM, or 16QAM mappings,
and the receiver uses the MAP, ZF [14], or MMSE [16].

10 : "
20 25 30 35 40 45 50 55

SNR(dB)

Fig. 4. Performance comparison of the 8 x 8 GLIM with MAP, ZF and
MMSE demodulators.
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Fig. 5. Performance comparison of the 8 x 8 GLIM with other modulation

schemes.

Algorithm 2 MAP Estimation for nt x ng GLIM
Input: Channel matrix H
Output: Estimated signal t
Initialization :
1: Generate all matrices Hp = [hq;l ... ho

nT/2] of size nr x

nt/2 corresponding to the set ®@ by selecting nt/2 columns
of channel matrix H
Calculate matrices Ag for all cases of ®
LOOP Process
2: for Hep do
3. Calculate tp = [Aq>y]+ for @ from equation (5)
4 Calculate t, H*%"® from equation (6)
5: end for
6: return t

Spectral efficiencies of 4QAM, 8QAM, and 16QAM for 4 x 4
transmission are 2, 3, and 4 bits/s/Hz, respectively, which is
the same with [14]. Spectral efficiencies of 4QAM, 8QAM,
and 16QAM for 8 x 8 transmission are 4, 6, and 8 bit/s/Hz,
respectively.

Fig. 4 shows that the bit error rate (BER) performance of
the ZF and MMSE detectors which are the same for high SNR.
Meanwhile, the MAP detector still gives the best performance
compared with the others, as in the 4 x 4 case [14].

In Fig. 5 we compare the performance of GLIM with three
reference systems for 8 x § MIMO-OFDM VLC transmission.
To ensure fairness, reference schemes transmit same num-
ber of bits/s/Hz. ‘P-NDC-OFDM’, ‘V-BLAST-ACO-OFDM’,
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