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Abstract—Multiple-input multiple-output (MIMO) is a
natural and effective way to increase the capacity of white
light-emitting diode (LED) based visible light communica-
tion (VLC) systems. Orthogonal frequency division multi-
plexing (OFDM) using high-order modulation is another
widely used technique in VLC systems. Due to the intensity
modulation and direct detection nature of VLC systems,
Hermitian symmetry is usually imposed in OFDM so as to
obtain a real-valued signal. In this paper, we investigate a
non-Hermitian symmetry OFDM (NHS-OFDM) scheme for
MIMO-VLC systems. By transmitting the real and imaginary
parts of a complex-valued OFDM signal via a pair of
white LEDs, NHS-OFDM circumvents the constraint of
Hermitian symmetry. We evaluate the performance of an in-
door 2 x 2 MIMO-VLC system using conventional Hermitian
symmetry-based OFDM (HS-OFDM) and NHS-OFDM, where
both a non-imaging receiver and an imaging receiver are
considered. Analytical results show that the system using
NHS-OFDM achieves superior bit error rate (BER) perfor-
mance to that using HS-OFDM, with lower or nearly the
same computational complexity. The superior BER perfor-
mance of NHS-OFDM-based MIMO-VLC is further verified
by experiments. The experimental results demonstrate that,
in a 400 Mb/s 2x2 MIMO-VLC system with an imaging
receiver, NHS-OFDM improves the communication coverage
by about 30% compared with conventional HS-OFDM for a
target BER of 3.8 x 1073,

Index Terms—Multiple-input multiple-output (MIMO);
Orthogonal frequency division multiplexing (OFDM);
Visible light communication (VLC).

1. INTRODUCTION

hite light-emitting diode (LED) enabled visible light

communication (VLC) has attracted great interest
in recent years because it can provide simultaneous illumi-
nation and high-speed wireless access in indoor environ-
ments [1-3]. Even though VLC exhibits many exciting
advantages such as potentially large license-free band-
width, high security, and electromagnetic interference-free
operation, there are still several technical challenges that
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hinder the development of high-speed VLC systems.
Specifically, the overall capacity of VLC systems is limited
by the small modulation bandwidth of LEDs [4]. So far,
many techniques have been proposed to increase the
capacity of VLC systems, including analog and digital
equalization [5,6], multiple-input multiple-output (MIMO)
transmission [7-9], orthogonal frequency division multi-
plexing (OFDM) using high-order modulation [10,11],
and adaptive modulation [12]. Some of these techniques
can be combined together to further improve the system
capacity. For example, an OFDM-based MIMO scheme
with both pre- and post-equalization was reported to
achieve 1.1 Gb/s VLC transmission [13].

Because the light emitted by LEDs is naturally incoher-
ent, intensity modulation/direct detection (IM/DD) is
generally used, and only real-valued signals can be trans-
mitted in VLC systems [10]. To obtain LED-compatible uni-
polar real-valued OFDM signals, Hermitian symmetry
(HS) is usually imposed before performing the inverse fast
Fourier transform (IFFT) and is followed by adding a DC
bias [10-13]. HS-based OFDM (HS-OFDM) with a DC bias
is also known as DC-biased optical OFDM (DCO-OFDM)
[14]. Many modified HS-OFDM schemes have been re-
ported in the literature for spectral efficiency improvement
and/or peak-to-average power ratio reduction, such as
asymmetrically clipped optical OFDM (ACO-OFDM) [14],
unipolar OFDM (U-OFDM) [15], enhanced U-OFDM (eU-
OFDM) [16], spectral and energy efficient OFDM (SEE-
OFDM) [17], and asymmetrically and symmetrically
clipped optical OFDM (ASCO-OFDM) [18]. However, im-
posing HS doubles the sizes of IFFT and FFT. In recent
years, a few approaches have been proposed to circumvent
the HS constraint of OFDM for IM/DD optical systems. A
real-valued OFDM scheme based on fast Hartley transform
(FHT) was reported in [19], where the Fourier processing
was replaced by the real processing of the Hartley trans-
form; however, only real constellations can be used.
Based on a polar representation of complex symbols, polar
OFDM (P-OFDM) was proposed, which can offer a doubled
spectral efficiency as ACO-OFDM [20,21]. Moreover, the
idea of extracting the real (Re) and imaginary (Im)
parts of a complex-valued OFDM signal and separately
transmitting them via multiple consecutive symbols was
reported in [22,23]. However, using multiple symbols to
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transmit one OFDM frame greatly reduces the capacity.
In [24,25], the Re and Im parts were separately transmit-
ted through two chips of a RGB-LED. Because RGB-
LEDs are much more expensive than phosphor-based
LEDs, the use of RGB-LEDs would increase the cost of
VLC systems.

