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ABSTRACT The integration of dimming and communication is required in light fidelity (LiFi) systems.
The implementation of a visible light communication system with a high signal to noise ratio (SNR) and a
wide dimming support range is demonstrated in this paper. Two orthogonal frequency division multiplexing
(OFDM) techniques are considered due to the popularity of multi-carrier modulation schemes in enabling
high speed LiFi systems. These techniques are: direct current (DC)-biased optical OFDM (DCO-OFDM)
and augmented spectral efficiency discrete multi-tone (ASE-DMT). Different dimming methods are pro-
posed: amplitude-modulation (AM) dimming and pulse-width-modulation (PWM) dimming. The proposed
system is implemented on a National Instruments (NI) PXIe-1085 and NI-7966R Field Programmable
Gate Array (FPGA). The theoretical analysis and simulation results are also presented. ASE-DMT is
experimentally shown to provide a nearly constant SNR of up to 26 dB within its entire PWM dimming
range from 16% to 84% brightness. DCO-OFDM performance peaks at 30 dB when the dimming level is at
50% and monotonically decreases at other higher and lower dimming levels. ASE-DMT outperforms DCO-
OFDM for all dimming levels lower than 30% or higher than 70%. The implementation results suggest that
ASE-DMT is more suitable for dimming applications.

INDEX TERMS LiFi; brightness; ASE-DMT; reversed dimming (or PWM dimming); AM dimming; DCO-
OFDM; live demonstration; SNR/symbol; FPGA; PXIe-1085; NI-7966R.

I. INTRODUCTION
A. LIFI DEVELOPMENT AND OUR INTEREST

There has been an increase in research and commercial
activities in Light Fidelity (LiFi) systems since the first TED
Global talk on LiFi in 2011 [1]. The standardization of LiFi
is currently being considered by the institute of electrical
and electronics engineers (IEEE) 802.11bb task group [2].
The available bandwidth in the visible and short infrared
region is 2000 times larger than the whole radio frequency
(RF) spectrum. This allows LiFi to be a potential solution
for the exponentially increasing demand for wireless access
[1]- [2]. Visible light communication (VLC) systems should
maintain illumination quality as its primary requirement.
For example, light communication systems are all required
to have flicker-free illumination. This is highlighted in all
light communication standards [3]- [2]. In addition, dimming
support is considered as an indispensable feature for VLC
systems [3]. Therefore, the illumination quality of VLC
systems, particularly brightness dimming, has attracted our

research interest.

The standardization of LiFi technology is an essential
step in supplying LiFi products to end-users. The physical
layer (PHY) and medium access control layer (MAC) are
among the main technical details being defined by the IEEE
802.11bb task group on light communication (LC). A brief
summary of the dimming support in the currently available
IEEE light communication standards is provided in Table
1. Dimming control refers to the capability of a LiFi sys-
tem to adjust the brightness of a transmitting light source
without degrading the performance of the communication
link. Several dimming methods have been designed in the
IEEE 802.15.7-2011 VLC standard as given in Table 1. These
methods are suitable for all the waveforms defined in the
PHYs I, II, and III of the standard. However, they result in
a degradation in the data rate and the signal-to-noise ratio
(SNR). For example, amplitude modulation (AM) dimming
reduces the waveform amplitude and thus reduces the SNR,
while pulse width modulation (PWM) dimming maintains
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TABLE 1. LIGHT COMMUNICATION STANDARDS WITHIN IEEE
STANDARDS ASSOCIATION

PHY layers Dimming Consideration

IEEE
802.15.7-
2011
[4]

PHY I, II, and III are
based on rectangular-
shape waveform (Pulsed
modulation schemes)

Three dimming methods were
introduced for VLC waveform
(i.e. rectangular waveform), in-
cluding compensation symbol
insertion, pulse width modu-
lation (PWM), and amplitude
modulation (AM).

IEEE
802.15.13
[2]

Based on revision of PHY
II, III from 802.15.7-2011.
OFDM-based LiFi PHY is
being added.

Reversed-unipolar LiFi dimming
methods (inspired by PWM) can
be applied [5]- [6]. However,
dimming control is required to
be considered for OFDM-based
waveforms in the standard to
maintain a good communication
performance.

IEEE
802.11
TGBB [7]

Based on 802.11 PHYs.
Infrared band is manda-
tory in the wavelength
range: (800 nm – 1000
nm).

Dimming method is not yet
disclosed; but notice that in-
frared (IR) is used as manda-
tory spectrum. Dimming require-
ments will emerge when the op-
tional visible light spectrum is
considered.

a high peak-to-peak voltage but reduces the data rate. AM
dimming can be applied to all intensity modulation with di-
rect detection (IM/DD) waveforms. This includes orthogonal
frequency division multiplexing (OFDM), which is being
introduced in the IEEE 802.15.13 Multi-Gigabit/s Optical
Wireless Communications (OWC) Task Group (TG13) and
IEEE 802.11 Light-Communication Task Group (TGbb).
AM dimming results in an unavoidable performance reduc-
tion because it limits the vertical resolution of the analog-
to-digital and digital-to-analog converters (ADC/DAC). In
contrast, PWM dimming requires a careful design based on
the characteristic of the probability density functions (PDF)
of the chosen LiFi modulation scheme.

B. IMPLEMENTATION GOALS & CHALLENGES
This paper focuses on the design and implementation of
OFDM-based dimming for LiFi systems that does not de-
grade the communication performance. An off-the-shelf
commercial light-emitting-diode (LED) is used because of
the LEDs ubiquitous availability. Recent work has shown
that choosing an LED can provide over 4 Gbps in data rate
[8] by using a 10 GHz clock rate ADC/DAC hardware. The
optimization of the bit rate does not fall within the scope
of this paper. However, the evaluation of the communication
link performance in terms of the measured SNR per sym-
bol (denoted as γ) of the quadrature amplitude modulation
(QAM) is considered for a wide range of LED brightness
dimming levels. The SNR/symbol, in dB, of an M-QAM,
where M is the constellation size, is expressed as:

γ = 20 log
(uQAM

σ

)
(1)

where uQAM denotes the minimum Euclidean distance of
the considered QAM order, and σ denotes the standard devi-
ation of the received QAM symbols relative to the originally
transmitted symbols.

