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Research on the performance of indoor visible light Non—-DC-
Biased OFDM system based on color/frequency/space three-
dimension resources multiplexing

Deng Lijun, Fan Yangyu
(School of Electronics and Information, Northwestern Polytechnical University, Xi'an 710048, China)

Abstract: In this paper, a novel orthogonal frequency division multiplexing (OFDM)-based indoor visible
light communication (VLC) system was proposed that can provide a high reliability transmission
performance while maintaining ambient light stability by using multicolor LEDs. This solution combines
Spatial Modulation (SM) and Metameric Modulation (MM) with OFDM -VLC communication system.
Along with all of the promising advantages of OFDM, SM and MM, the proposed system will be
applicable for high-speed indoor white communication. Through the simulation results, it is known that
the proposed indoor visible light transmission system has significant advantages over DC —biased Optical
OFDM (DCO-OFDM) and Asymmetrically Clipped Optical OFDM(ACO—-OFDM). Moreover, it is robust
to the nonlinear distortion caused by a large peak-to-average power ratio (PAPR) of OFDM signal in
comparision with other NDC—-OFDM VLC transmission systems, and hardly generate intensity fluctuation.
Key words: indoor visible-light communication; optical OFDM; spatial modulation;
metameric modulation
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0 Introduction

In indoor wireless communication, visible light
communication(VLC) systems has gained a lot of interest
thanks to the wide optical bandwidth that can support
high speed data rates in our daily lives compared to RF
and infrared based systems. VLC is an optical wireless
communication (OWC) technology that can transmit
information through a solid state light source (e.g., LED,
LASER) with its main functionality such as illumination
and visual display. The inherent advantages of VLC is
that it has aesthetically pleasing, an unregulated huge
bandwidth with no electron magnetic interference, no
known health risks, security, and ubiquitous nature (can
be used in RF—prohibited areas such as aircraft, space
shuttles, and hospitals). In addition to the advantages
over RF and IR —based communications, LEDs have
more advantages than other light sources because of their
faster switching time, high efficiency, smaller size,
higher directivity, longer lifetime, and cheaper
transmitter components compared to expensive RF units.
Therefore, with all the advantages of visible light and
LEDs, VLC

technology for indoor wireless communications™".

systems is an attractive, alternative

As LEDs are incoherent light sources, intensity
modulation and direct detection (IM/DD) are used for
data signals transmissions in VLC. The short carrier
wavelength and large-area photo-detector lead to
efficient Spatial Modulation (SM) that prevents fading.
Nevertheless, at high data rates, e.g., beyond 10 Mbps,
transmitted data signals become less immune to
multipath dispersion(MPD),which results from the fact
that data signals are received through line of sight as
well as through reflections from walls and other
objections in the room. MPD in turn causes inter-
symbol interference(ISI) at the receiver™. To overcome
ISI, multicarrier modulation schemes like orthogonal

frequency division multiplexing (OFDM) have been
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proposed for OWC links"™. Optical OFDM(O—-OFDM)
signals designed for IM/DD systems must be real and
non-negative. Two traditional unipolar OFDM schemes,
namely DC —biased optical OFDM (DCO -OFDM),
asymmetrically clipped optical OFDM (ACO-OFDM),
have been proposed for OWC™, In all two schemes,
a real-value OFDM signal is obtained using the

Hermitian symmetry condition. However, the two
schemes use different methods to make the OFDM
signal unipolar, i.e., real and nonnegative. In DCO —
OFDM, a DC bias is added. In ACO —-OFDM data
symbols are allowed only on odd subcarriers. In
addition, the negative parts of the OFDM signal are
clipped off to obtain a unipolar signal. In the existing
literature on optical OFDM with IM/DD, the research
combines above two O—OFDM modulators with Spatial
Modulation (SM) to result in a new method, namely
Non-DC-biased OFDM (NDC-OFDM)™. Compared
to the conventional OSM —OFDM scheme combining
traditional OSM with DCO—-OFDM and ACO-OFDM,
NDC -OFDM solves the DC —bias problem in DCO —
OFDM and has a higher spectral efficiency than ACO—
OFDM. However, NDC -OFDM

conventional OSM —OFDM systems have deficiencies

system and

that can create high fluctuating envelopes which lead

eye-safety problem, device lifetime problem and
undesirable ambient lighting state problem.