In practical indoor environments, multiple white LEDs
are commonly mounted in the ceiling to provide sufficient
illumination. Hence, MIMO is a natural and effective way
to increase the capacity of VLC systems. Two types of
receivers can be used in MIMO-VLC systems, including
non-imaging receivers (NImRs) and imaging receivers
(ImRs) [26]. Because an ImR can demultiplex the transmit-
ted signals and thus eliminate the inter-channel interfer-
ence (ICI), ImR-based MIMO-VLC systems can achieve
high spatial diversity. Due to the negligible ICI, an ImR-
based MIMO is also referred to as space division multiplex-
ing (SDM) [27-29].

Recently, we proposed a non-HS OFDM (NHS-OFDM)
scheme together with a modified ImR to improve the com-
munication coverage of indoor MIMO-VLC systems. The
preliminary results have been reported in [29]. However,
the principle of the proposed NHS-OFDM has not been
described in detail, and the performance of MIMO-VLC
systems using NHS-OFDM has not been experimentally
verified. In this paper, we present an in-depth investigation
of NHS-OFDM for MIMO-VLC systems where both NImR
and ImR are considered. By pairwise transmitting the Re
and Im parts of a complex-valued OFDM signal via two
LEDs, NHS-OFDM circumvents the constraint of HS. The
performance of a 2x2 MIMO-VLC system using NHS-
OFDM is investigated and compared with the system using
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conventional HS-OFDM. Analytical and experimental
results show that the system using NHS-OFDM achieves
superior bit error rate (BER) performance than that using
HS-OFDM. We also show that the MIMO-VLC system using
NHS-OFDM has lower or nearly the same computational
complexity as the system using conventional HS-OFDM.
To the best of our knowledge, it is the first experimental
demonstration of an indoor 2 x 2 MIMO-VLC system using
NHS-OFDM.

The rest of the paper is organized as follows. Section II
describes the model of MIMO-VLC systems using HS-
OFDM and NHS-OFDM, where both NImR and ImR are
considered. In Section III, we numerically analyze and
compare the performance of a 2 x 2 MIMO-VLC system us-
ing HS-OFDM and NHS-OFDM. The experimental results
are presented in Section IV. Finally, Section V concludes
the paper.

II. MIMO-VLC Using HS-OFDM anp NHS-OFDM

In this section, we introduce the model of MIMO-VLC
systems using conventional HS-OFDM and NHS-OFDM.
For simplicity and without loss of generality, a 2 x 2
MIMO-VLC system is considered.