The overall goal of the system is to achieve a dimming
range between 5% and 95% of the full brightness of the
LED and to simultaneously maintain an SNR/symbol above
15 dB for all dimming levels in the brightness range. Aug-
mented spectral efficiency discrete multi-tone (ASE-DMT)
is used because it is a spectral and energy efficient mod-
ulation scheme [9]–[11]. A hybrid PWM-AM dimming is
proposed to be applied to ASE-DMT to enable the dimming
control while maintaining the spectral and energy efficiency
of ASE-DMT. AM dimming is applied to extend the possible
dimming range of the considered modulation schemes. The
system is demonstrated on a real-time communication plat-
form. Accordingly, multiple decoders must run in parallel
with an acceptable processing delay to provide a live link
quality monitoring at each of the layers of multi-layered
ASE-DMT [11]. Additionally, the implementation of direct
current (DC)-biased optical OFDM (DCO-OFDM) dimming
is presented for comparison purposes.

C. AM VS. PWM DIMMING
This paper presents an implementation of a hybrid PWM-
AM dimming control based on two modulation schemes:
ASE-DMT and DCO-OFDM. The selection of the dimming
method is based on the considered dimming level. Figure 1
shows the scaling of the signal amplitude based on the
selected dimming levels. The ability to send a larger signal
peak-to-peak amplitude is directly linked to achieving a
higher SNR. The PWM dimmable range for ASE-DMT is
much wider than that of DCO-OFDM given the unipolarity
of ASE-DMT waveforms. This is given between 16% and
84% of the full brightness of the considered light source for
ASE-DMT. AM is used on top of that to expand the dimming
range beyond the capability of PWM (i.e., to reach a dimming
range from 5% to 95% brightness). Unfortunately, this results
in a controlled degradation in the signal amplitude (i.e. the
peak-to-peak voltage), which is unavoidable when AM is
applied to dim the waveform. In contrast, the PWM dimming
method supports a narrower dimming range for DCO-OFDM
(i.e., 25% to 75% brightness) due to the bipolarity of the
waveforms. Only half of the signal amplitude range can
be used when PWM dimming is applied for DCO-OFDM.
Therefore, the reduction in the SNR is unavoidable for DCO-
OFDM.

The dimming mechanism in ASE-DMT is mostly based on
PWM. This allows ASE-DMT to maintain a better commu-
nication performance than DCO-OFDM, as its peak-to-peak
amplitude is always higher than that of DCO-OFDM at any
applied brightness level. In other words, the PWM dimming-
method does not reduce the signal amplitude as illustrated
in Figure 1 and therefore the SNR should stay as high as it
would if there is no dimming.
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FIGURE 1. An illustration of the modulation signal scaling based on the
considered dimming levels.

D. PROPOSED SYSTEM CONFIGURATION
Our implementation is based on a National Instruments (NI)
real-time processing platform, e.g., a PXIe-1085 chassis
computer, which is equipped with field programmable gate
array (FPGA) NI-7966R panels. Each of these panels is
operating at 100 MHz clock and can be used for any baseband
communication application. A bidirectional direct current
(DC)-coupled ADC/DAC, NI-5781, is used for both uplink
and downlink with a 20 MHz communication bandwidth.
Our initial implementations show the feasibility of achieving
data rates of up to 40 Mbps. However the optimization of
data rate is not the main objective of this paper. Instead, an
evaluation of the communication link performance for the
different dimming levels is considered.

FIGURE 2. System hardware configuration.

Figure 2 shows the used hardware configuration for the
proposed system. An off-the-shelf blue LED is used at the
transmitter side (Vishay VLMB1500). The used alternative
current (AC)-coupled photodetector (PD) (Femto-HSPR-X-
I-1G4-SI) has a 1.4 GHz of 3 dB bandwidth. However, the

communication bandwidth of 20 MHz is chosen as the upper
frequency limit of the used ADC/DAC. By using an AC-
coupled bias-T (PSPL5575A), any DC-component of the
waveform will be removed after passing the bias-T. There-
fore, a programmable DC generator (Keysight E36313A) is
connected to the DC input gate of the bias-T to supply the
bias voltage to the LED so that the brightness of the LED is
controllable by our transmitter software.

II. RELATED WORKS
Multi-tone modulation schemes such as OFDM are popular
in LiFi systems as they can maximize the data rate by using
adaptive bit and energy loading techniques. Adopting OFDM
allows for an inherent multi-user support using OFDM access
(OFDMA). In addition, it allows for a faster integration
with other OFDM-based RF systems. This is in contrast to
pulsed modulation schemes adopted in the IEEE 802.15.7-
2011 standard, that offer lower speeds. However, multi-tone
waveforms require a different dimming mechanism from
that of pulsed modulation schemes. This section compares
existing dimming techniques applied to LiFi systems.

The selection of the dimming method depends on the
PDF of the waveform. LiFi waveforms can be classed into
two categories: (Type I) bipolar waveforms which have a
symmetric PDF and a mean value in the centre of the in-
tensity range, and (Type II) unipolar waveforms which have
an asymmetric PDF. A typical example of a LiFi waveform
type I is DCO-OFDM, while a good example of type II
is PAM-DMT [12]. Type II waveforms can be generated
by clipping the negative samples of the original bipolar
OFDM waveform. The distortion of the zero-level clipping
is orthogonal to the information-modulated symbols in all
inherent unipolar OFDM schemes [3]. The negative part of
the PDF can be ignored without any impact on the receiver
(RX). Alternatively, it can be reversed to have a positive value
before being transmitted such as in flip-OFDM and unipolar
OFDM (U-OFDM) [5] - [13].

A higher SNR is expected to be achieved using type
II waveforms in comparison with type I waveforms when
compared to the same dynamic range. Unipolar waveforms
type II can utilize twice the dynamic range of the bipolar
waveforms of type I. That explains, in part, the interest in
unipolar LiFi waveforms [14]- [15].

Numerous studies and patents have considered the differ-
ent dimming methods to control the brightness of the LED
during communication, as in [16] - [17]. These works pro-
vided interesting simulation results and estimations of spec-
tral efficiency. A real-time implementation of the ASE-DMT
transmitter has been recently published [18]. In compari-
son with the previous works, this paper proposes a hybrid-
dimming technique to extend the dimming range of both
DCO-OFDM and ASE-DMT. Our implementation of ASE-
DMT and DCO-OFDM is more focused on evaluating the
dimming capabilities experimentally.

