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Abstract: In this paper, we propose and demonstrate a 0.5-bit/s/Hz fine-grained adaptive orthog-
onal frequency division multiplexing (OFDM) modulation scheme for bandlimited underwater
visible light communication (UVLC) systems. Particularly, integer spectral efficiency is obtained
by conventional OFDM with quadrature amplitude modulation (QAM) constellations, while
fractional spectral efficiency is obtained by two newly proposed dual-frame OFDM designs.
More specifically, OFDM with dual-frame binary phase-shift keying (DF-BPSK) is designed
to achieve a spectral efficiency of 0.5 bit/s/Hz, while OFDM with dual-frame dual-mode index
modulation (DF-DMIM) is designed to realize the spectral efficiencies of 0.5+n bits/s/Hz with
n being a positive integer (i.e., n = 1, 2, . . . ). The feasibility and superiority of the proposed
0.5-bit/s/Hz fine-grained adaptive OFDM modulation scheme in bandlimited UVLC systems are
successfully verified by simulations and proof-of-concept experiments. Experimental results
demonstrate that a significant achievable rate gain of 18.6 Mbps can be achieved by the proposed
0.5-bit/s/Hz fine-grained adaptive OFDM modulation in comparison to the traditional 1-bit/s/Hz
granularity adaptive OFDM scheme, which corresponds to a rate improvement of 22.1%.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Mobile communication has undergone extensive development, and the emergence of each
generation of mobile communication technology has aimed to enhance the communication
quality, data rate and system capacity. During this period, our daily entertainment has also
become increasingly abundant, and the advent of mobile phones has made our lives more
convenient, fast and diversified. In recent years, the focus has shifted to the sixth generation
(6G) networks, which are committed to using more abundant spectrum resources than the fifth
generation (5G) to achieve higher data rate and support for a variety of services such as immersive
cloud extended reality and holographic communication [1,2]. As a result, many researchers need
to study new and untapped spectrum resources.

In recent years, the increasing demand for underwater activities such as underwater scientific
data collection, marine environmental monitoring and unmanned underwater vehicles have
made underwater optical wireless communication (OWC) trigger great attention among both
academia and industry [3–5]. In addition, as one of the potential key enabling technologies for
6G mobile networks and Internet of Things (IoT) systems, visible light communication (VLC)
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has attracted great interest from relevant researchers because of its advantages such as abundant
and unregulated spectrum resources, low cost, absence of electromagnetic radiation and high
physical layer security [6,7]. Underwater VLC (UVLC) is emerging as an attractive alternative to
conventional underwater communication technologies such as acoustic communications [8–10].
Moreover, UVLC applying light-emitting diodes (LEDs) has gained more and more attention,
primarily due to the rapid development in LED devices that have the functions of lighting and
carrying useful information to achieve communication [11–13]. Therefore, UVLC is widely
regarded as a promising candidate technology in underwater environments. However, the practical
LED-based UVLC system has been limited in achieving a relatively high data rate, mainly due
to a large and fundamental challenge faced: limited modulation bandwidth [14]. To overcome
the challenge and improve system available data rate for a given modulation bandwidth, high
spectral efficiency modulation technologies such as orthogonal frequency division multiplexing
(OFDM) with high order constellations can be considered [15–18].

OFDM is a multi-carrier modulation technology renowned for its high spectral efficiency,
suitability for adaptive bit loading, resistance to frequency-selective fading, and single-tap
equalization, etc., which has been widely used in high-speed UVLC systems [19]. In OFDM, the
constellation order assigned to each subcarrier can be the fixed or adaptive. For the fixed OFDM
scheme, all subcarriers transmit a fixed number of bits, which cannot adapt to the low-pass
frequency response of the bandlimited UVLC systems. For the adaptive OFDM scheme, each
subcarrier is adaptively assigned with an appropriate spectral efficiency according to its received
signal-to-noise ratio (SNR) [20–23]. However, the granularity of conventional adaptive OFDM
schemes using QAM constellations is limited to 1 bit/s/Hz, which might not be sufficient to
fully exploit the bandwidth resource of a practical bandlimited UVLC system with a low-pass
frequency response [24]. Therefore, a fine-grained adaptive OFDM scheme with fractional
spectral efficiency can be designed for efficient bandwidth utilization and capacity improvement
of practical bandlimited UVLC system.