A. System Model

Figures 1(a) and 1(b) illustrate the block diagrams of an
indoor 2x2 MIMO-VLC system using HS-OFDM and
NHS-OFDM, respectively. As shown in Fig. 1(a), two pairs
of HS-OFDM transmitters and receivers are needed. The
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Fig. 1. Block diagrams of a 2 x 2 MIMO-VLC system using (a) conventional HS-OFDM and (b) NHS-OFDM. (Tx, transmitter; Rx,
receiver; HS, Hermitian symmetry; NImR, non-imaging receiver; ImR, imaging receiver; RIS, real-and-imaginary separator; RIC,
real-and-imaginary combiner; sync, synchronization; DeMUX, demultiplexing.)
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serial input data are first split into two parallel data
streams, and each stream is fed into a HS-OFDM transmit-
ter. After serial-to-parallel (S/P) conversion, the parallel
data are mapped to quadrature amplitude modulation
(QAM) symbols. In order to generate a real-valued signal,
HS is imposed before the N-point IFFT. A cyclic prefix (CP)
is added, and the resultant parallel signal is parallel-to-
serial (P/S) converted. Then, a training sequence (TS) is
added. After digital-to-analog (D/A) conversion, a DC bias
is added. Therefore, two unipolar analog signals x;(¢) and
x9(t) can be obtained at the outputs of two HS-OFDM
transmitters, which are then separately modulated onto
the intensities of two LEDs. After being transmitted over
the free-space channel, the light is detected by a receiver,
which can be a NImR or an ImR. Two output signals v, (¢)
and y,(¢) are obtained and separately demodulated in two
HS-OFDM receivers. In each HS-OFDM receiver, the re-
ceived analog signal is analog-to-digital (A/D) converted.
By exploiting the TS, time synchronization is performed.
Based on the pre-estimated channel matrix, MIMO demul-
tiplexing (DeMUX) is executed. After performing S/P con-
version, CP removal, N-point FFT, frequency domain
equalization (FDE), QAM de-mapping, and P/S conversion,
an output data stream is generated. The final output data
are obtained by combining the two parallel output data
streams together.

As can be seen in Fig. 1(b), only one pair of the NHS-
OFDM transmitter and receiver is needed in the 2 x2
MIMO-VLC system using NHS-OFDM. In the NHS-
OFDM transmitter, no HS is imposed before the IFFT,
and a real-and-imaginary separator (RIS) is used to sepa-
rate the Re and Im parts of the complex-valued OFDM sig-
nal. The intensities of two LEDs are then modulated by the
Re and Im signals xg.(¢) and x1,,(¢), respectively. Because
transmission distances of the Re and Im signals might
be different, the received Re and Im signals yg.(f) and
yim () might have different phases and different electrical
powers. In order to eliminate phase imbalance, the re-
ceived Re and Im signals are separately synchronized by
using the corresponding TSs after A/D conversion.
Moreover, the electrical powers of the received Re and
Im signals are also balanced, and the power balancing
can be easily achieved via usual MIMO DeMUX. The phase
and power balanced Re and Im signals are combined to-
gether in a real-and-imaginary combiner (RIC) to recon-
struct the complex-valued signal. It should be noted that
the same synchronization and MIMO DeMUX procedures
are required in HS-OFDM-based MIMO-VLC systems.
Therefore, the operations for removing phase and power
imbalances do not add any additional requirements in
NHS-OFDM-based MIMO-VLC systems.

It is noteworthy that the proposed NHS-OFDM scheme
can only be used in MIMO-VLC systems with one or more
pairs of LEDs, whereas HS-OFDM can be used in both
single-input single-output VLC (SISO-VLC) and MIMO-
VLC systems. It can be seen that HS-OFDM, which is also
known as DCO-OFDM [14], exploits HS to generate a real-
valued signal and the DC bias is added. Because DC bias
is also required in NHS-OFDM, NHS-OFDM can be
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considered as a modified DCO-OFDM scheme for MIMO-
VLC, which removes the constraint of HS.

Generally, two different types of receivers can be used in
MIMO-VLC systems. Figures 2(a) and 2(b) show diagrams
of a 2 x2 MIMO-VLC system employing a NImR and an
ImR, respectively. For the 2 x 2 MIMO-VLC system em-
ploying a NImR, the channel matrix is given by

_ hll h12
HNImR - |:h21 h22 s (1)

where h,.(¢,r = 1,2) is the optical channel gain between
the ¢th LED and the rth PD. However, when an ImR is em-
ployed, the ICI can be substantially eliminated [28]; hence
the channel matrix becomes a diagonal matrix:

_| 0 hp
HImR - |:h21 0 :| (2)