III. IMPLEMENTATION
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A. GENERAL DESCRIPTION
A description of the dimming implementation is presented
in this section based on ASE-DMT modulation scheme. The
implementation of the AM-dimming DCO-OFDM system
will not be included. However, it can be simply understood
based on this section.

B. TRANSMITTER AND DIMMING CONTROL

FIGURE 3. ASE-DMT transmitter Block Diagram.

The implementation of a three-layer ASE-DMT transmit-
ter (TX) follows the block diagram in Figure 3. The number
of layers is limited to three in this paper as it simplifies the
system implementation while at the same time achieving
87.5% of the spectral efficiency of DCO-OFDM. A greater
number of layers can be used at the expense of additional
memory requirements [11].

AM-PWM dimming and Brightness Control:
There are three parameters to control the brightness in AM-
PWM dimming: (1) the bias voltage applied to LED (this is a
fixed parameter), (2) the duty cycle of PWM dimming pulse,
and (3) the amplitude of the signal (this should be avoided
if not necessary as it results in a reduction in the SNR). The
dimming process is explained as follows.

Firstly, the modulation layers of ASE-DMT are digitally
summed after clipping as:

x
(D)
ASE =

D∑
k=1

x
(k)
ASE , (2)

where D is the number of modulation layers in the ASE-
DMT; k is the index of an individual layer.

Next, one OFDM frame can be assigned to one of two
dimming states: a high dimming level (corresponding to the
ON duration of the PWM pulse) or a low dimming level
(corresponding to the OFF duration). One PWM cycle will
be applied to a set of OFDM frames. For example, a set
of ten OFDM frames is used in our measurements. PWM
will determine the number of OFDM frames that will have
a high-dimming level while the remaining ones will have
a low dimming level. Let’s denote s as the dimming sign
applied to an OFDM frame of the sum waveform (denoted
as xASE(D)). This means that s = −1 denotes that the

waveform is reversed, while s = 1 means the waveform is
not. After applying a PWM dimming sign s and a bias voltage
(V bias), the modulation waveform is expressed as follows:

x
(D)
PWM = s

{
αxASE

(D)
}

+ V bias (3)

where α is the AM scale factor.

After which, the modulation waveform is used to drive an
LED which translates it into a fluctuation of optical power, as
follows:

y
(D)
PWM = f × x(D)

PWM = f
{
sαxASE

(D) + V bias

}
= fα× sxASE(D) + fV bias

= α× yAC + ybias

(4)

where f denotes the voltage-optical transfer function of the
chosen LED. yAC and ybias represents the optical power
contributions from the AC signal component and the constant
bias voltage (DC component) respectively.

The average optical power (brightness) is calculated in
(5). The brightness of an LED can be controlled via the
PWM duty cycle, AM scaling of the signal, and the bias
voltage of the LED. However, the bias voltage is fixed in
our implementation at a constant value while the PWM duty
cycle is controlled using our software.

yavg = E
{
y
(D)
PWM

}
= E {α× yAC + ybias}

= α(1− β)× E
{
xASE

(D)
}

+ ybias

= α× yβ + ybias (5)

where E is the statistical mean expectation; β is the duty
cycle of the PWM dimming signal. yβ represents the average
optical power contribution from the PWM dimming.

At the receiver side, the optical waveform is received by
an AC-coupled photodiode receiver, denoted as ŷASE(D).
This photodiode can ignore the DC components in (4). The
channel gain/attenuation factors can also be ignored as they
are compensated for in the channel vector estimation. The
AC signal component containing the dimming sign s is given
as follows:

ŷ
(D)
ASE = sx

(D)
ASE = s

D∑
k=1

x
(k)
ASE (6)

Example of dimming:
Without controlling the AM-scaling factor, the OFDM wave-
form is operating at its maximum amplitude range and the
PWM dimmable range is measured to be in between 16% and
84% brightness. When the desired brightness level is outside
of the PWM dimming range, the AM dimming method would
be applied to reach a lower brightness level. Figure 4 presents
some examples of applying different dimming levels on an
ASE-DMT waveform using either AM dimming or PWM
dimming.
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FIGURE 4. Example of dimming control using AM/PWM to target 10%, 30%,
and 70% brightness (from the top down).

C. RECEIVER PROCESSING
The block diagram of the receiver and the detailed decoder
architecture of ASE-DMT are illustrated in Figure 5 and
Figure 6, respectively.

FIGURE 5. Three-layer receiver block diagram.

1) PRE-PROCESSING
Pre-processing techniques such as auto-gain controlling and
shot noise removal are applied on the received time-domain
samples after they are converted from analog to digital.
The processed samples can then be fed into a timing and
synchronization process.

2) TIMING AND SYNCHRONIZATION
The system implementation applies a popular timing and
synchronization algorithm proposed by Van de Beek et.al for
OFDM [19]. The algorithm uses maximum likelihood (ML)
optimization to match the start of an OFDM frame and its

FIGURE 6. Three-layer ASE-DMT decoder.

associated cyclic prefix. However, the algorithm is designed
to work with complex-valued RF-based OFDM waveforms.
The synchronization algorithm requires some modifications
before it can be applied to real-valued optical OFDM wave-
forms. Our implementation makes two modifications for the
different modulation schemes. The first modification pads
zeros to the imaginary part of the real-valued waveform.
This was experimentally shown to be sufficient for a reliable
synchronization in DCO-OFDM. The second modification
produces the complexed waveform by merging two adjacent
real-valued symbols into a single complex symbol. This was
experimentally shown to be sufficient for a reliable syn-
chronization in ASE-DMT. Although both modifications are
simple in principle, they are able to provide reliable timing
and synchronization to evaluate the link quality. Section VI
provides a detailed analysis of these algorithms.

