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Abstract—This paper introduces a novel dimming method for
Light Fidelity (LiFi) based on index modulation (IM). A time-
domain sample-index modulation (TIM) is proposed for indexed
dimming (iDim). The aim is to maintain a high communication
performance measured in signal to noise ratio (SNR) and a
high transmission rate for a wide light emitting diode (LED)
brightness range. Direct current optical orthogonal frequency
division multiplexing (DCO-OFDM) is used. The system per-
formance is experimentally validated by an implementation on
a National Instruments (NI) PXIe-1085 and NI-7966R Field
Programmable Gate Array (FPGA). The proposed iDim offers
a wider dimming range and an improved SNR/symbol when
compared to amplitude-modulation dimming (AM dimming). In
particular, the iDim system provides a SNR/symbol of 22.5 dB
for all brightness levels. The lowest optical power is measured
at 20 yW which is 10 times lower than the measured limit of
AM dimming. This reduces the cost of the optical power per bit.
Therefore, iDim is a promising dimming method for applications
targeting extremely low illumination levels.

Index Terms—LiFi, dimming, index modulation, iDim.

I. INTRODUCTION

We are currently witnessing the commercialization of fifth
generation (5G) mobile networks. Recently, the 6 GHz band
was approved for unlicensed WiFi use in the United States by
the Federal Communications Commission (FCC) in an aim
to meet the exponential growth of the wireless connectiv-
ity demand. Moreover, a number of emerging technologies
are now being considered for the next wireless generation
to future-proof the ever-growing bandwidth demand. Light
Fidelity (LiFi) is a promising candidate that has matured after
more than a decade of development. The light spectrum is
interference-free to the entire radio frequency band and con-
sidered to be a green solution in terms of power consumption.

LiFi aims to use the existing lighting infrastructure for
data communications, thus a LiFi light source can serve both
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illumination and communication purposes. Several technical
and functional requirements, such as flicker-free illumination
and dimming, are set for existing and ongoing light com-
munication (LC) standards [1] - [3]. The term ‘dimming’ in
LC standards refers to a LiFi system’s ability to adjust the
transmitter brightness during communications. Dimming is re-
quired for LiFi scenarios such as (i) indoor lighting that needs
brightness control for user convenience, (ii) aircraft LiFi in
which dimmed light is strictly required during flight, and (iii)
vehicular laser-based LiFi in which long-range communication
(typically over 100 meters) is mandatory while the optical
power is restricted by eye safety regulations.

Establishing high performance communication links at low
optical power levels is a desired element of this dimming
ability. Several dimming methods are available to use. The ex-
isting IEEE 802.15.7-2011 standard [1] proposes pulse-width-
modulation (PWM) dimming and amplitude-modulation (AM)
dimming methods for rectangular-shaped signals. However,
when applying AM dimming and PWM dimming methods
to LiFi waveforms, they have shown a degraded performance
and a narrow brightness dimming range. In our recent im-
plementation in [4], the AM dimming and the PWM dimming
methods are applied on two LiFi modulation schemes, a direct
current (DC) optical - orthogonal frequency division multi-
plexing (DCO-OFDM) and an augmented spectral efficiency
- discrete multi-tone (ASE-DMT). The result is summarized
in Fig. 1, in which the brightness level (% unit) is the
relative brightness controlled by the transmitter software. It
shows that AM dimming has a significant drawback in terms
of communication performance when the light is dimmed.
Similarly, PWM dimming also shows limitations in terms of
the lowest brightness that it can enable, which was measured
at 16% of its maximum.

Moreover, the transmission of any LiFi waveform requires
a certain offset voltage to avoid signal distortion and clipping.
In a LiFi dimming scenario, this results in a minimum optical
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Fig. 1. Measured link performance of ASE-DMT PWM-dimming and DCO-
OFDM AM-dimming

power that is defined as the 0% brightness level. However,
the 0% brightness level depends on the selection of the bias
voltage. Particularly when selecting bias voltages of 2.85 V,
3V,325V, and 3.5V, the 0% brightness level is measured
at around 50 pW, 100 uW, 200 uW, and 300 pW, respectively.
Thus, even if a dimming level at 0% brightness is used, the
LiFi transmitter will not be entirely off. This limitation can be
solved by a novel temporal index modulation (TIM) dimming
method, termed indexed dimming (iDim).

The remainder of this paper is organized as follows. Section
II introduces the benefits of the proposed iDim scheme by
comparing it to few related works. Section III explains the
system architecture and implementation guidelines. Section IV
explains the implementation of the line codes; and their ex-
perimental performance. Moving on, Section V demonstrates
the experimental results of the iDim system. Finally, section
VI concludes the work.