In a typical room environment where multiple LEDs are
mounted in the ceiling, a PD can detect both the line-of-sight
(LOS) and diffuse components. It has been shown that light
intensity of the LOS component is much higher than that of
the strongest diffuse component in a typical room, so it is
reasonable to only consider the LOS component in the
MIMO-VLC system [7]. The LOS irradiance of an LED
can be modeled as a generalized Lambertian radiation pat-
tern, and the LOS optical channel gain is given by [29,30]

m + DA
e = Tt s g,)cost. ®
where m = —In 2/In(cos ¥y9) is the order of Lambertian

emission, and ¥, is the semi-angle at half power of
LED, A is the active area of PD, d,, is the distance between
the ¢#th LED and the rth PD, x and 7 are the gains of the op-
tical filter and lens, respectively, ¢,, is the angle of irradi-
ance, and ¢,; is the angle of incidence. It should be noted
that the optical gain becomes zero if ¢ is outside the field
of view (FOV) of the receiver.

Moreover, the wavelength used in VLC systems is
around 380 to 750 nm, which is much smaller than the typ-
ical area of a PD; hence multipath fading can be neglected
due to high spatial diversity [1,31]. Nevertheless, perfor-
mance degradation is possible in the presence of multi-
path-induced inter-symbol interference (ISI) [2].

XRe XIm XRe XIm
o] ] @] [m)
e — Lens
Lens Lens "7_—\\171“8]‘
Filter == === Filter
PD, PD,
JYReNImR Yim,NImR Yim,ImR JYRe,ImR
(a) (b)

Fig. 2. Diagrams of a NHS-OFDM-based 2 x 2 MIMO-VLC sys-
tem employing (a) NImR and (b) ImR.
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B. BER Analysis

1) BER for HS-OFDM: As shown in Fig. 1(a), assuming
that two LEDs have the same output optical power Pygp
and the same modulation index &, and two PDs have
the same responsivity R, the received signal vector y =
[y1 v2]T in the 2x2 MIMO-VLC system using HS-
OFDM is represented by [29]

y = RPgpéHx + n, 4)

wherex = [x; x,]T is the transmitted signal vector, H is the
channel matrix, and n = [n; ny]7 is the additive noise vec-
tor. His given by Eq. (1) when a NImR is used and H becomes
Eq. (2) when an ImR is used. n;(¢) and ny(¢) can be modeled
as real-valued additive white Gaussian noises (AWGNS),
each consisting of both shot and thermal noises [30].

In order to recover data from the received signal, MIMO
DeMUX is required. So far, a lot of techniques have been
proposed, of which zero-forcing (ZF) using basic channel
inversion is adopted here due to its low complexity [32].

After ZF-based MIMO DeMUX and normalization, we
have

1 1
Hly =x+ H 'n. (5)
RPgpé y

RPgpé

X =

As per Eq. (5), the signal-to-noise ratios (SNRs) of two
received HS-OFDM signals using a NImR are, respectively,
given by

h1ihas — hishsy)?
SNRMImR — (RP. .. 52 (P11ft22 = hioho)”
S1 ( LEDé) h%zaal +h%257212

o (h11hog — highgr)?’
h%1‘7%1 + h%lalez

(6)
SNRYIR = (RPgppé)

where o2 and o2, are the variances of ny(t) and ny(¢), re-
spectively. However, when an ImR is employed, 41 and A9,
become zero, and hence the SNRs are given by

hz
SNRif} = (RPrgpé)® 6—31
. (7
hi,

2
ny

SNRIE = (RPyppé)?