3) PRE-EQUALIZATION VS POST-EQUALIZATION
A training sequence within the PHY header can be used
for the time-domain channel estimation and pre-equalization
[2]- [7]. The frequency pilots allocated to a few subcarriers
can also be used for the post-equalization in the frequency
domain. Experimental results have shown that the post-
equalization is necessary to correct the phase rotation of the
in-phase and Quadrature-phase (IQ) constellations. The pre-
equalization can be avoided in ASE-DMT. However, post-
equalization is mandatory. Post-equalization at any layer of
ASE-DMT with an index k is indispensable as it provides
an estimation of the channel matrix Hk. This facilitates the
recovery of the time-domain waveform of layer-k that is also
used for the decoding of the next layer, as seen in Figure 6.

4) ASE-DMT and PWM dimming sign
This section presents the implications of PWM dimming on a
conventional ASE-DMT decoder. A modified decoding pro-
cess is proposed to mitigate these implications. The following
analysis does not take into account the channel scaling factor
of the signal amplitude. However, the channel scaling factor
is already compensated for during the estimation of the
channel matrix Hk. The DC component of the signal will be
ignored since ASE-DMT requires minimal turn-on voltage
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bias.
In the multi-layer decoding process, we denote that

x̂ASE
(k) is the estimate of the transmitted xASE

(k). This
estimation implements a close-loop approximation with an
estimated channel vector Hk, (see Figure 6). Next, the input
to the decoder at layer-d is denoted as I(d) and calculated as:

I(d) =

{
ŷASE

(D) if d = 1,

I(1) − s
∑d−1
k=1 x̂ASE

(k) if d > 1.
(7)

The inputs at decoding layers are also expressed in a
recursion form:

I(d) = I(d−1) − s× x̂ASE(d−1). (8)

Finally, the recursive subtraction in Equation 8 will result
in a simple form of the inputs at decoding layers in (9). It
clearly shows the dependence of the dimming sign on the
input to the demodulation layers.

I(d) = s

D∑
k=d

x̂ASE
(k) (9)

Any inaccurate dimming sign at a particular ASE-DMT
layer results in an incorrect recovery of the OFDM symbols at
the next layer. This leads to a cascade of erroneous decoding
at all subsequent layers due to the propagation of errors.
the transmitter is designed to send a data frame to inform
the receiver of the current brightness level and the sequence
of the dimming signs that are going to be used in the next
payload. This follows the dimming mechanism introduced
by the IEEE 802.15.7-2011 standard. Then, the receiver can
look up for the dimming-sign sequence in order to achieve a
successful decoding of the incoming waveforms.

D. BRIGHTNESS CONTROL TO OPTICAL POWER
CONVERSION
Figure 7 presents the measured optical power at the dif-
ferent considered dimming levels. This shows a conversion
between our software-based custom brightness control value
(in percent) and the actual optical power (in milli-Watt). The
measurement was performed using the optical power meter
PM100USB and S121C photodiode power sensor.

IV. RESULTS AND DISCUSSION
The SNR per symbol is measured continuously for each of
the received frames. For a fair evaluation of link quality
between DCO-OFDM and ASE-DMT, the implementation
results are all measured under the same clipping factor and
channel conditions.

In the ASE-DMT implementation, there are three layers as
discussed in the previous section. The SNR/symbol values
at each of the three layers are measured. The experimen-
tal results revealed that there is a SNR/symbol reduction
of 1dB to 3dB between the lower and higher-order layers

FIGURE 7. Measured optical power response at different controlled
brightness levels.

due to the error propagation. However, this reduction of
the SNR/symbol per layer is nearly constant during the
considered dimming range. For the purpose of comparison
with DCO-OFDM, a normalized SNR/symbol value (γASE)
for all ASE-DMT layers is calculated based on the spectral
efficiency contribution of each layer as follows:

γASE =

D∑
d=1

10
γd/10 × 2−(d−1)

2− 2−(D−1)
, (10)

whereD is the number of modulation layers in ASE-DMT,
d is the index of each layer, and γd denotes the measured
SNR/symbol values at the layer indexed d.

FIGURE 8. Normalization of measured SNR/symbol at three layers of
ASE-DMT.

Figure 8 presents the normalized and the measured
SNR/symbol values for the three layer ASE-DMT waveform.
The normalized curve is closer to the values of layer 1
because of its higher spectral contribution relative to the other
layers. In order for the comparison between ASE-DMT and
DCO-OFDM to be more clear, the normalized results for
ASE-DMT are only presented for the rest of this paper.

For a fair performance comparison, the performance of
DCO-OFDM and ASE-DMT is measured at the same spec-
tral efficiency levels. Particularly, the performance of 4-QAM
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DCO-OFDM is compared with that of 2-PAM ASE-DMT,
while 16-QAM DCO-OFDM is compared with 4-PAM ASE-
DMT.

A. BACK-TO-BACK LINK
A direct back-to-back (B2B) link is tested to investigate the
decoder behaviour and the maximum SNR/symbol perfor-
mance that can be afforded by the used hardware. In addition,
this measurement helps us to validate the operation of the
entire communication system.

1) 4-QAM DCO-OFDM VS. 2-PAM ASE-DMT
Figure 9 shows the measured SNR/symbol results of 2-PAM
ASE-DMT and 4-QAM DCO-OFDM for all dimming values
between 5% and 95%. The signal amplitude is scaled-down
20 times to simulate the attenuation effect on the received
signal. The best performance that the system can afford in
the B2B link is measured at a 30 dB SNR/symbol. The
SNR/symbol will not exceed 40 dB in the case where the
signal is directly sent without any amplitude scaling. The
clipping distortion, non-ideal filtering of the DC component
and ADC/DAC quantization noise are the main factors in
limiting the SNR/symbol.

FIGURE 9. Measured SNR/symbol in B2B System (4-QAM DCO-OFDM
versus 2-PAM ASE-DMT) by using a 20-times attenuator.

The measured results in Figure 9 show the effect of
dimming on the system performance at different brightness
levels. It is shown that the performance of DCO-OFDM
reaches its maximum at a brightness level of 50%. This is the
brightness level where the peak-to-peak amplitude of DCO-
OFDM is the highest as shown in Figure 1. The performance
of ASE-DMT is relatively constant for the dimming levels
in-between its PWM dimmable range (i.e., 16% and 84% in
brightness).