II. METHOD AND RELATED WORKS
A. Related Works

The concept and performance of index modulation (IM)
schemes have recently drawn a lot of interest [5] — [7]. Gen-
erally, IM introduces a new dimension for data modulation.
Data can be encoded in the space, time and subcarrier index
to improve energy efficiency. Most of the IM schemes focus
on modulating the indices of subcarriers in subcarrier-index
modulation (SIM) [8] - [11]. Applying SIM and spatial mod-
ulation to optical communication has been widely considered
in recent years [11] — [14].

Until this date, the number of experimental studies on IM
is modest. Similarly, even though there are numerous studies
related to methodologies for LiFi dimming [15], the number of
implementation studies is still few. A notable PWM-inspired
dimming method for multi-carrier waveforms was proposed
in [16]. It could significantly extend the dimming range by
inserting inactive slots and controlling the dimming based on
the PWM dimming duty cycle. However, the drawback of

this method is a dramatically reduced transmission rate. The
proposed iDim has the same PWM-dimmable capability as
[16]. However, it gains additional spectral efficiency due to
the modulated index bits. More importantly, to the best of
our knowledge, the proposed iDim is the first implementation
of an efficient index modulation technique designed for LiFi
dimming.

B. iDim Scheme

1) General benefits of TIM for iDim: The application of
IM to LiFi has been widely considered to improve spectral
efficiency [5] - [14]. We propose a novel application of IM for
LiFi dimming, in which TIM is chosen for several reasons.
First, TIM is more suitable for single light emitting diode
(LED) transmission since dimming codes are applied in the
time domain. This makes TIM applicable to light sources with
single and multiple LEDs. Second, a TIM encoder/decoder
operates entirely in the time domain. Thus, the TIM encoder
can be used at the output of any OFDM encoder. Moreover,
TIM uses a simple real-time encoding/decoding technique
while at the same time providing dimming abilities.

2) Transmission rate: In the proposed iDim system both
the TIM encoder and OFDM encoder carry data bits. The
sum bit rate is normalized in (1) to allow for the comparison
between the transmission rate of iDim and DCO-OFDM. The
normalized transmission rate varies based on the optical power
imposed by the dimming parameter p (i.e., the weight of the
binary line code).

R = plogy (Noaw) + 2(z/2), (1)

where p < 1 denotes the dimming parameter; log,(.) denotes
the binary logarithm; Ngawm is the QAM modulation order;
and z/z denotes the rate of the line code xBzB.

III. PROPOSED SYSTEM

The hardware configuration for the iDim DCO-OFDM
implementation is illustrated in Fig. 2. It is based on a National
Instruments (NI) real-time processing platform, PXIe-1085
computer, which is equipped with field programmable gate
array (FPGA) NI-7966R panels. An analog-to-digital/ digital-
to-analog (ADC/DAC) board (NI-5781, 20 MHz communica-
tion bandwidth) operates in the baseband to allow for intensity
modulation with direct detection. An alternative current (AC)-
coupled Photodiode (PD) (Femto-HSPR-X-I-1G4-SI, the 3-dB
bandwidth of 1.4 GHz), and an off-the-shelf LED (Vishay
VLMB1500) are used. An additional programmable DC gen-
erator (Keysight E36313A) is connected to the DC input of
the bias-T to supply the LED with a controllable bias voltage.

The block diagram for the transmitter (TX) is illustrated
in Fig. 3. Based on the selected dimming level set by the
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dimming parameter p, the TIM encoder loads a code from
the lookup table (LUT). The LUT generation is detailed in
Algorithm 1. Based on that code, the TIM encoder maps its
data bits to decide the indices of the active OFDM samples and
inactive samples within the time-domain frame. The inactive
samples refer to the samples where the LED is turned off.

Particularly when a line code, zBzB, is loaded, the TIM
encoder takes (pz) OFDM samples as an input and inserts
(1 — p) z inactive samples, where p < 1. Thus, there will
be z samples at the output of the TIM encoder. The index
dimension which represents the indices of the active OFDM
samples allows us to encode an additional x data bits.

The block diagram for the receiver (RX) is illustrated in Fig.
4. The TIM decoder is located after the synchronization and
cyclic prefix removal blocks and before the FFT block, and it
operates entirely in the time domain as detailed in Algorithm
2.
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Fig. 2. iDim- DCO-OFDM implementation architecture

IV. PERFORMANCE OF LINE CODING
A. Simulation Performance

A novel set of line codes are proposed to enable dimming
in TIM. The codes 2B4B, 3B8B, and 4B16B are introduced
and their performance is evaluated. These codes are simply
generated and decoded as given in Algorithms 1 and 2. To
easily understand the LUT mapping rule, Table I presents
an example of the 2B4B code. In the mapping, the binary
‘1’ represents an OFDM sample slot while ‘0’ represents an
inactive sample slot where the LED is turned off.

