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Abstract—Visible light communication (VLC) is a promising
and eco-friendly complementary technology to the existing
radio frequency (RF) based communication system. However,
the performance of VLC based system is limited by dispersive
characteristics of the VLC channel, and restricted modulation
bandwidth of light emitting diode (LED). To mitigate the ISI,
orthogonal time frequency space (OTFS) modulation is
proposed in the literature. However, it has been found that the
performance analysis of OTFS over multipath VLC channels
has not been investigated. This paper investigates the
performance of OTFS over static multipath channels for the
VLC system. Simulations performed over the standardized
IEEE 802.15.7 VLC channel indicate that OTFS with message
passing detector delivers an approximate 6 dB SNR gain at
BER of 10~? over the conventional orthogonal frequency
division multiplexing (OFDM) scheme with minimum mean
square error (MMSE) based detector.

Index Terms—VLC, Message Passing detector, OTFS, OFDM,
BER.

I. INTRODUCTION

Visible light communication (VLC) [1] is a green, secure
and low-cost complementary technology to the current radio
frequency (RF) based communication system. Visible light
spectrum offers huge, unregulated and available bandwidth,
without electromagnetic interference (EMI) required for the
next generation wireless communication system [2]. In VLC,
transmission of information symbols is realized via
modulating the luminous intensity of a light emitting diode
(LED) in accordance to the applied input signal. Widely
deployed LEDs play a dual role of illumination and
communication. Optical signal received at the receiver is
transformed to the electrical domain by the photodiode.

Although promising, performance of a VLC system is
limited due to multipaths between receiver and transmitter,
which results in inter-symbol-interference (ISI) [3].
Although, many traditional modulation schemes have been
implemented in VLC such as pulse position modulation
(PPM) [4], on-off keying modulation (OOK) [5], pulse
amplitude modulation (PAM) [6]. However, it is difficult to
combat ISI due to multipath effects in these modulation
schemes, and they also do not support high modulation
formats which is not desirable for optimum utilization of
available spectrum [7]. To enhance the spectrum, carrier-less
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amplitude and phase quadrature amplitude modulation
(CAP-QAM) scheme is proposed for VLC [8, 9].

To mitigate ISI, various predistorters have been proposed
in the literature [3, 10, 11]. Post distortion methods which
are complementary to predistorters are also proposed in
[12, 13, 14]. To optimize the available spectrum, use of
multiplexing technique like optical-orthogonal frequency
division multiplexing (O-OFDM) has been proposed in the
literature for VLC [15]. Asymmetrically clipped O-OFDM
(ACO-OFDM) and DC-biased O-OFDM (DCO-OFDM) are
the most noted O-OFDM schemes [16, 17]. However,
ACO-OFDM is less spectrally efficient as compared to
DCO-OFDM [18]. Although DCO-OFDM provides better
spectral gain and lower ISI but receiver complexity increases
due to multipath [14]. To mitigate ISI, recently a low
complexity generalized orthogonal time frequency space
(OTFS) modulation scheme has been proposed in the
literature [19, 20, 21].

The OTFS waveform is quasi-periodic which is localized
in both time and frequency domain, and hence it is invariant
to channel condition [19]. In OTFS, the information symbols
are mapped into delay-Doppler domain to resolve the delay
and Doppler shift of multipath dynamic wireless channel.
These information symbols are then mapped to
time-frequency domain similar to OFDM. Due to this
mapping, all the transmitted information symbols observe
uniform channel gain [19]. In [19], OTFS was compared
with traditional OFDM technique with packet error rate
(PER) and bit error rate (BER) as the performance analysis
metric. In [22], error performance and diversity analysis is
performed without biorthogonality assumption. Removing
biorthogonality assumption causes extra phase shifts in the
transmitted signals and reduces the diversity. In [22],
precoding is done to increase diversity. Interference
cancellation using OTFS for both rectangular waveforms and
ideal pulse waveforms is done in [23]. Novel discrete-time
analysis of OFDM-based OTFS transceiver is proposed in
[24]. Using single cyclic prefix overhead can be significantly
reduced as is done in [25]. In [21], extensive investigation on
the performance over static multipath channels is done. In
[26], G.D. Surabhi et. al. presented a proper analysis of
diversity achieved by OTFS modulation. However, the
performance of OTFS has been limited for RF and
millimeter wave based communication systems. The
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Fig. 1. Block diagram of the considered system model.

performance of a multipath VLC system is limited due to

h = [ho, h1,..