In line with the above challenges, in this paper
we propose a multicolor LEDs NDC —OFDM indoor
VLC
from SM(low complexity) and OFDM (ISI resistance).

colored LEDs

transmission scheme inheriting characteristics

Instead of blue with wide-band
phosphors, we choose multicolor LEDs to produce
white light illumination. Since this solution offers the
possibility for wavelength division multiplexing
(WDM) which further increases overall transmission

capacity. Most importantly, by merging Metameric
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Modulation(MM) with Multicolor LEDs NDC-OFDM
system in an appropriate way, it greatly makes high-
color control and

speed data transmission with

maintaining constant perceived ambient lighting is
possible. The new transmission scheme involving color
gamut, frequency domain and spatial modulation three-

dimension visible light resources multiplexing has not

been reported now, the overall structure is explained

in more detail in Section 2.

1 Conventional OSM-OFDM system model

Within this section, DCO —OFDM and ACO -
OFDM systems shown
Section 1.1 and 1.2,

in Fig.1 are described in

and the transmission system
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Fig.1 Block diagram of the conventional OSM—OFDM system

models for conventional OSM—OFDM is described in
Section 1.3 in detail.
1.1 DCO-OFDM

A DCO-OFDM modulator with N subcarrier is
taken into account N, is assumed to be the length of
the OFDM cyclic prefix (CP). The complex data
signal, X=[X,, ---.Xy.l,

fast Fourier transform (IFFT). Denote the IFFT value

is passed through the inverse

of X by x, where x=[x,, ‘--,xy,]. The following IFFT

computation is adopted™.

ZXe'Z’T""’N n=0,---,N-1 (1)
\/ k=0
The corresponding FFT computation is
1 N-1
X= x,e2™ N =0, N—1 2
i 2, 2)

In order to make signal x is real-value not
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complex, the following Hermitian symmetry condition
can be used.
Xo=Xn=0
X=X, 0<k<N/2 3)
Due to the Hermitian symmetry condition in
formula (3), the number of unique data carrying
subcarriers presents in one DCO—-OFDM symbol is N/
2-1 M-QAM symbols. Signal x is then converted
from parallel to serial (P/S), a cyclic prefix (CP) is
appended, the resulting signal is passed through a
digital-to-analog converter (D/A) and an ideal low
pass filter (LPF) to obtain a continuous-time analog
signal x(7). Next, a suitable DC bias is added to x(¢)
and any remaining negative peaks are clipped resulting
in signal xpeo(?) that will be transmitted over the
optical channel. The DC bias level is denoted by Bic
which is relevant to the standard deviation of Bpc'.
Buc=p VE{x(1)} (4)
where p is a proportionality constant, Bpc is defined
as a bias of 10log,,(u’+1)dB.
1.2 ACO-OFDM
In ACO-OFDM, M-QAM symbols are transmitted
on odd subcarriers only, while a bias signal is formed
by the even subcarriers to ensure the transmitted OFDM
signal is non-negative. Assuming that the input complex
signal to IFFT block is X which comparises only odd
-+, Xya]. Also, the

elements of the vector X are constrained to have

components such that X=[0,X,,0,X;,

Hermitian symmetry as defined in formula (3). The
resulting time domain signal, x, is real and has the
antisymmetry property as defined below!:
X,=—Xpn2y OSN<N/2 (5)
The front-end of the ACO—OFDM transmitter is
similar to a DCO—-OFDM transmitter where x is first
serialized and a CP is appended to it. Then x is D/A
converted and sent across an ideal LPF resulting in
the signal, x(). As negative samples cannot be conveyed
in an IM/DD system, x(?) is clipped at zero which results
in the ACO-OFDM signal, xoco(#). Due to the antisymmetry
of x, clipping does not bring any loss of information.
It" s should be noted that one ACO —-OFDM symbol
carriers N/4 M—-QAM symbols instead of N/2—-1 M-