The performance of 2-PAM ASE-DMT is nearly constant
around 25 dB within its PWM dimming range. However, it
is 3 dB lower than the peak performance of 4-QAM DCO-
OFDM at 50% dimming. This is reasonable due to the error
propagation between the layers of ASE-DMT. However, at
the boundaries of the PWM dimming range, ASE-DMT
outperforms DCO-OFDM by around 5 dB. Moreover, for

all the other dimming levels in the low brightness range
(less than 16% in brightness) or in the high brightness range
(greater than 84% in brightness), ASE-DMT outperforms
DCO-OFDM by 6 dB SNR/symbol.

2) 16-QAM DCO-OFDM VS. 4-PAM ASE-DMT
Figure 10 presents the measured SNR/symbol values of 4-
PAM ASE-DMT and 16-QAM DCO-OFDM for brightness
levels between 5% and 95%. The results are also measured
when the signal amplitude is scaled-down by 20-times to
simulate the channel attenuation as discussed earlier.

FIGURE 10. Measured SNR/symbol in B2B System (16-QAM DCO-OFDM
versus 4-PAM ASE-DMT) by using a 20-times attenuator.

The change of the measured SNR/symbol in Figure 10
follows the amplitude scaling that is shown in Figure 1. DCO-
OFDM reaches its peak performance of 23.5 dB at a dimming
level of 50%, while ASE-DMT achieves a relatively constant
SNR/symbol of 20 dB for all the dimming levels between
16% and 84%. A significant gain of around 6 dB from ASE-
DMT over DCO-OFDM is shown at the boundaries of the
PWM dimming range (i.e., 16 and 84% brightness levels).
The SNR/symbol gain of ASE-DMT over DCO-OFDM is
maintained for all the dimming levels outside the PWM
dimming range.

The expected constant and high SNR/symbol of ASE-
DMT within the PWM dimming levels is now experimentally
proven. Significantly, the results highlight that ASE-DMT
can achieve a high performance under low dimming condi-
tions. ASE-DMT outperforms DCO-OFDM for all dimming
levels lower than 30% or higher than 70%.

B. OPTICAL LINK
The results of the back-to-back link show that ASE-DMT is
the preferred scheme at the low and high dimming levels. In
a practical optical link, the SNR/symbol gain of ASE-DMT
changes based on the selection of the bias voltage of the LED.
Detailed results are presented in the following sections.

1) 4-QAM DCO-OFDM VS. 2-PAM ASE-DMT
The selection of the bias voltage applied to the LED has a
significant impact on the communication performance due
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to the nonlinear voltage-intensity response of the LED. The
turn-on voltage for the used red LED is around 1.8V. This
bias voltage represents the case of an entire-OFF voltage for
the LED as it results in low optical power. In addition, a bias
voltage which is close to the LED turn-on voltage results
in significant distortion for the AC modulating waveform.
This comes from the nonlinear V-I characteristic of LED. In
the experiment, we selected a bias voltage higher than 2.8V
to generate a signal output within the dynamic range of the
chosen LED.

FIGURE 11. Measured SNR/symbol in Optical Link (4-QAM DCO-OFDM
versus 2-PAM ASE-DMT); 2V peak-to-peak voltage applied to a 2.85V bias.

FIGURE 12. Measured SNR/symbol in Optical Link (4-QAM DCO-OFDM
versus 2-PAM ASE-DMT); 2V peak-to-peak voltage applied to a 3.0V bias.

FIGURE 13. Measured SNR/symbol in Optical Link (4-QAM DCO-OFDM
versus 2-PAM ASE-DMT); 2V peak-to-peak voltage applied to a 3.5V bias.

When different bias voltages of 2.85V, 3V, and 3.5V are
applied, the SNR/symbol differs by a few dB in the marginal

transition between PWM dimming and AM dimming. Partic-
ularly, the SNR/symbol is lower when the bias voltage is low.
In all results, 2-PAM ASE-DMT achieves a SNR/symbol of
26 dB, while 4-QAM DCO-OFDM reaches a peak of 30 dB
at a brightness level of 50%. ASE-DMT achieves around 25
dB for all of its PWM dimming range while the DCO-OFDM
performance peaks at 50% dimming level and monotonically
decreases at higher and lower dimming levels. Consequently,
ASE-DMT outperforms DCO-OFDM for most of the low
dimming levels, such as all brightness levels lower than 20%
in the case of 2.85V and 3V bias voltage (Figures 11 and
12), and lower than 30% in the case of 3.5V (Figure 13).
Similarly, the SNR/symbol gain of ASE-DMT over DCO-
OFDM can be seen when its dimming level is higher than
70% for all the considered bias voltages.

The advantage of using ASE-DMT is more pronounced
when a bias voltage of 3.5V is selected as shown in Figure
13. A significant gain of around 6 dB is seen for ASE-DMT
over DCO-OFDM at the brightness boundaries of the PWM
dimming range (16% and 84%). Especially at extremely low
and high dimming levels (5% or 95%), DCO-OFDM shows
its worst performance while ASE-DMT can still maintain a
SNR/symbol of more than 15 dB.

2) 16-QAM DCO-OFDM VS. 4-PAM ASE-DMT

The advantages of ASE-DMT in comparison with DCO-
OFDM are still present when comparing 4-PAM ASE-DMT
with 16-QAM DCO-OFDM at low bias voltages of 2.85V
and 3V, as shown in Figures 14 and 15. The gain of ASE-
DMT over DCO-DMT (up to 3 dB) can only be seen at
low dimming levels that are less than 16% in brightness.
At these low bias voltages, the lower part of the ASE-DMT
waveform is distorted and the SNR/symbol performance gain
diminishes. ASE-DMT offers a significant 5 dB gain in
the SNR/symbol over DCO-OFDM at high dimming levels
(greater than 84%).

The improvements of ASE-DMT in comparison with
DCO-OFDM are also present for dimming levels outside
the range between 25%-75% when a high bias voltage of
3.5V is applied as shown in Figure 16. Another notable
highlight of ASE-DMT is that it can reach extremely low
or high dimming levels (5% and 95%) and still maintain an
acceptable performance (with the SNR/symbol above 12 dB).