The BER of an OFDM signal using I x JJ rectangular QAM
mapping over an AWGN channel is approximated by [33]

2 I-1 J-1 | 6 x SNR
BER_logz(IxJ)( T T )Q( 12+J2-2)’ ®

where Q() is the @-function. Therefore, the BERs of the
two HS-OFDM signals (BERyg; and BERgge) employing
a NImR and an ImR can be obtained by substituting
Eqgs. (6) and (7) into Eq. (8), respectively. The average
BER of the 2 x 2 MIMO-VLC system using HS-OFDM is
given by
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BERys; + BERgse

BERys = 5

9

2) BER for NHS-OFDM: When NHS-OFDM is used in
the 2 x 2 MIMO-VLC system, as shown in Fig. 1(b), the
transmitted signal vector is given by X =[xge *ml%
which corresponds to a complex-valued NHS-OFDM signal
anHS (B) = XRe(t) +J X X1 (). After being transmitted over
the free-space channel, the received signal vector x' =
[YRe ¥1m]T is expressed by

y’ = RPLEDfHX’ + l'l’, (10)
where n' =[ng. nm]7 is the additive noise vector.
Similarly, ZF-based MIMO DeMUX is performed, and hence
the estimated signal ¥ = [¥g, ¥ |7 is obtained by

1
% Hlx =x +

= H1x'.
RPygpé

11
RPygpé an

The powers of the Re and Im parts are balanced after MIMO
DeMUX, and the complex-valued NHS-OFDM signal can be
reconstructed by combining X, and X, together:

Inus(t) = Xre +J % Em (@). (12)

As per Eq. (12), the SNR of the received NHS-OFDM signal
using a NImR is given by

2(hq1hos —h1sho)?

, (13)
(31 +h3y)on,, + (A3 +hig)on,

SNRYNIBR = (RPy ppé)?

where o7, and o2 are the variances of ng.(t) and np,(?),
respectively. When an ImR is employed, the SNR becomes

2(h12h21)2

SNRIPR — (RP 2__Toesey
s = () e o2 ke,

(14)

Substituting Eqgs. (13) and (14) into Eq. (8) yields the BER of
the NHS-OFDM-based 2 x 2 MIMO-VLC system employing
a NImR and an ImR, respectively.

III. PERFORMANCE EvALUATION AND COMPARISONS

In this section, we numerically evaluate the performance
of a 2x2 MIMO-VLC system using conventional HS-
OFDM and NHS-OFDM, based on the formulas derived
in Subsection II.B. It should be pointed out that the ob-
tained analytical results are applicable to general
MIMO-VLC systems using multiple pairs of LEDs.
Table I lists the key parameters of the system setup. In this
analysis, we consider a 2 x 2 MIMO-VLC system ina 2 m x
2 m x 2.5 m room where two LEDs are mounted in the ceil-
ing and the height of the desktop is 0.5 m. The semi-angle
at half power of the LED is 60°, and the modulation index is
0.3. The gains of the optical filter and the lens are both 1.
The responsivity of the PD is 1 A/W.
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TABLE 1
Kry PARAMETERS OF SYSTEM SETUP

Parameter Value

Room dimension (length x width x 2mx2mx25m
height)

Locations of two LEDs (0.5, 0, 2.5) (0.5, 0, 2.5)

Height of desktop 0.5 m
Semi-angle at half power of LED 60°
Modulation index 0.3
Gain of optical filter 1
Gain of optical lens 1
Responsivity of PD 1A/W

A. BER Performance

We first show that the system using NHS-OFDM
achieves superior BER performance than the system using
HS-OFDM. The SNR performance along the X direction
with Y = 0 m is shown in Fig. 3(a), where an ImR is as-
sumed. As we can see, the SNR values are the same for
HS-OFDM and NHS-OFDM if and only if X =0 m, i.e.,

22 T T T
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S
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X (m)

