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Digital Pre-Equalization for OFDM-Based
VLC Systems: Centralized or Distributed?
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Abstract— We propose and experimentally demonstrate a dis-
tributed digital pre-equalization (DPE) technique for orthogonal
frequency division multiplexing (OFDM)-based bandlimited vis-
ible light communication (VLC) systems. In the VLC system
applying distributed DPE, the subcarriers are divided into two
bands, where the bandwidth and the power of each band can
be flexibly adjusted to maximize the achievable data rate of the
system. Hence, distributed DPE exhibits much higher tolerance
against light-emitting diode (LED) nonlinearity than conventional
centralized DPE. Experimental results verify the superiority of
distributed DPE for OFDM-based bandlimited VLC systems.
More specifically, a data rate of 976.6 Mbit/s is achieved by
using distributed DPE, which corresponds to an achievable rate
improvement of 25% in comparison to centralized DPE.

Index Terms— Visible light communication, orthogonal fre-
quency division multiplexing, digital pre-equalization.

I. INTRODUCTION

ISIBLE light communication (VLC) using light-emitting

diodes (LEDs) has attracted extensive attention in recent
years, owing to its merits such as abundant spectrum resources,
high security and no electromagnetic interference [1]. Lately,
VLC-enabled LiFi networks have revealed great potential
for 6G and Internet of things applications [2], [3]. Never-
theless, one key challenge that must be faced to develop
high-speed VLC systems is the limited modulation band-
width of commercial white LEDs, which is typically about a
few MHz [4]. So far, many techniques have been proposed for
capacity improvement of bandlimited VLC systems, includ-
ing blue filtering [5], pre-equalization [6], [7], orthogonal
frequency division multiplexing (OFDM) with high-order
quadrature amplitude modulation (QAM) constellations [8],
multiple-input multiple-output (MIMO) transmission [9], non-
orthogonal multiple access [10], [11], and so on. Among them,
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blue filtering and pre-equalization can directly extend the
modulation bandwidth of LEDs. Although bandwidth exten-
sion can be obtained by blue filtering, the received signal
power is inevitably decreased, leading to a reduced signal-to-
noise ratio (SNR). In contrast, pre-equalization can efficiently
extend LED bandwidth without sacrificing the received signal
power, which has been widely applied in VLC systems.
Moreover, as a capacity-approaching modulation technique,
adaptive OFDM with bit and power loading has also been
applied in high-speed VLC systems [12]. However, the appli-
cation of adaptive OFDM with bit and power loading in
practical VLC systems might be challenging due to its high
implementation complexity and the need of instantaneous
SNR feedback information. As a result, OFDM modulation
with pre-equalization can be a promising candidate for prac-
tical low-complexity VLC systems.

Generally, pre-equalization techniques can be divided into
two categories: one is analog pre-equalization (APE), and the
other is digital pre-equalization (DPE). Specifically, APE is
realized by using analog hardware circuits [6], [13], while
DPE is performed via software digital signal processing
(DSP) [7], [14]. Considering that LEDs might have differ-
ent frequency responses, a specific pre-equalization circuit
should be designed for each LED and hence APE is lack of
flexibility. In contrast, the design of DPE is highly flexible
through DSP which can be adaptively adjusted according to
the specific frequency response of the LED. Although DPE can
efficiently extend the modulation bandwidth of OFDM-based
bandlimited VLC systems, it performs power compensation in
a centralized manner. Considering that practical LEDs exhibit
severe nonlinearity, the power penalty of such a centralized
DPE scheme might be an issue in particular for constant
illumination optical output from a nonlinear LED, due to
the excessive amplification of the power of high-frequency
subcarriers.

In this letter, we propose and experimentally demonstrate a
novel distributed DPE technique for OFDM-based bandlimited
VLC systems. By performing DPE in a distributed manner,
the adverse effect of LED nonlinearity can be efficiently miti-
gated. Moreover, the distributed DPE can be further optimized
according to the specific frequency response of the VLC sys-
tem, so as to maximize the achievable data rate of the system.