Overall, ASE-DMT is more suitable for dimming in
comparison with DCO-OFDM because of its constantly high
performance and its low brightness support. The maximum
SNR/symbol advantage of ASE-DMT over DCO-OFDM is
between 2 dB and 7 dB if 2-PAM is used, and from 1 dB to 6
dB if 4-PAM is used. Unlike the B2B performance in Section
IV-A, this practical gain changes according to the selection
of the bias voltage and the dimming level.
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FIGURE 14. Measured SNR/symbol in Optical Link (16-QAM DCO-OFDM
versus 4-PAM ASE-DMT); 2V peak-to-peak voltage applied to a 2.85V bias.

FIGURE 15. Measured SNR/symbol in Optical Link (16-QAM DCO-OFDM
versus 4-PAM ASE-DMT); 2V peak-to-peak voltage applied to a 3.0V bias.

FIGURE 16. Measured SNR/symbol in Optical Link (16-QAM DCO-OFDM
versus 4-PAM ASE-DMT); 2V peak-to-peak voltage applied to a 3.5V bias.

V. CONCLUSION
Several analyses have been presented to explain the imple-
mentation of the proposed dimming systems. Different dim-
ming methods (AM dimming, PWM dimming, and hybrid
dimming methods) were implemented for DCO-OFDM and
ASE-DMT modulation schemes. Practical comparisons in
terms of the link quality of different dimming methods are
presented.

Practical measurement results show that the PWM dim-
ming method provides a high performance within its sup-
ported brightness range. Particularly, ASE-DMT achieved a
nearly constant SNR/symbol of up to 25 dB within its wide
PWM dimming range (between 16% and 84% brightness). In

contrast, AM dimming degrades the communication quality
of both DCO-OFDM and ASE-DMT. However, a measured
SNR/symbol of 15 dB can be guaranteed when AM dimming
is additionally applied to extend the dimming range of ASE-
DMT to be between 5% and 95%.

When comparing the two modulation schemes, ASE-DMT
outperforms DCO-OFDM at low brightness levels (i.e., all
dimming levels below 20% brightness), thus ASE-DMT is
better than DCO-OFDM for targeting low optical power
applications.
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VI. ANNEX 1: THEORETICAL ANALYSIS
This section provides a theoretical analysis for the proposed
PWM dimming ASE-DMT system. Throughout this section,
the effect of clipping on the communication performance
is analysed in Subsection VI-A. The analysis of the PDF
of ASE-DMT layers and the sum waveform is presented in
Subsection VI-B. Afterwards, the measurement of the PWM
dimming range is presented in the next subsection. Finally,
Subsection VI-D explains the proposed synchronization al-
gorithm.

A. CLIPPING-FACTOR VERSUS SNR-PER-SYMBOL
The modulated signals at individual layers of ASE-DMT
apply a zero-level clipping process to remove the negative
part of the waveform. This zero-clipping process generates
the unipolar characteristic for the ASE-DMT waveform.
In addition, upper-level clipping is required to reduce the
peak-to-average power ratio (PAPR). However, the upper-
clipping certainly influences the communication. An optimal
value for the clipping factor is objective in this experimental
investigation.

Figures 17 and 18 present the SNR/symbol at demodula-
tion layers 1, 2, and 3 changing as a function of the upper
clipping factor. The simulation performances at different
channel conditions, a noise-free and an 28 dB SNR channels,
are shown. The channel without noise tests the maximum
performance the system can afford, that is influenced by
the clipping noise; thus the link quality increases when the
clipping factor increases. However, under the presence of
white noise (particularly 28 dB SNR channel), either a low or
a high clipping factor reduces the performance of the demod-
ulation layers. Accordingly, the results show that the clipping
factor of 2.5 is optimal for achieving the best performance
in both cases of 2-PAM and 4-PAM in the noisy channel.
This optimal value for clipping factor varies according to the
channel SNR, and it should be practically investigated.

FIGURE 17. Simulated SNR/symbol versus clipping factor in 2-PAM
ASE-DMT.

FIGURE 18. Simulated SNR/symbol versus clipping factor in 4-PAM
ASE-DMT.

B. PDF ANALYSIS
The analysis of the PDF profile is provided to analysis the
PWM dimming capability of ASE-DMT waveform. Notice
that the unclipped output of an Inverse Fast Fourier Trans-
form (IFFT) before adding a cyclic prefix (CP) is a Gaussian
process [19]. Without loss of generality, the effect of CP
addition is not considered for this analysis for simplicity.

1) PDF OF INDIVIDUAL LAYERS
PDF estimation:

The PDF of a PAM-modulated OFDM signal in the time
domain at the d-th layer follows a clipped Gaussian distribu-
tion. The PDF for the signal at layer d, denoted as fx(d)

ASE

is givenn as follows [15]:

fx(d)
ASE

=
1√

2πσd
exp(

−ω2

2σ2
d

)u(ω) +
1

2
δ(ω), ω ∈ R.

(11)
This can be simplified [16] as follows:

f
x
(d)
ASE

(ω, σd) = Θ(ω, σ2
d)u(ω) +

1

2
δ(ω), ω ∈ R, (12)

where σd is the root mean square (RMS) of the unclipped
signal at layer d; δ(ω) is the Dirac delta function; and u(ω)
refers to the unit step function. Θ(ω, σ2

d) denotes the PDF of
a zero-mean Gaussian distribution.

Mean and Variance:
The following estimations are based on Zhang et. al.,

[16]. The standard deviation of the d-th layer waveform is
calculated as follows:

E

{[
xASE

(d)
]2}

=

∫ ∞
−∞

z2fx(d)
ASE

(z, σd)dz

=

∫ ∞
−∞

[
z2Θ(ω, σ2

d)u(z) +
1

2
z2δ(z)

]
dz =

σ2
d

2
.

(13)
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The average amplitude of the clipped signal can be calcu-
lated as E{x(d)ASE} =σd/

√
2π; while the standard deviation

of the signal at the d-th layer is denoted as E[x
(d)
ASE ]2. We

note that the relationship between the standard deviation of
the signals at different layers is given as σ2

d = 2d−1σ2
1 .

The mean of the waveform x
(d)
ASE at layer d can then be

given as:

E
{
xASE

(d)
}

=

∫ ∞
−∞

zfx(d)
ASE

(z, σd)dz

=

∫ ∞
−∞

[zΘ(ω, σ2
d)u(z) +

1

2
zδ(z)]dz

=
σd√
2π

=
σ1

2(d/2)
√
π
.