Fig. 3.
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the ImR is located at the center of the receiving plane.
When the ImR is moved away from the center, the SNRs
of two HS-OFDM signals become different. For example,
the SNRs of two HS-OFDM signals at X = 0.5 m are
15.84 and 19.75 dB, respectively, whereas the SNR of
the NHS-OFDM signal is 17.37 dB. It can also be observed
that the SNR of the NHS-OFDM signal is always in
between the SNRs of the two HS-OFDM signals.
Figure 3(b) plots the relationship between BER and SNR
for a 4 x 4 rectangular QAM (16QAM) based OFDM signal
over an AWGN channel. The BERs of two HS-OFDM sig-
nals at X =0.5m are 2.1x 1072 and 5.2 x 107, respec-
tively, and the average BER of the 2x2 MIMO-VLC
system using HS-OFDM is 1.1x1073. In contrast, the
BER of the system using NHS-OFDM at X = 0.5 m is
3.6 x 1074, resulting in a significant BER reduction.
Figures 3(a) and 3(b) can explain why the 2 x 2 MIMO-
VLC system using NHS-OFDM has better BER perfor-
mance than the system using HS-OFDM.

Figures 4(a) and 4(b) show BER versus receiver position
offset along the X direction with Y =0 m for the 2 x 2

T T T T T
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(a) SNR along the X direction with Y = 0 m employing ImR. (b) BER versus SNR for 16QAM-OFDM over an AWGN channel.

(PEp, output optical power of LED; Bygp, modulation bandwidth of LED; App, active area of PD.)
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Fig. 4. BER versus receiver position offset along the X direction with Y = 0 m for the 2 x 2 MIMO-VLC system employing (a) NImR and
(b) ImR. (P1gp, output optical power of LED; B;zp, modulation bandwidth of LED; App, active area of PD.)
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MIMO-VLC system employing a NImR and an ImR,
respectively. When a NImR is employed, as shown in
Fig. 4(a), the modulation bandwidth of LED B;gp is set
at 10 MHz and the active area of PD App is assumed to
be 104 m?. Due to the high ICI, two lower-order constella-
tions are considered. For a target BER of 3.8 x 10~3, com-
pared with the system using HS-OFDM, a relative larger
receiver position offset can be achieved when using NHS-
OFDM, for both binary phase shift keying (BPSK) with
an LED output optical power Py gp = 10 W and 4QAM with
Pirp = 13 W. The same conclusion can be drawn for the
system employing an ImR, as shown in Fig. 4(b).

Figures 5(a) and 5(b) show the corresponding communi-
cation coverage areas of the 2 x 2 MIMO-VLC system em-
ploying a NImR and an ImR, respectively, for a target BER
of 3.8 x 1073. The coverage contours can be approximated
as ellipses, and the coverage areas can be estimated by
the areas of ellipses. The area of an ellipse is calculated
by zab/4, where a and b are the major and minor axes, re-
spectively. As can be seen in Fig. 5(a), for BPSK with
Prgp = 10 W, two ellipses have the same major axis of
1.7 m; while the minor axes associated with HS-OFDM
and NHS-OFDM are 1.04 and 1.2 m, respectively, indicat-
ing a coverage improvement of 15.4%. For 4QAM with
Pigp = 13 W, a coverage improvement of 13.6% is also
achieved. Moreover, when an ImR is employed, as shown
in Fig. 5(b), the coverage improvements for 16QAM with
PLED =10 W and 32QAM with PLED =13 W are 21.4%
and 20.8%, respectively. The above results show that the
coverage improvement is slightly reduced when the order
of the constellation is increased.

B. Transceiver Complexity

In an indoor 2 x 2 MIMO-VLC system using HS-OFDM,
as shown in Fig. 1(a), two pairs of HS-OFDM transmitters
and receivers are required. However, only one pair of NHS-
OFDM transmitter and receiver is required in the system
using NHS-OFDM, as shown in Fig. 1(b). Because each HS-
OFDM/NHS-OFDM transmitter (receiver) requires one

1 . .
""" HS-OFDM
—— NHS-OFDM
0.5- g
> Biep=10 MHz |
App =10 m?
-0.5} g
BPSK
Puop=10 W™ (@)
-1 1 1 1
-1 -0.5 0 0.5 1
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N-point IFFT (FFT) module, the number of the required
IFFT and FFT modules in the 2 x 2 MIMO-VLC system
using NHS-OFDM is reduced by half, as compared with
the system using HS-OFDM. Note that this conclusion
holds for general MIMO-VLC systems with one or multiple
pairs of LEDs.