QAM symbols as for DCO-—OFDM.
1.3 Conventional OSM—-OFDM System Model
The conventional OSM —-OFDM system combines
the SM with DCO-OFDM and ACO-OFDM two O-
OFDM schemes. The system model is shown in Fig.1.
Q(k) is an nxm binary matrix that will be transmitted
in one OFDM symbol, where n is the number of
OFDM subcarriers, and m=log,(MN,) is the number of
each OFDM

subchannel for the system uses a QAM constellation

bits that can be transmitted on
diagram of size M and N, transmitters. Bits in the first

column of SM mapping table shown in Fig.1l
represent the LED index, the rest bits on the same
row are converted to complex M—QAM symbols. This
means that if the bit in the firstcolumn is zero, the
M-QAM symbol on this row will be conveyed by the
first LED, whereas the second LED is unactivated. In
the same way, if the bit in the first column equals to
one, the M —QAM symbol

conveyed by the second LED. Simultaneously, the

on this row will be

first LED transmits zero power. Thus, only one LED
is activated at any symbol duration. As a result of SM
and M-QAM mapping, matrix Q(k) is transformed
into another complex matrix X (k) of size N,xn. The
complex matrix elements on each row are regarded as
a row vector X,(k)(t=1,2,---,N,), and the length of the
row vector is the number of OFDM subcarriers n. The
symbols in this row vector X,(k) are the data that will
be transmitted and from the transmitter ¢. Then, each
row vector X,(k) is modulated using an O-OFDM
modulator (e.g., DCO -OFDM, ACO —-OFDM). The
corresponding output O—OFDM signals, x;(#) and x,(7)
will be fit for the optical multiple-input multiple-
output (MIMO) channel transmission. For the analysis
in this paper, it is sufficient to focus on the
transmission of a single OFDM symbol.

Assuming that there is N, PDs at the receiver,
each PD converts optical signals to electrical signal
(e.g., »i(t) and y,(r) in Fig.1). Additive white Gaussian
noise(AWGN) is added to the electrical signals due to
ambient light and thermal noise. It is assumed that the

channel gain is known at the receiver in this paper
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and the detection of transmitted symbols is based on
Zero Force(ZF) principle defined as blow,
(6)

where y’ is an N, dimension vector which is the

y'=H"y

corresponding estimated OFDM symbols sequence, H™
denotes the inverse of the optical MIMO channel

matrix H y,y , and y is N, xn dimension received

matrix. In this paper, both N, and N, are set to two.
After recovering corresponding estimated OFDM
symbols sequence, y' is passed through the conventional
O-OFDM demodulator block resulting in the matrix
Y(k) of size N.xn. Next, the receiver applied the spatial
modulation detector to estimate the active LED index,
at specific instant time k, as follows™.
g(k):argm?x (Y(i,k)), i=1,---,N,

(D

Negative | 1 -~
\| values |/ .D/A %

(a)
:_ _________________________
’ Hermitian
—
i symmetry
““““““““““ T“" N
\
i
Binary "
input —| Modulation — mgclflﬁi\;{or '
data
(b)
Binary
output
data . OFDM ZF
<+— Demodulation [+ deriodilator detector

where g is an N,xn dimension matrix which contains
all the estimated indexes. If g(k) is equals to one, this
means that the symbol received at the time instant k
is transmitted from the first LED. On the contrary, if
the result of g (k) is two, the symbol is conveyed by
the second LED. The formula (7) shows this process.
After the SM demapper, X' (k) is passed through the
M-QAM demodulator to obtain the output bit stream.
(k). g(k)=1

X' (k)=
Yy(k), g(k)=2

8

2 Multicolor LEDs NDC-OFDM indoor
VLC system model

The proposed Multicolor LEDs NDC —OFDM

system model is shown in Fig.2. We combine the

Target
color

Target
color

Metameric

modulation LED module 1|— x,(¢)

Metameric |\
modulation ’

LED module 2[— x,(¢)

Optical

channel

H

AWGN

Metameric
detector

> ~

-
: Metameric | N - Optical |,
s\ detector RN g #

~J =y

demapping

Band C PD
Band D PD

Fig.2 Complete system model for the Multicolor LEDs NDC—-OFDM VLC system (a) transmitter and (b) receiver
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NDC -OFDM and MM scheme together in the
implementation of a multicolor LEDs indoor VLC
system. The operation of the entire system is
described as below.

2.1 Transmitter blocks

The transmitter mainly consists of modulation
blocks, a SM mapping block, Metmeric modulation
blocks, and LED modules. Several blocks within this
transmitter are implemented as follows:

(1) Modulation: First, the binary input data is
mapped to the specific modulation symbols. These
symbols are then converted from serial to parallel,
operated with Hermitian symmetry constrain condition,
and inputted into the IFFT. The output signals of
modulation blocks are real-value, but they are still
bipolar.