A matched filter (MF) is proposed to maximize the decoder
performance. The design of the MF allows us to integrate all
codes within the same system.

The MF design significantly improves the bit error rate
(BER) performance of the proposed system. The simulation
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Fig. 3. iDim- DCO-OFDM Transmitter block diagram (bottom), and an
example of output waveform when a 2B4B code is used (top)
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Fig. 4. iDim- DCO-OFDM Receiver block diagram

Algorithm 1: GENERATION OF zBzB LUT

1 Initialize: = bits input codeword = I[.]; z bits output
codeword = O[.]

2 For: k C {1,2,...,2—1}

3 Calculate: dimming parameter p = k/z

4 Generate O[1]: the first output codeword as: O[1] =
[llxk lesz]
For: i C {1,2,...,z}

Generate O[:]: the output codeword with index ¢
O[7] is generated by shifting the O[1] codeword to
the right hand side (RHS) (¢ — 1) binary digits

7 End for

End for

Map data bits: Map the data bits for input codewords
I[i], where i C {1,2,...,z}

Finish the LUT mapping.

e o

—
=)
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Algorithm 2: MATCHED FILTERED DECODING

1 Initialize: Collect the received waveform set size z as:
R[]]Z {’I“l, T2, .0y ’f’z}

2 Define: a matched filter (MF) h[.] =[11x% —11x2—k],
where k =pz

3 For: each index j C {1,2,..., 2z}

4 Generate R[;]: shifting the R[1] to the left hand
side (LHS) (j — 1) binary digits.

5 Matched filtering: Calculate the MF cost function
from the convolution of R[j] and h[.] as: C; =
Zf;jp Tu — Ziijiip-i-l Ty

¢ End for

7 Process: Find the index ¢ that satisfies:

Cy =Max{C;},j C{1,2,...2}

8 Lookup bits: Lookup the LUT at the matched index ¢

for the data bits codeword: I[¢].

TABLE I
EXAMPLE OF 2B4B LOOKUP TABLE (LUT)

2B Input | 4B Output | 4B Output | 4B Output
(p=1/4) (p=2/4) (p=3/4)

00 1000 1100 1110

01 0100 0110 0111

10 0010 0011 1011

11 0001 1001 1101

results are shown in Figs. 5 and 6 for 2B4B and 3BS8B,
respectively. The results show that the proposed codes require
3 dB to 5 dB less SNR than OOK to achieve the same BER.
This was achieved due to the use of the MF.
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Fig. 5. Matched filtered 2B4B versus OOK Bit Error Rates

The performance of different line codes is examined under
different dimming conditions by comparing the performance
of the same code and applying a different value for the
dimming parameter p. The code 2B4B achieves almost the
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Fig. 6. Matched filtered 3B8B versus OOK Bit Error Rates

same BER performance for all the considered dimming levels.
Codes 3B8B and 4B16B have 1 dB difference between the
codes corresponding to the lowest/highest brightness levels
and the rest of the codes. Particularly within 3B8B, the BER
performance at p = 1/8 is exactly the same as that at p = 7/8;
and both require 1 dB more SNR than the remaining values
of p (i.e., p = 2/8 to p = 6/8) to reach the same BER. This
is due to the unequal average hamming distance between the
line codes at different values for p. Although the MF gain at p
= 1/8 and p = 7/8 is less than it gains at other values of p, the
lowest performance case of 3B8B (with MF) still outperforms
that of OOK.

B. Optical Link Performance

Two goals were achieved in the implementation of iDim
DCO-OFDM. First, the measured optical power reaches an
extremely low value (20 uW). Second, the SNR/symbol per-
formance of both TIM and DCO-OFDM decoders is high for
all dimming levels (above 17 dB). This ensures a reliable
communication performance for the proposed iDim system
during dimming.

The optical power is measured using the optical power meter
PM100USB and the S121C photodiode power sensor. Fig. 7
presents the measured optical power for AM-dimming and
iDim. The minimum achievable optical power (without any
data communications) of the AM-dimming scheme is about
200 pW and 90 pW in the cases of 3.25 V and 3 V bias
voltages, respectively. On the other hand, iDim achieves an
optical power that is about 20 uyW at p = 1/8 for all bias
voltages. This is a 10 times and 4.5 times optical power
reduction, respectively.