Because the output (input) of the IFFT (FFT) module in
HS-OFDM is of real value, the Hermitian symmetric IFFT
and real-valued FFT are used. In contrast, complex-valued
IFFT and FFT are used in NHS-OFDM. As discussed in
[34], the computational complexity of real-valued FFT is
largely dependent on the algorithms used. For the algo-
rithm, which treats the real-valued input as a complex-
valued input with a zero imaginary part and then applies
the complex-valued FFT, the computational complexity of
one N-point real-valued FFT is exactly the same as that of
one N-point complex-valued FFT [34]. For the algorithm,
which exploits the symmetries of real-valued FFT, i.e.,
the real part of the output is even symmetric, and the
imaginary part is odd symmetric, the computational com-
plexity can be reduced by about a factor of 2 [34]. Likewise,
the Hermitian symmetric IFFT can be computed by revers-
ing the computation of real-valued FFT [35]. Therefore,
depending on the algorithm used for the computation of
the Hermitian symmetric IFFT and real-valued FFT, the
MIMO-VLC system using NHS-OFDM has lower or nearly
the same computational complexity as the system using
conventional HS-OFDM.

IV. EXPERIMENTAL SETUP AND RESULTS

In order to verify the performance of NHS-OFDM in in-
door MIMO-VLC systems, a proof-of-concept experimental
demonstration using an ImR is performed. The setup of an
indoor 2 x 2 MIMO-VLC system is illustrated in Fig. 6. Two
off-the-shelf white LEDs (Luxeon Star) are used as optical
transmitters, which have a 3-dB modulation bandwidth of
about 2.5 MHz, and the spacing between them is 20 cm. An
ImR is configured as the optical receiver, which consists of
an imaging lens, two blue filters (BFs), and two PDs

1
""" HS-OFDM
—— NHS-OFDM
/
0.5} ‘ -
32QAM
PLp=13 W
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>
App=10" m’
-0.5F -
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-1 -0.5 0 0.5 1
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Fig. 5. Communication coverage of the 2 x 2 MIMO-VLC system for a target BER of 3.8 x 10~% employing (a) NImR and (b) ImR. (P;zp,
output optical power of LED; B;rp, modulation bandwidth of LED; App, active area of PD.)
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Fig. 6. Experimental setup of the 2 x 2 MIMO-VLC system using
ImR.

(Thorlabs, PDA10A, 0.8 mm? active area and 180 MHz
bandwidth). The imaging lens is placed in front of the
two PDs such that each of the two LEDs is precisely imaged
onto a corresponding PD. As shown in Fig. 6, O and C are
the center points of the two LEDs and the two PDs, respec-
tively, and O’ is the foot of the perpendicular from O to the
detector plane. Here, we define receiver position offset as
the distance between O and C, and the transmission dis-
tance as the distance between O and O'.

The digital NHS-OFDM signal is generated offline by
MATLAB with an IFFT size of 256. In order to spectrally
separate the baseband signal from high-frequency aliasing
products generated by the digital-to-analog converters
(DACs), the subcarriers in the high-frequency part are left
unmodulated for oversampling, which is also referred to as
zero padding [36]. As a result, 128 subcarriers in total are
used for data transmission, and no HS is imposed. For fair
performance comparison, two independent HS-OFDM sig-
nals are also generated with 256-point IFFT. Both over-
sampling and HS are performed, and 64 subcarriers in
total are used for data transmission in each HS-OFDM sig-
nal. For both NHS-OFDM and HS-OFDM signals, 16QAM
mapping is applied, and the CP length is set to 8, which is
1/32 of the IFFT size. Moreover, a pseudo random binary
sequence (PRBS) with the length of 20 is used as the TS
for both time synchronization and channel matrix estima-
tion, and 200 OFDM payload symbols are followed for BER
measurement. In order to extend the 3-dB modulation
bandwidth of the LEDs, digital pre-FDE is performed,
and the detailed procedure of pre-FDE can be found in [37].