.hp_1]T. The received information signal by

high delay spread [27]. To enhance the performance, OTFS
can be used in VLC system for channels with high delay
spread [28]. To the best of author’s knowledge, and from the
literature survey, performance analysis of OTFS is not
inquired for VLC.

In this paper, for the first time in the literature,
performance of OTFS over static multipath VLC channels is
analyzed. Simulations performed over realistic dispersive
VLC channel indicate that OTFS gives better BER
performance over conventional OFDM scheme. Remainder
of the paper is organized as follows: The considered system
model is described in Section II. OTFS modulation scheme
and message passing (MP) detection algorithm for VLC is
described in Section III. Simulation results are given in
Section IV. Lastly Section V concludes the paper.

Notations: Scalars, vectors, and matrices are denoted
respectively, as a, a, and A. a; and A;; represent the ith
element of vector a and (i, ;)" element of matrix A. The
set of matrices with dimension K x L having each entry
from the complex plane is denoted by CHX*E.  Let
A = circ[Ay,...,Ap_1] € CELXKL represent the circulant
matrix.

II. SYSTEM MODEL

Block diagram of the considered system model is given in
Fig. 1. Number of symbols and number of sub-carriers are
assumed respectively as K and L such that, number of
symbols transmitted per frame is N; equal to K L. Let
x € CN+*1 be transmitted QAM symbols. First, (2D) inverse
symplectic fast Fourier transform (ISFFT) is applied on input
QAM modulated vector x followed by Heisenberg transform
on X, where X is a matrix of dimension X € CX*L formed
by ISFFT of the input vector x.

Before transmission, cyclic prefix (CP) of length (P — 1)
is appended to the result of Heisenberg transform X, where
P is the number of channel paths. After OTFS modulation
and adding CP, symbols are transmitted through LED. The
output is sent over VLC channel h. Static multipath channel
is implied as one with zero Doppler multipaths and P delay
multipaths. The channel is represented as

the photodiode (after discarding the CP) can be written as
r=Hx+w (D

where H = circ|hg, h1,...,hp_1,0,...,0] € CNs*Ns i5 the
circulant matrix, and w € CM<*1 is the additive i.i.d. white
Gaussian noise (AWGN) whose i entry is defined as w; ~

CN(0,0?).

ho hi hp_1 -+ 0
hy hy --- 0 < hy
H:
hp_1
: 0 : : : :
0 ho - o0

Similarly, at the receiver, OTFS demodulation is done in two
steps. First received symbols are mapped in time-frequency
domain using Wigner transform and then to delay-Doppler
domain in second step using SFFT. Therefore, the input—output
relation of the considered system model in the information
domain i.e. delay-Doppler domain can be equated as:

y=H"x+Ww ()

where y € CN+*! is the received symbol in delay-Doppler
domain, H*" € CN+*Ns is the effective channel matrix , x €
CNs*1 ig the transmitted QAM symbols and, w is the noise
which has the same statistical properties of w. The received
vector y is passed through MP detector to compute X.

III. OTFS wiTH MP DETECTOR FOR VLC

In this Section, OTFS modulation and demodulation
scheme employed in the delay-Doppler domain is described.
First we will explain the delay-Doppler representation and
the various transformations involved. Next, we describe MP
detection algorithm in subsection III(A). As given in [19],
we can map an arbitrary function in time domain, frequency
domain or delay-Doppler domain. These three representation
can be interchanged by means of Fourier transform and Zac
transform as shown in Fig. 1. Fourier transform can be
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computed with the help of two Zac transforms such that,
FT = Z; x Zf_l. Signals mapped in the delay-Doppler
domain are represented as ¢(7,v), where v and T are
respectively the variables in Doppler and delay domain. Let
7 and v, denote the delay and Doppler period, such that
v, = 1. Thus, conversion from delay-Doppler to time and
frequency domain is performed using Zac transforms Z; and
Zy respectively as [19],

20 = | g v)du,
e 3)
7;(9) = /0 =921 §(r, fdr

Instead of using Zac transformation, conversion to time
domain from delay-Doppler domain can also be done in a
less complex way using the following two steps: (1)
delay-Doppler domain to time-frequency domain, (2)
time-frequency domain to time domain. The first
transformation from delay-Doppler domain to time-frequency
domain is realised through 2D ISFFT and the second
transformation from time-frequency domain to time domain
is through Heisenberg transform.

The channel impulse response in delay-Doppler domain
denoted by h(r,v) is defined as

P
h(r,v) = Z hio (T — 7)6(v — v;) 4

where v;, 7;, h; are Doppler shift, delay and channel gain
respectively, for i*" cluster and P is the number of channel
path. At the transmitter, QAM symbols x;; are mapped in
delay-Doppler domain. Using ISFFT, these symbols are
mapped in the time-frequency domain X,, ,,,, and then using
Heisenberg transform to time domain for transmitting X(t)
through LED.