(2) SM mapping: The real-value signals are
divided into two channel signals by the SM mapping
block. One channel conveys the positive signals, and
the other channel transmits the absolute of the
negative signals. The working principle is similar to
the conventional OSM, and only one LED module is
activated during one symbol time. If the transmitted
symbol is positive, the first LED module will be
activated to send the symbol. If the symbol is
negative, its absolute value will be sent by the other
LED module.

(3) Metameric modulation: The purpose of
metameric modulation is to encode the data in the
visible spectrum while maintaining a constant ambient
lighting state. We use multiple primary sets each
capable of generating its own color gamut. For
example, we chose D sources and each primary is
rendered with 3 elements of D sources, there are (D,
3) possible primary sets. However we select only N
of the possible primary sets so that the intersection of
their color gamuts contain all of the desired lighting
state. In this paper, we select D=7 and D =3. The
three sets of primaries, [Blue, Green, Red], [Blue,
Cyan, Red] and [Indigo, Pink, Yellow]

significant overlap in their color gamuts. In this case

have a

they are capable of generating a target point with
three different metameric spectral power distribution
(SPD).

(4) LED module: Centers of color bands A —F
match with the seven primary colors Blue, Red, Cyan,
Green, Indigo, Pink, Yellow in CIEUV color space.
The color coordinates of seven primary colors are
(0.169,0.007), (0.669,0.331), (0.135,0.8), (0.011,0.733),
(0.025,0.4), (0.035,0.088) and (0.46,0.523), respectively.
Three different primary colors combine an triangle that
forms its own color gamut. The target color can be
covered with three different color gamuts generated by
[Blue, Green, Red],
[Indigo, Pink, Yellow], and the coordinate

three primary sets
Red] and
of the target color point is (0.35,0.32).

[Blue, Cyan,

Assuming that the desired total intensity required

to satisfy the ambient illumination or ambient
brightness requirement is Cr=3, the maximum light
intensity of each color LED is 1, and the inputted
intensity to the LED module is C; which has a
OFDM

[Blue, Green,

relationship with the the output of the
modulator. We chose the primary sets
Red] and

positive-value signal and the negative-value signal,

[Blue, Cyan, Red] which represent the

respectively, and the intensity of each corresponding
LED is C;. At the same time, we use another primary
set, [Indigo, Pink, Yellow], to form the same target
color, and the intensity of different color LED is 1-
C;. The intention is used to compensate the constant
ambient lighting intensity. The total output intensity of
the LED modulel or the LED module2 always keeps
3. The intensity components of primary colors at the
target color point is determined as follows.

The algorithm for the determination of intensities:

Step 1: Select a primary set among three given
primary sets so that the target color point is located
inside the triangle delimited by the corresponding
color LEDs (denoted as A, B, and C in Fig.3);

Step 2: Draw a straight line from each LED
through the target color point (line AD, BE and CF in
Fig.3);

0722002-6
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Step 3: Calculate the distance from the target
color point to each LED point (d,,d; and ds; in Fig.3)
and to the points of intersection(d,,d, and d; in Fig.3)

of the lines connecting the LED points;

LED B

Fig.3 Calculation of LED intensities for the target color point

Step 4: According to the method of "the law of
the lever" to calculate the intensity components M.
Since the intensity at any point on line BC depends
only on the intensities of LED B and LED C, so the
intensity of LED A at D will
Therefore, the intensity of LED A at target color

point be zero.
point can be given by:
Cy=d,C/(d\+dy) 9)
Similarly, the intensities of LED B and LED C
at target color point are obtained by Egs.(11) and
(12), respectively:
Cy=d,C//(ds+d,) (10)
C=d,C/(ds+d;) (11)
2.2 Receiver blocksc
Several blocks within the multicolor LEDs NDC—
OFDM VLC receiver are implemented as follows:
(1) Optical filters and PDs: A PD combines with
(OBPF) and an

optical concentrator measures the intensity of each

an optical narrow bandpass filter

color. An ideal OBPF would have a completely flat
passband and would completely block the remainder.
Here we assumed four OBPFs, each passes light of
the desired wavelength to the PDs. The PDs detect
incident light intensities and the transmitted signals are
obtained from two sets of received intensities.