II. PRINCIPLE OF DISTRIBUTED DPE

To eliminate the power difference between low-frequency
and high-frequency subcarriers in OFDM-based VLC system
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Fig. 1. Illustration of the received OFDM spectra with (a) centralized DPE
and (b) the proposed distributed DPE.

with a low-pass frequency response, centralized DPE was
proposed which allocates more power to the subcarriers in
the high-frequency region so that all the subcarriers can
have a comparable power [7]. To implement centralized DPE,
a power loading profile is first calculated according to the mea-
sured low-pass frequency response of the VLC system. Then,
the obtained power loading coefficients are multiplied with the
corresponding input data of the subcarriers before executing
the inverse fast Fourier transform (IFFT). Fig. 1(a) depicts the
spectrum of the received OFDM signal with centralized DPE.
It can be found that the received power of all the subcarriers
is comparable after performing centralized DPE, and thus the
OFDM signal can have flat SNR and bit error rate (BER)
profiles. Although centralized DPE can compensate the high-
frequency attenuation, the received power of low-frequency
subcarriers is greatly reduced after power re-allocation. Hence,
centralized DPE might overcompensate the power attenuation
of the subcarriers in the high-frequency region, which leads to
significant power loss for the subcarriers in the low-frequency
region. Furthermore, since high-frequency subcarriers might
be allocated with an excessively high power with centralized
DPE, they become much more vulnerable to LED nonlinearity.
Therefore, more power dose not necessarily bring lower BER
in OFDM-based VLC systems employing centralized DPE.
Considering the issues of centralized DPE, we for the first
time propose a novel distributed DPE technique for OFDM-
based bandlimited VLC systems. The proposed distributed
DPE can be considered as the combination of centralized DPE
and adaptive bit/power loading, where the centralized DPE
is performed with respect to two different bands and the
adaptive bit/power loading is applied for the two equalized
bands. The basic principle of distributed DPE is illustrated
in Fig. 1(b), where the power of the subcarriers is compensated
in a distributed manner. Specifically, the subcarriers within the
signal bandwidth B are divided into two bands, i.e., the low-
frequency band (LFB) and the high-frequency band (HFB).
The bandwidths of the LFB and the HFB are respectively
denoted by By and Bp, and we have By + By = B.
It should be noted that the subcarriers within the signal
bandwidth can also be divided into more than two bands
when performing distributed DPE, and the extreme case in
dividing the signal bandwidth is that each subcarrier is treated
as an individual band. In this case, distributed DPE becomes
exactly the same as the well-known adaptive bit and power
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loading scheme, which exhibits high transceiver complexity.
Therefore, in order to keep the transceiver complexity as low
as possible, the subcarriers within the signal bandwidth is only
divided into two bands in the proposed distributed DPE.

Differing from centralized DPE, the power compensation in
distributed DPE is carried out for the LFB and the HFB indi-
vidually. As shown in Fig. 1(b), two individual power loading
profiles are calculated for the LFB and the HFB, respectively.
Using the obtained power loading coefficients, the powers of
the LFB and the HFB can be re-allocated accordingly. Owing
to the distributed operation of DPE, the LFB and the HFB
can be allocated with different powers. Letting Py and Py
respectively represent the allocated powers to the LFB and
the HFB, the total power of the LFB and the HFB always
remains the same, i.e., P + Py = Pyt where Py denotes
the total transmitted power. In the next, we define two key
parameters for distributed DPE. The first parameter is the
bandwidth allocation ratio «, which is defined as the ratio
between the bandwidth of the LFB and the overall signal
bandwidth, i.e.,

By By,
o= —=—
B B+ Bu

The second parameter is the power allocation ratio £, which
can be defined as the ratio between the power of the HFB and
the power of the LFB, i.e.,

ey

=2 @)

By applying uniform bit loading on per subcarrier in the
LFB or the HFB, the achievable data rate of the OFDM-based
VLC system adopting distributed DPE can be calculated by

R =#nrBr +nuBu =lan. + (1 —a)nulB, 3)

where 77 and 7y denote the numbers of bits per unit band-
width that can be transmitted by LFB and HFB, respectively.