The Re and Im parts of the complex-valued NHS-OFDM
signal are separately loaded into a multichannel arbitrary
waveform generator (AWG, Tabor WW2074) with a sam-
pling rate of 200 MSa/s. Therefore, the bandwidth of the
Re and Im signals is 50 MHz, and the raw data rate is
400 Mb/s. The analog Re and Im signals are separately
superimposed onto 500 mA DC bias currents via two
bias-tees (Mini-Circuits, ZFBT-6GW+). The resultant sig-
nals are used to modulate the intensities of two LEDs.
The luminous flux of each LED is about 63 Im. The light
is detected by the ImR, and the received signals are
sampled by a digital storage oscilloscope (DSO, Agilent
Infiniium 54832B) with a sampling rate of 4 GSa/s.
Subsequently, the output digital Re and Im signals are
processed offline. For comparison, two HS-OFDM signals
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Fig. 7. Measured electrical spectra of the received real (Re) and
imaginary (Im) parts of the NHS-OFDM signal (a) without pre-
FDE and (b) with pre-FDE.

achieving a total data rate of 400 Mb/s with a bandwidth
of 50 MHz are transmitted through the same system.

Figure 7 compares the measured electrical spectra of the
received Re and Im parts of the NHS-OFDM signal.
Without pre-FDE, as shown in Fig. 7(a), the power of
high-frequency components is greatly attenuated, and a
power attenuation of about 20 dB is found for both the
Re and Im parts. However, the electrical spectra are signifi-
cantly flattened with a power fluctuation less than 3 dB
after performing pre-FDE, as shown in Fig. 7(b).

Figure 8 shows the measured BER performance as a
function of the receiver position offset for a transmission
distance of 100 cm. As we can see, the BER is always
greater than the 7% forward error correction threshold
of 3.8x10® when digital pre-FDE is not performed.

However, the BER is substantially reduced after
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Fig. 8. Measured BER versus receiver position offset with a dis-
tance of 100 cm.
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performing pre-FDE. It also can be seen that HS-OFDM
and NHS-OFDM have nearly the same BER performance
when the receiver position offset is 0 cm, and NHS-OFDM
outperforms HS-OFDM as the receiver position offset in-
creases. To reach a target BER of 3.8 x 1073, the maximum
receiver position offsets by using HS-OFDM and NHS-
OFDM are 17.4 and 22.6 cm, respectively. Hence, NHS-
OFDM achieves a 5.2 cm greater receiver position offset
than HS-OFDM. As discussed in Subsection II1.A, the com-
munication coverage area of the 2 x 2 MIMO-VLC system
can be approximated as an ellipse, and the coverage areas
can be estimated by the areas of ellipses. Two ellipses, as-
sociated with HS-OFDM and NHS-OFDM, have the same
major axis but a different minor axis. Moreover, the
semi-minor axes (half of the minor axes) are given by
the corresponding maximum receiver position offsets.
Therefore, NHS-OFDM improves the communication cov-
erage of the 2 x 2 MIMO-VLC system by about 30% for
BER = 3.8 x 1073, compared with HS-OFDM.

V. CONCLUSION

We have analytically investigated and experimentally
demonstrated the proposed NHS-OFDM scheme for an in-
door 2 x 2 MIMO-VLC system. Moreover, the performance
of conventional HS-OFDM has also been investigated in
such a system for comparison. The analytical results have
shown that the 2x2 MIMO-VLC system using NHS-
OFDM exhibits computational complexity lower than or
comparable to the system using HS-OFDM but achieves
superior BER performance. The experimental results have
further verified that, for a target BER of 3.8 x 10~%, NHS-
OFDM improves the communication coverage area of a
400 Mb/s imaging 2 x2 MIMO-VLC system by about
30% compared with HS-OFDM. In conclusion, NHS-
OFDM can be a promising technique for MIMO-VLC-based
high-speed indoor wireless access.
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