(14)

The variance of the signal at layer d, x(d)ASE , can then be
given as follows:

D
{
xASE

(d)
}

= E

{[
xASE

(d)
]2}
− E2

{
xASE

(d)
}

=
σ2
d

2
−
{

σ1
2(d/2)

√
π

}2

=
π − 1

2dπ
σ2
1

(15)

2) ACCUMULATE PDFS

PDF estimation:
The PDF of the summed ASE-DMT layer can be obtained

by the convolution of the PDFs of different layers. This is
given as follows [20]:

fy(D)
ASE

= fx(d=1)
ASE
⊗ fx(d=2)

ASE
⊗ ...⊗ fx(d=D)

ASE

(16)
where ⊗ represents the convolutional operator.

The relationship between the standard deviation values at
different layers σ1, σ2 = σ1/

√
2, σ3 = σ1/2 have been taken

into account in deriving the PDF of ASE-DMT. Based on
(16), the PDF analysis for two-layer and three-layer ASE-
DMT is given in the (19) to (21) [20].

Mean and variance:
The mean and variance for the superposition ASE-DMT

waveform are derived [16] as follows:

ED

{
yASE

(D)
}

= E

{
D∑
d=1

xASE
(d)

}

=

D∑
d=1

σ1
2(d/2)

√
π

=

{
1− 2D/2√

2− 1

}
σ√
π

(17)

TABLE 2. REAL TRANSMITTER OUTPUT VERSUS THEORETICAL MODEL

Layer 1 Layer 2 Layer 3 Sum L1+L2 Sum
L1+L2+L3

Mean
(mea-
sured)

0.03 0.02 0.02 0.06 0.08

Mean
(model)

0.036 0.025 0.018 0.061 0.079

DD

{
yASE

(D)
}

= D

{
D∑
d=1

xASE
(d)

}

=

D∑
d=1

π − 1

2dπ
σ2
1 = (1− 1

2D
)(
π − 1

π
)σ2

1

(18)
Table 2 compares the numerical results of the theoretical

analysis and the measured parameters at the output of our
ASE-DMT transmitter. There is a tolerance for the difference
between the model and the real transmitter output. The
decoders in our implementation did not allocate the entire
subcarriers for the transmitted data. The encoders deactivated
several subcarriers near the DC frequency while some other
subcarriers were used to carry the pilot symbols. Addition-
ally, the chosen FFT size of 64 makes the PDF profiles
less statistically significant to be compared with theoretical
analysis. The upper clipping process applied to the output
of the decoders reduces PAPR which results in additional
difference between the theoretical and practical mean values.

FIGURE 19. Unclipped PDF of layers (L1, L2, L3) and the sum waveforms
(L1+L2 and L1+L2+L3).

Figures 19-21 shows the experimentally obtained PDFs
at layers 1-3 and the summed ASE-DMT waveform. It is
noticed that the PDF of layer 3 is different to that of the
first two layers. This is due to the sparsity of the selective
loading of higher order layers in ASE-DMT. In fact, there
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FIGURE 20. Clipped PDF of layers (L1, L2, L3) and the sum waveforms
(L1+L2 and L1+L2+L3) (DC component is ignored).

FIGURE 21. Scaled profiles of unclipped PDFs.

are only a few subcarriers at layer 3 that carries data. From
our simulations, the PDFs of all layers become similar when
the FFT size increases to be greater than 128.
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fy(2)ASE (ω) = fx(1)
ASE
⊗ fx(2)

ASE

=

∫ ∞
−∞

[
1√

2πσ1
exp(

−k2

2σ2
1

)u(k) +
1

2
δ(k)

] [
1√

2πσ1
exp(

−(ω − k)2

2σ2
2

)u(ω − k) +
1

2
δ(ω − k)

]
dk

= [
1√

2π(σ2
1 + σ2

2)
exp(

−(ω)2

2(σ2
1 + σ2

2)
)×

[
Q

(
−σ1ω

σ2
√
σ2
1 + σ2

2

)
−Q

(
−σ2ω

σ1
√
σ2
1 + σ2

2

)]

+
1

2
√

2π

[
1

σ1
exp(

−ω2

2σ2
1

) +
1

σ2
exp(

−ω2

2σ2
2

)

]
u(ω) +

1

4
δ(ω)

(19)

fy(3)ASE (ω) = fx(1)
ASE
⊗ fx(2)

ASE
⊗ fx(3)

ASE

=
1

4
√

2π(σ2
1 + σ2

2)
exp(

−ω2

2(σ2
1 + σ2

2)
)×

[
Q

(
−σ2ω
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√
σ2
1 + σ2

2
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√
σ2
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2
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1

4
√

2π(σ2
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−ω2

2(σ2
1 + σ2
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Q

(
−σ3ω

σ1
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σ2
1 + σ2
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−Q
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−σ1ω

σ3
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σ2
1 + σ2
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u(ω)
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1

4
√

2π(σ2
2 + σ2

3)
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−ω2

2(σ2
2 + σ2
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[
Q

(
−σ3ω

σ2
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σ2
2 + σ2
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+
1
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1
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−ω2

2σ2
1

) +
1

σ2
exp(

−ω2

2σ2
2

) +
1

σ3
exp(

−ω2

2σ2
3
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u(ω) +

1

8
δ(ω) + α

(20)

where

α =

∫∫ [
1

2
√

2πσ1σ2σ3
exp(

−(ω − l − v)2

2σ2
1

) exp(
−(l)2

2σ2
2

) exp(
−(v)2

2σ2
3

)u(ω − l − v)u(l)u(v)

]
dldv

(21)
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TABLE 3. ASE-DMT waveforms and their measured PWM-dimming range

Waveform output Measured PWM range

Layer 1 12.5% to 87.5%

Layer 2 11.25% to 88.75%

Layer 3 12.5% to 87.5%

Sum Layer 1+2+3 16.25% to 83.75%

C. MEASUREMENT OF PWM DIMMING RANGE
The ratio of the mean to the peak amplitude of a signal
determines the PWM dimming capacity. This is translated
into the PWM dimming range for the individual layers and
the summed ASE-DMT signal in Table 3.