The communications performance is evaluated by measur-
ing the SNR-per-symbol (denoted as SNR/symbol or ) [17].
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Fig. 7. Measurement of optical power when applying AM-dimming and iDim
to DCO-OFDM

The SNR/symbol, in dB, of an M-QAM, where M is the
constellation size, is expressed as:

~ = 20log (“Qﬂ) 2)
g

where uqam denotes the minimum Euclidean distance of

the considered QAM order, and o denotes the error vector

magnitude (EVM) of the received QAM symbols.

The measurement of the SNR/symbol in the optical links
is shown in Fig. 8. Bias voltages of 3 V and 3.25 V are
both considered. The TIM decoder shows a consistently high
performance for both bias voltage cases. More particularly,
an SNR/symbol above 20 dB can be achieved for all optical
power levels above 40 uW (equivalent to p levels above 4/8).
Overall, the TIM achieves a high SNR performance at an
extremely low optical power of 40 pW.
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Fig. 8. Measured performance of TIM decoder in iDim DCO-OFDM system
(3 V and 3.25 V bias voltage)

V. PERFORMANCE OF DCO-OFDM DECODER IN IDIM
A. Optical Link Quality

This section compares the performance of the DCO-OFDM
decoder in the AM-dimming system and our iDim system.
Both bias voltages of 3 V and 3.25 V are considered. Fig. 9
shows the SNR/symbol measurement results. The 4-QAM
modulation order is chosen for DCO-OFDM for comparison
purposes. It is also possible to use other constellation sizes.

[ 3V AM- Dim [ [ 3.25V AM- Dim [/\][ 3V iDim[ ] [ 3.25V iDim [A\]

12-th A e L Yeeees SERERERES O A
. .2 AM-Dim .

Measured SNR/sym (dB)
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Measured Power (uW)

Fig. 9. Measured performance of iDim DCO-OFDM versus AM-dimming
DCO-OFDM (3 V and 3.25 V bias voltage)

At 3 V bias voltage, the performance of the iDim DCO-
OFDM system is constant at 23 dB for all dimming levels
above p = 4/8. As p goes lower, the measured optical power
drops below 40 uW and the corresponding performance starts
to degrade (see Fig. 9). The lowest optical power that can
guarantee a proper decoding of bits (defined as SNR/symbol
above 17 dB) is measured at 20 uW. This is significantly lower
than the lowest optical power required for the DCO-OFDM
decoder of the AM-Dim system that is given at 200 puW.
Together with the performance measurement of the TIM
decoder, we can conclude that the proposed iDim technique
has achieved a consistently high performance during dimming,
and reached an extremely low optical power. Moreover, it is
important to note that the iDim technique provides a high data
rate, resulting in an increased energy efficiency.

At 3.25 V bias voltage, the superior performance of iDim
is more pronounced. The AM-dimming dissipates at least
350 uW optical power at SNR/symbol values above 15 dB.
In comparison, the proposed iDim decoders guarantee a high
SNR performance of 18 dB at an optical power measured at
20 uW (17.5 times lower).

B. Energy Efficiency

The optical power per bit is calculated and presented in
Fig. 10 based on the ratio of the measured optical power
and the calculated transmission rate in (1). The proposed
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iDim shows a lower optical power/bit for all brightness levels.
Moreover, it showcases the ability to reach extremely low
optical power values. Particularly, at 130 uW, AM-dimmed
DCO-OFDM requires 66 puW/bit while 2B4B iDim uses
55 puWibit, saving 17% of the energy. For any brightness
below 130 uW, AM-dimmed DCO-OFDM cannot guarantee
a reliable performance below 12 dB SNR/symbol, while iDim
maintains a 22.5 dB SNR/symbol and linearly reduces the
required optical power/bit. This results in a dual gain in the
achieved SNR/symbol and optical power/bit requirement.
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Fig. 10. Measured optical power/bit comparison between AM-Dim and iDim
systems (3 V bias voltage)

VI. CONCLUSION

Novel dimming line codes are proposed and evaluated. A
matched filter is designed for TIM decoding to achieve a high
BER performance. Despite their variable dimming parameter
and unequal code length, their reliable link quality has been
proven through simulations and implementations.

The integration of the TIM and DCO-OFDM encoders
demonstrates a proof of concept of the indexed dimming
method, iDim. The measurements of optical power and the
SNR/symbol at both the TIM decoder or the DCO-OFDM
decoder show the advantages of iDim. SNR/symbol values
above 20 dB are consistently measured over a wide dimming
range. This proves the robust operation of TIM and OFDM
decoders in the iDim system. The measurements also show an
extremely low optical power/bit performance.

In summary, the benefits of iDim have been proved through
various measurements, including a high SNR/symbol of 22.5
dB, a wide dimming range (any brightness above 20 uW) and
a high transmission rate when compared to DCO-OFDM. The
joint spectral and energy efficiency is achieved as a result of
its low optical power/bit requirements.
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