III. EXPERIMENTAL SETUP AND RESULTS

In this section, we conduct experiments to investigate the
performance of distributed DPE in OFDM-based bandlimited
VLC systems. Fig. 2 depicts the experimental setup, where
the insets (a) and (b) show the schematics of OFDM modu-
lation and demodulation with distributed DPE, respectively.
For OFDM modulation, the serial input bits are separated
into two parts via serial-to-parallel (S/P) conversion, where
one part is mapped into QAM symbols for the LFB and
the other part is mapped into QAM symbols for the HFB.
Subsequently, distributed DPE is performed according to
the measured low-pass frequency response. Before executing
the IFFT, the Hermitian symmetry (HS) constraint is imposed
so as to generate a real-valued output signal. After parallel-
to-serial (P/S) conversion, the transmitted OFDM signal is
obtained. For OFDM demodulation, time synchronization is
first carried out and then the serial data are converted into
the parallel data via S/P conversion. After performing FFT
and frequency-domain equalization (FDE), the QAM symbols
corresponding to the LFB and the HFB are respectively
demapped, and the output bits are finally recovered via
P/S conversion.
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Fig. 2. Experimental setup of a point-to-point VLC system using a blue
mini-LED. Insets: schematics of OFDM (a) modulation and (b) demodulation
with distributed DPE, and photos of (c) the overall system, (d) the transmitter
and (e) the receiver.

The digital OFDM signal generated offline by MATLAB is
loaded to an arbitrary waveform generator (AWG, Tektronix
AFG31102) with a sampling rate of 500 MSa/s, where the
length of the IFFT/FFT is 256 and a total of 100 subcarriers
are used to carry valid QAM symbols. Hence, the bandwidth
of the OFDM signal is 195.3 MHz. In order to obtain a non-
negative signal, a 140-mA DC bias current is added via a
bias-tee (Mini-Circuits, ZFBT-6GW+) and the resultant signal
is used to drive a blue mini-LED (HCCLS2021CHIO3). The
corresponding -3dB bandwidth of the VLC system is 86 MHz.
At the receiver side, a photodetector (PD, Thorlabs PDA10A2)
with a bandwidth of 150 MHz and an active area of 0.8 mm?
is adopted to detect the optical signal. The received signal
is recorded by a digital storage oscilloscope (DSO, LeCroy
WaveSurfer 432) with a sampling rate of 2 GSa/s, which is
further demodulated offline. Moreover, to achieve a relatively
high SNR, a pair of biconvex lenses each with a diameter
of 12.7 mm and a focal length of 20 mm are used to align the
blue mini-LED and the PD. In the experiments, the transmis-
sion distance is set to 60 cm. The photo of the overall system
is shown in inset (c) of Fig. 2, while insets (d) and (e) show
the photos of the transmitter and the receiver, respectively.

In the next, we compare the transmitted and received
spectra of OFDM signals for three cases: (a) centralized
DPE, (b) distributed DPE with ¢ = 0.5 and f = 0.5, and
(c) distributed DPE with o = 0.6 and f = 0.1. As shown
in Figs. 3(a) and (e), the received OFDM signal has a
flat spectrum when centralized DPE is applied. Although
the spectrum becomes flat, the power of low-frequency
subcarriers is substantially reduced. In contrast, when dis-
tributed DPE is adopted, the overall spectrum is divided
into two parts, i.e., LFB and HFB. It can be found from
Figs. 3(b), (f), (c) and (d) that distributed DPE can be flexibly
performed by adjusting o and £.

We further investigate the received SNR for different
cases by changing the peak-to-peak voltage (Vpp) of the
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Fig. 3. Transmitted spectra of OFDM signals with (a) centralized DPE,
(b) distributed DPE with « = 0.5 and f = 0.5, and (c) distributed DPE
with & = 0.6 and f = 0.1, and received spectra of OFDM signals with
(d) centralized DPE, (e) distributed DPE with o = 0.5 and f = 0.5, and
(f) distributed DPE with a = 0.6 and f = 0.1.

OFDM signal. As shown in Fig. 4(a), for the case without
DPE, the received SNR is generally increased with the increase
of Vpp. However, for the case of centralized DPE, the received
SNR is first increased and then reduced with the increase
of Vpp, and the highest SNR of 18.1 dB is achieved when
Vpp = 3 V. As we can observe, the received SNR with
centralized DPE is higher than that without DPE only when
the Vpp is relatively small. For a large Vpp of 5V, the received
SNR with centralized DPE is much lower than that without
DPE, which is mainly due to the performance degradation
of high-frequency subcarriers caused by the adverse effect
of LED nonlinearity. For the case of distributed DPE with
o = 0.5 and f = 0.5, the LFB and the HFB have the same
bandwidth, but the LFB achieves relatively higher SNRs than
the HFB. For the case of distributed DPE with o = 0.6 and
f = 0.1, the SNR difference between the LFB and the HFB
becomes much more significant, since the most portion of
the transmitted power is allocated to the LFB. Based on the
measured SNR performance of the LFB and the HFB, we can
directly obtain the number of bits per unit bandwidth that can
be transmitted by the LFB and the HFB. To perform bit loading
and calculate the achievable rate, M-ary QAM constellations
are considered and the BER threshold of 3.8 x 1073 is adopted
to yield the corresponding minimum SNR requirement.