Individual layers have almost a similar PWM dimming
range, between 12% and 88%, while the summed ASE-DMT
signal has a narrower range between 16.25% and 83.75%.
For simplicity, the PWM dimming rage of 16% to 84% is
assumed throughout the paper.

The PWM duty cycle is controlled in steps of 1/10. As a
result, the resolution of brightness control is set at (84-16)/10
= 6.8% of the maximum brightness. The transmitter calcu-
lates the ratio of the ON and OFF pulses of the PWM control
waveform, if the desired brightness level is in-between the
PWM range. Otherwise, the transmitter implements the AM
dimming method by scaling down the peak-to-peak ampli-
tude so that it reaches its targeted dimming level.

D. THE SYNCHRONIZATION ALGORITHM
Two modifications are proposed for optical OFDM synchro-
nization based on Van de Beek algorithm [19]. The first
modification works with DCO-OFDM, and the second works
with both DCO-OFDM and ASE-DMT. Both modifications
are simple in principle. However, they result in a reliable
synchronization and timing operation as explained in this
section.

1) MODIFICATION 1
This modification is suitable for one-dimensional real-valued
waveforms. After applying the algorithm given in [19], all the
imaginary components are set to zeros and the cost function
is simply equivalent to Cosi-inequality form, see Table 4.

For real-time processing, the matching of the beginning
of each DCO-OFDM frame and its repetition in the cyclic
prefix is based on the feed-forward concept. The matching
of real-inputs is done using the algorithm set in Table 4. The
maximum optimization of function z becomes simple since
real-valued z is a quadratic function.

The simulation results are shown in Figures 22 and 23.
The maximum value of the cost z function (max z = 0, or
close to 0) happens if, and only if, a cyclic segment is entirely
matched with its segment of the frame.

TABLE 4. Synchronization Algorithm 1

Input: Collect waveform segments as OFDM start segment (x) and its
cyclic prefix (y)

x = {x0, x1, . . . , xk}

y= {y0, y1, . . . , yk}

Maximize: The cost function (matching function):

z = 2xy – (x2 + y2) = – (x – y)2 = −
∑

(xj − yj)2 ≤ 0

Note: Max z = 0 only if (xj = yj) for all index j = 0, 1, . . . , k.

FIGURE 22. Simulation of DCO-OFDM waveform and the synchronization
cost-function.

2) MODIFICATION 2
The objective of this modification is to formulate a (virtual)
complex inputs for the cost function from the real-valued
waveform. The optimization of the cost function now exactly
the same as in [19].

Experimental results shows that modification 1 (which
does not use the imaginary components) results in synchro-
nization errors. This is due to the zero-clipping that makes the
synchronization in the time domain more sensitive to noise.

Two complex inputs are derived from the received real-
valued waveforms, as follows:

First step is to produce the complex inputs for ML opti-
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FIGURE 23. Simulation of ASE-DMT waveform and the synchronization
cost-function.

mization:
• Copy the start segment of the OFDM frame index 2m as the
real component of the input value m
• Copy the start segment of the OFDM frame number (2m+1)
as the imaginary component of the input value m
• Copy the cyclic prefix of the OFDM frame number 2m as
the real-component of the input value m+1
• Copy the cyclic prefix of the OFDM frame number (2m+1)
as the imaginary component of the input value m+1

Next step is to apply ML for synchronization
• The Van de Beek ML optimization can be directly applied
on complex inputs. The cost function is now defined as the
log-likelihood function.
• The equality happens at the same condition of the
Cauchy–Schwarz inequality (i.e. when all OFDM frames and
their cyclic prefixes are matched).

Figures 22 and 23 present the simulation results for the
cost functions in DCO-OFDM and ASE-DMT. Comparing
the results of the two modified synchronization algorithms,
Modification 2 provides more reliable and accurate timing
compared to Modification 1.

Additionally, the timing accuracy in a noisy channel can be
further improved if the length of the two inputs is increased.

TABLE 5. Synchronization Algorithm 2

Input: Collect waveform segments as OFDM starting segment (x) and its
cyclic prefix (y)

x2m = {x0, x1, . . . , xk} ; x2m+1 = {xN , xN+1, . . . , xN+k}

y2m= {y0, y1, . . . , yk} ; y2m+1= {yN , yN+1, . . . , yN+k}

Pre-Processing: Generate virtual complex inputs from selected segments

xcomp[j] = x2m[j] + i*x2m+1[j] with j= 0, 1, ... ,k

ycomp[j] = y2m[j] + i*y2m+1[j] with j= 0, 1, ..., k

Maximize: The cost function (log-likelihood function) based on ML algo-
rithm:

Max(θ,δ)Λ (θ, δ) = Max(θ) Max(δ)Λ (θ, δ)

where the log-likelihood function Λ for the arrival time θ and the carrier
frequency offset δ as defined by Van de Beek et. al., [19].

In practice, the OFDM starting segments and the cyclic
prefixes can be merged so that we have a longer input size for
matching. By using this technique, the matching performance
under low SNR becomes more robust.

VII. ANNEX 2- SOFTWARE USER INTERFACE
Figure 24 shows the experiment setup in the measurements.
Figures 25-27 show a captured image of the user interface
software of the ASE-DMT transmitter and receiver. In the
transmitter software interface, the brightness level and PAM
modulation order are both controllable. The live monitoring
of constellation diagrams, the measured SNR/symbol, and
demodulated data visually shows the proper operation of
the system. Moreover, the receiver allows for controlling
the waveform sampling and decoding. Different panels are
created to separate different decoder profiles at three layers.

Figures 28 and 29 capture the transmitter and receiver
software user interfaces of the DCO-OFDM system. The
transmitter control panel of DCO-OFDM is very similar to
ASE-DMT; however, the DCO-OFDM receiver is simpler
than that of ASE-DMT because DCO-OFDM has only a
single decoder.
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FIGURE 24. Dimming Experiment Setup.

FIGURE 25. User Interface of Layer-1 Decoder of Three-layered ASE-DMT.

FIGURE 26. User Interface of Layer-2 Decoder of Three-layered ASE-DMT.
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FIGURE 27. User Interface of Layer-3 Decoder of Three-layered ASE-DMT.

FIGURE 28. Transmitter User Interface of DCO-OFDM.

FIGURE 29. Receiver User Interface of DCO-OFDM.
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