K—-1L-1
iop(ml_nk
Xn,m = E § X, k€ 72 (% =) (5)
=0 k=0

K—-1L-1
R(t) =YY Xyl D (4T (6)

m=0 n=0

where t,(t) is the transmitted pulse. If ¢,(¢) is a rectangular
pulse then Heisenberg transform in (6) reduces to inverse

discrete Fourier transform (IDFT). Therefore, the received
signal at the photodiode can be written as

r(t) = //h(T’ V)X(t — 7)e??™ T drd. @)

Similarly, at the receiver, the symbols received in time
domain r(t) are mapped back to time-frequency domain
Y, by applying Wigner transform, and then to
delay-Doppler domain y;; by applying SFFT on Y, .
Sampling of time-frequency domain is done respectively at
intervals 7" and Af to obtain a 2D lattice A = (nT, mAf),
where n=0,...,.L—1, m=0,..., K — 1.

Y = / r(r)r (7 —

where 7, is the received pulse. t, and r, are ideal pulses i.e.
they follows biorthogonality property.

Arpa, = [ (i = eI

t)e_ﬂ”f(t_ﬂdT (8)

9
A"'zytz :O
A+, is the cross ambiguity function.
| LoiE-d
_jom(ml_nk
Vi = e SN Y e EE) (o)

n=0 m=0
In time-frequency domain, input-output relation can be written
as

Yn,m = Hn,an,m + Wn,m (11)

where W, ,,, is AWGN. Channel in time-frequency domain
H,, ,, is computed as

Hn = / / h(T, ,U)ej27rvnTe—j27r(’u+mAf)7'd,Ud7_ (12)
TJu

and X,, ,, forn=0,...,L—-1and m =0,...,K —1is the
transmitted symbol in a single packet. A single packet is of
duration LT and bandwidth of KAf. After OTFS
demodulation, the information symbols are passed through
MP detector for estimating the transmitted symbols and
denoted as X. The symbols estimated are then compared
with the input information symbols x to calculate BER.

A. Message passing detection algorithm for OTFS

In this Subsection, the MP detection algorithm for VLC is
described. The effective channel matrix H*" in (2) is sparse
[23]. Hence in this paper, MP detection algorithm is
implemented in VLC as it has the benefit of inherent channel
sparsity [23]. For a channel of P paths, total number of
non-zero elements out of Ny in each row and column of H*
would be S, where S < P. Let U; and V. be the sets of
position of non-zero values, in the d** row and ¢ column
of H*", respectively such that |[Uy| = |V.| = S.

Based on (2), we have modeled our system as a sparse
factor graph. There are N, variable nodes corresponding to x.
Similarly, corresponding to y, there are [N, observation nodes.
In the factor graph shown in Fig. 3, the observation node y, is
connected to the set of variable nodes {x., ¢ € Uy;}. Similarly,
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the variable node x. is connected to the set of observation
nodes {yq,d € V.}.

The joint maximum a posteriori probability (MAP)
detection rule for the estimation of the transmitted
information symbols from the received symbols is defined as

%= arg max Pr(x|y, H"),

13)

Symbol-by-symbol MAP detection rule is considered for 0 <
c< KL-1,

X, = arg max Pr(x. = a;|y, H")
a; €A ’
1 b - (14)
= argmax o t(y|x. = aj, H")
Assume that, the probability of transmitting all the information
symbols x. € A is same. Also, y and x. are independent of
each other due to the sparsity of the channel H*".
X, ~ argmax H Pr(ye|xc = aj, H") (15)
eGV

In MP, mean and variance of the interference-plus-noise terms
(0d4c) are transmitted as messages from observation nodes yg4
for d € J. to variable nodes x. for each ¢ =0,..., Ny — 1.
The probability mass function of the alphabets in A is defined
as:

Ped = {Pedlaj)la; € A} (16)
The steps in Algorithm 1 are detailed below. First initialize
the iteration index ¢ = 1 and P2, = IT{\ forc={0,...,N; —
1} and d € V.. Then, messages are passed to the variable
nodes x. from the observation nodes y,. Thus, the message

Algorithm 1 MP algorithm for detection of OTFS symbols

% Input:

y (signal vector received) and H*" (effective channel matrix)

% Initialization:

Choose probability mass function (pmf) pg)i) = ﬁ for ¢ =

{07...,N571} and d € Ve, imaz = O

% Computation:

fori=1;i < O;i++
o Compute means

(1) (o) of
interference-plus-noise term in,c using Pc(é_l) and pass
them through observation nodes to variable nodes as
messages. 4

e Variable node update Pc(;) using the message received
and pass it to observation node.

e Update the decision on the
transmitted.