In the proposed distributed DPE, the two parameters
(i.e., a and f) can be flexibly adjusted. Hence, the performance
of distributed DPE can be optimized by finding optimal o and
f values, so as to maximize the achievable data rate of the
VLC system. Fig. 4(b) shows the achievable rate versus both
o and f for Vpp = 4 V, where a is in the range from 0.2 to
0.8 and £ is in the range from 0.1 to 0.9. It can be clearly seen
that there is one set of optimal o and £ values, i.e., (atopt = 0.5,
Bopt = 0.5), to achieve maximum data rate of 976.6 Mbit/s for
Vpp = 4V, as highlighted in the red star. The optimal a and
p values might be different for different Vpp values.

Finally, Fig. 4(c) compares the maximum achievable rate
versus Vpp for different cases. For the case without DPE,
the achievable rate is gradually increased when Vpp is
increased from 1 to 3 V, and it remains the same at
781.3 Mbit/s for a higher Vpp of 4 and 5 V. For the case
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Fig. 4. Experimental results: (a) received SNR vs. Vpp, (b) achievable rate (Mbit/s) vs. both a and f for Vpp = 4 V, and (c) achievable rate vs. Vpp.

of centralized DPE, the achievable rate is firstly increased and
then remains stable, and finally decreased with the increase
of Vpp. Specifically, the achievable rate with centralized
DPE is higher than that without DPE for a relatively small
Vpp of 1 and 2V, and the same data rate is achieved for a mod-
erate Vpp of 3 and 4 V. For a high Vpp of 5 V, the achievable
rate with centralized DPE is greatly lower than that without
DPE, and this performance degradation is mainly caused by
the adverse effect of LED nonlinearity on the performance
of high-frequency subcarriers. In contrast, when distributed
DPE with & = 0.5 and f = 0.5 is employed, substantial
achievable rate improvement can be obtained. As we can see,
a maximum data rate of 976.6 Mbit/s is achieved for Vpp =
4V, which indicates a 25% improvement of achievable rate
by using distributed DPE with @ = 0.5 and § = 0.5 compared
with that using centralized DPE. Moreover, the achievable
rate utilizing distributed DPE can be further maximized by
setting optimal o and f values. For example, the achievable
rate is increased from 878.9 to 976.6 Mbit/s for Vpp = 3 V,
when optimal o and f values are considered. It can be further
observed that distributed DPE with optimal & and f achieves
comparable performance as adaptive bit loading, while adap-
tive bit and power loading only performs slightly better than
distributed DPE with optimal o and f. Therefore, dividing the
bandwidth into three or more bands can only slightly increase
the achievable rate of distributed DPE, but with substantially
increased implementation complexity. In brief, the proposed
distributed DPE can obtain greatly improved achievable rate
in comparison to centralized DPE with only slightly increased
complexity, while it achieves comparable rate in comparison to
adaptive bit and power loading with much reduced complexity.
Furthermore, the complexity of the proposed distributed DPE
technique can be further reduced by adopting fixed bandwidth
and power allocation ratios (i.e., @ = 0.5 and g = 0.5), which
can also achieve satisfactory rate performance.

IV. CONCLUSION

In this letter, we have proposed and experimentally demon-
strated a novel distributed DPE technique for OFDM-based
bandlimited VLC systems with low transceiver complexity.
In the proposed distributed DPE, the subcarriers are divided
into two bands where the bandwidth and the power of each

band can be flexibly adjusted and optimized. As a result,
distributed DPE is more robust to LED nonlinearity than
centralized DPE. The obtained experimental results show that
distributed DPE can achieve substantially improved data rate
than centralized DPE. Therefore, the proposed distributed DPE
technique has great potential for the application in high-speed
OFDM-based bandlimited VLC systems.
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