(2) Metameric detector: Assuming that we have

P PDs, and the corresponding PD spectral responses is

S, (A). LZ (A) is the individual emission spectra of the
kth source from the nth set of primaries (it is assumed
that we select N=3 sets of primaries each with K=3
sources). When light from all sources of the nth set
of the primaries is incident on the pth PD, its output,
I, is given by (12).

N =
=2 w j L. (M)S," (A)dA (12)

= 0

k=1

where w; is the relative amount of each primary that
is needed to achieve a metamerical match with the
spectral power distribution (SPD) of the ambient
color. In this paper we assume that the SPD of the
ambient color and the relative amount of each primary
are known at the receiver.

For a given primary, every column of the
response matrix R, given by (13) would be distinct.
Therefore, by comparing the output of the PDs with
the column of R,, the system can then detect which
primary set is currently active. It should be noted that
the primary set, [Indigo, Pink, Yellow], is merely
used to maintain the constant ambient light intensity,
and does not carry any data information. Hence, the

response matrix R, can be designed as below:
R=: . : (13)

(3) ZF detector and SM detector: ZF block is
of the MIMO
channel. The principle of ZF and SM detectors are

used to reverse the impairments
identical with the two detectors of the conventional
OSM-OFDM system shown in Fig.1.

(4) OFDM demodulator and demodulation: the
processing of the OFDM demodulator is the same as a
conventional OFDM receiver. The resultant symbols of
the OFDM demodulator may be demodulated to

produce the desired binary values.

3 Simulation results and discussions

This section presents numerical results on the
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BER performance of conventional OSM-OFDM-VLC
system and the proposed system for constellations such
as 4-QAM, 16—-QAM, 64—QAM and 256—-QAM. We
assume that the target color information can be
accurately delivered to the receiver through a separate
channel, such as a control channel. Table 1 lists the
simulation parameters applied in the simulation
experiments. The channel noise was assumed to be an
Additive White Gaussian Noise (AWGN) caused by
incandescent, fluorescent, and other background light
that can interfer with the VLC signals. Although these
noise can be minimized by optical filtering, still shot
noise may exist in a well-designed receiver. Owing to
its high intensity, this shot noise can also be modeled
as White Gaussian Noise independently of the VLC
four PDs with different

signals. At the receiver,

spectral distributions, combined with optical
concentrators and four filters with different frequency
band ranges, were used for light detection. A different
responsivity problem in the PDs for different colors

could be compensated by the LED driver circuit.

Tab.1 Simulation parameters

system outperforms the other three OSM—-OFDM-VLC
transmission systems for the same constellation. The
curves of each subgraph depecited in Fig.4 have a good

agreement with respect to the trends.

—+— Multicolor LEDs NDC-OFDM 4QAM
—4 - White LED NDC-OFDM 4QAM
—a— ACO-OFDM 4QAM
—+— DCO-OFDM 4QAM 7dB

+— DCO-OFDM 4QAM 10dB

-5 I
10 10

15
SNR/dB

20 25 30

(a) OFDM-VLC transmission system performance for 4QAM
constellation

—+— Multicolor LEDs NDC-OFDM 4QAM
—& - White LED NDC-OFDM 4QAM
—a&— ACO-OFDM 4QAM
—+— DCO-OFDM 4QAM 7dB

+— DCO-OFDM 4QAM 10dB

Parameters Value
Number of LEDs 7
Number of PDs 4

Total intensity 3

Path loss between the LED modules
and the PDs

Seven primary color coordinates in
CIE1931 color space chromaticity
diagram

Target color point coordinate in
CIE1931 color space chromaticity
diagram

0.1889 0.071 3\
0.0713 0.1889

H=107x

R:(0.669,0.331)
G:(0.011,0.733)
B:(0.169, 0.007)
P:(0.035, 0.088)
C:(0.135, 0.8)
Y:(0.46, 0.523)
1:(0.025, 0.4)

(0.35,0.32)

Figure 4 compares

the BER perfprmances of

107 i i i
10 15

SNR/dB
(b) OFDM-VLC transmission system performance for 8QAM

constellation

—+— Multicolor LEDs NDC-OFDM 4QAM
— - White LED NDC-OFDM 4QAM
—a— ACO-OFDM 4QAM
—+— DCO-OFDM 4QAM 7dB