¢ increment 7.

and variances

information symbol

end for
% Output:
X (signal vector detected).

passed has a Gaussian probability density function (pdf) which
is computed as

Va = Z xC(Hm)d}c +w
ecUy
— Xc Heff d . + Z Heff + W (]7)

e€Uq,e#c
eff
= XC(H )d,c + Qdc

where g4, is the interference- plus noise term and (H*"), . is
the element in d** row and c* column of H*'. As the
considered noise is Gaussian, g4, can also be approximated
as a Gaussian random variable with mean and variance
denoted by /'Léc) , and (o ())2 respectively. The transmitted
symbols are presumed to be i.i.d. and independent of noise.
Variable nodes send messages to the observation nodes. The
new message obtained from x. to y4 carries the pmf vector
PC(;) defined as:

i A (i i—1

Fi)(a;) = A~ Bl (a)) + (1= 1) - P V(). (18)

where A € (0, 1] is defined as the damping factor.
Pag) o T Priyelxe =ap, HY),  (19)

e€V.,e

Final decision on the transmitted symbols is thus,

&c:argmgﬁpc(aj), ce{0,..., KL -1} (20)
where

pe(aj) = [ velxe = a;, HT). Q1)

ecV.



IV. SIMULATION RESULTS

In this Section, we provide simulation results to illustrate
the performance of OTFS modulation scheme for
standardized IEEE 802.15.7 VLC channel models [29].
Three scenarios have been considered in this work: (1)
home, (2) open office environment and, (3) open office with
cubicles environment as in IEEE 802.15.7 standard. Home
environment experiences root mean square (RMS) delay
spread and average DC gain of 9.24 ns, and 2.61 x 1074,
respectively [29]. In open office environment, the RMS delay
spread and average DC gain are 15.27 ns, and 8.13 x 1074,
respectively [29]. For open office with cubicles, RMS delay
spread and average DC gain are 12.68 ns, and 7.51 x 10~*
and modulation is done using 16-QAM and 32-QAM. In all
the simulations, we have considered K = 128 and
Ny = 1024. At the receiver, low complexity MP detection
algorithm is used. It is assumed that perfect channel state
information (CSI) is available at the receiver.

TABLE I
SIMULATION PARAMETERS
Parameters Specifications
Number of symbols transmitted per frame (Ns) 1024
Number of subcarriers (K) 128
Modulation alphabet 16-QAM,
32-QAM

_3 L
10 OTFS: 16-QAM
iOTFs: 32-QAM
—=~ OFDM: 16-QAM
—©~ OFDM: 32-QAM

5 10 15 20 25

SNR [dB]

107

Fig. 4. BER performance of OTFS and OFDM for home environment

Fig. 4 compares the BER performance for OTFS and OFDM
for home environment using 16-QAM and 32-QAM. It can be
observed from Fig. 4 that OTFS delivers a gain of 6-7 dB
at BER of 10~* for both 16-QAM and 32-QAM as all the
symbols in OTFS experience uniform channel gain.

The BER performance for OFDM and OTFS for open office
environment is shown in Fig. 5 for 16-QAM and 32-QAM. As
inferred from Fig. 5, OTFS delivers a gain of 6-7 dB at BER
of 10~* for both 16-QAM and 32-QAM as the channel gain
is uniform for all the symbols in OTFS.
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Fig. 5. BER performance of OTFS and OFDM for open office environment
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Fig. 6. BER performance of OTFS and OFDM for open office with cubicles
environment

In Fig. 6, we present the BER performance for OFDM
and OTFS for open office with cubicles environment for
16-QAM and 32-QAM. We observe that, OTFS delivers a
gain of 6-7 dB at BER of 10~% for both 16-QAM and
32-QAM. OTFS performs better than OFDM as all the
symbols in OTFS experiences uniform channel gain.

V. CONCLUSION

In this paper, the performance analysis of OTFS is
explored for visible light communication for static multipath
channels. Furthermore, a MP based algorithm is employed
for VLC for detection of transmitted symbols. Simulations
are performed for standardized IEEE 802.15.7 VLC channel
models. Simulations indicates that OTFS with MP detector
performs better than OFDM with MMSE detector, which
confirms that OTFS is a promising solution for practical
deployments of VLC systems for beyond 5G and 6G based
communication systems.
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