+— DCO-OFDM 4QAM 10dB

different OSM —OFDM —-VLC transmission systems,
such as multicolor LEDs NDC —OFDM, white LED
NDC-OFDM, ACO-OFDM and DCO-OFDM with
7dB, 10dB for different constellations. It can be seen ©
clearly that the BER performance of the novel proposed
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—+— Multicolor LEDs NDC-OFDM 4QAM
— - White LED NDC-OFDM 4QAM
—a— ACO-OFDM 4QAM
—+— DCO-OFDM 4QAM 7dB

+— DCO-OFDM 4QAM 10dB

10 15 20 25 30
SNR/dB

(d) OFDM-VLC transmission system performance for 32QAM
constellation
Fig.4 BER versus SNR of different OSM—-OFDM-VLC

transmission systems

In VLC, the compensation method by using pre-
distortion of modulation input signal of LED might be
considered to alleviate the performance degration due
to the large PAPR for OFDM signal™. In this paper,
we take the clipping operation to reduce the PAPR. In
our proposed transmission system, we use the color
rather than amplitude to represent the positive part and
negative part of the OFDM signal. The main benefit
of this approach is that alothough the noise induces
the intensity fluctuation of the primary set, the color
keeps constant anytime. It is the explanation that the
proposed method is more resistant to signal clipping
than other transmission schemes.

The definition of the bit error rate (BER) is the
probability of occurrence of error of binary bit stream
after system transmission. The ratio of signal average
power to noise average power in the signal bandwidth
is defined as signal-to-noise ratio (SNR). The BER
curves for OFDM —VLC transmission systems with
different clipping factors are depicted in Fig.5. As
expected,
scheme is smooth and better than ACO —OFDM for

the BER performance of the proposed

32QAM constellation. Without forward error correction
(FEC) coding, the latter requires 7 dB higher SNR
than the former needs when the BER is 107 It is
also obvious that DCO —OFDM hardly yield a BER

below 10~* without FEC coding, even if the SNR is
improved greally. In addition, the proposed transmission
scheme starts exhibiting an error floor after SNR
reaches 14 dB and 17dB for two corresponding clipping
level. When the clipping factor is 0.6, the proposed
transmission scheme slightly outperforms white LED
NDC —OFDM transmission system, and the BER
performance reverses when the SNR exceeding 18.5dB.
This result comes from the fact the total intensity of
proposed scheme is three times as larger as the white
LED NDC —-OFDM scheme, the clipping operation
cann’t bring down the nonlinear distortion with the
SNR increasing. Nevertheless, the proposed method
may be provided with the superiority that it is capable
of maintain the constant perceived ambient lighting
while ensuring a reliable BER performance in
comparison with other NDC-OFDM-VLC transmission
systems.

—e— Multicolor LEDs NDC-OFDM clipping factor=0.8

—<— Multicolor LEDs NDC-OFDM clipping factor=0.6

" Wit LED NDCOFDM cping fcor06

—o— ACO-OFDM clipping factor=0.8

—4— ACO-OFDM clipping factor=0.6

DCO-OFDM clipping factor=0.8
—e—DCO-OFDM clipping factor=0.6
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Fig.5 BER versus SNR of different OSM—OFDM-VLC transmission
system for 32QAM constellation in respect of different

clipping level

4 Conclusions

We proposed an multicolor LEDs NDC—-OFDM -

based VLC transmission scheme that is able to
provide a more dependable BER performance and
constant perceived ambient lighting simultaneously. To

overcome nonlinear distortion caused by high PAPR

0722002-9
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of signal, clipping operation is utlizied. Through [6] Kahn J M, Barry J R. Wireless infrared communication[J].
simulinations, we have shown that the proposed IEEE, 1999, 85(2): 265-298.

NDC-OFDM VLC system not only can provide high-
reliability transmission and high-robustness to high
PAPR, but also doesn’t have intensity fluctuation.
Although LED moudle will enhance  the
implementation complexity in this novel case, recent
advances in VLC technology have demonstrated that
this inherent limination can be solved presently. The
proposed new complex solutions in this paper can

become cost-effective and practical in a near future.
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