Recently, aiming at the shortcomings of OFDM, OFDM with index modulation (OFDM-
IM) achieving high energy efficiency has been proposed to obtain better bit error rate (BER)
performance than traditional OFDM [25–29]. As a new multi-carrier modulation technology,
OFDM-IM mainly divides all subcarriers into multiple subblocks. Within each subblock, a
subset of subcarriers are activated to send useful information, while the remaining subcarriers
are set to zero. In OFDM-IM, the inactive subcarriers do not require energy consumption, which
improves the energy efficiency of the system. However, the existence of some empty subcarriers
for OFDM-IM inevitably reduces the spectral efficiency that can be achieved. In order to improve
the achievable spectral efficiency, OFDM with dual-mode index modulation (OFDM-DMIM)
has been considered in UVLC systems [30,31]. In OFDM-DMIM, all subcarriers are used for
transmitting signals. Moreover, the BER performance of UVLC systems applying OFDM-DMIM
is largely affected by the choice of two distinguishable constellation sets [32]. In addition, OFDM-
DMIM can achieve fractional spectral efficiency and hence has the potential to enhance the
achievable rate of the system. However, OFDM-DMIM takes into account the signal transmission
of each subcarrier within one frame, which can be affected by the low-pass frequency response
of the system and result in different power attenuation for different subcarriers in each subblock
[33].

In this paper, for the first time to the best of our knowledge, we propose and investigate a novel
0.5-bit/s/Hz fine-grained adaptive OFDM modulation scheme for bandlimited UVLC systems.
By assigning an appropriate spectral efficiency to each subcarrier, the achievable rate of the
system can be further improved. To be more specific, integer spectral efficiency can be achieved
by traditional OFDM based on quadrature amplitude modulation (QAM) constellations, while
fractional spectral efficiency can be obtained by two dual-frame OFDM designs including OFDM
with dual-frame binary phase-shift keying (DF-BPSK) achieving 0.5 bit/s/Hz and OFDM with
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dual-frame dual-mode index modulation (DF-DMIM) achieving 0.5+n bits/s/Hz (n = 1, 2, · · · ).
Both numerical simulations and hardware experiments are conducted to verify the performance
of the proposed 0.5 bit/s/Hz fine-grained adaptive OFDM modulation scheme in bandlimited
UVLC systems.

2. System model

In this section, we present the schematic diagram of the proposed 0.5-bit/s/Hz fine-grained
adaptive OFDM modulation scheme in bandlimited UVLC systems. The schematic diagram
of a bandlimited UVLC system using the proposed 0.5-bit/s/Hz fine-grained adaptive OFDM
modulation scheme is illustrated in Fig. 1. The proposed 0.5-bit/s/Hz fine-grained adaptive
modulation can enhance the achievable rate through assigning a fine-grained spectral efficiency
to each subcarrier. Specifically, fine-grained adaptive modulation is performed in the adaptive
transmitter (Tx) according to the estimated SNR profile. Channel and SNR estimation is executed
in the adaptive receiver (Rx), and the obtained SNR profile is then fed back to the adaptive Tx.
Using the feedback SNR profile, the fine-grained adaptive modulation technique for OFDM
UVLC systems can be implemented.

Fig. 1. Schematic diagram of a bandlimited UVLC system using the proposed fine-
grained adaptive OFDM modulation scheme. mod.: modulation; est.: estimation; de-mod.:
de-modulation.

In the adaptive Tx, the parallel input data are first generated via serial-to-parallel (S/P)
conversion. Then, fine-grained adaptive modulation is carried out according to the SNR profile
feedback from the adaptive Rx. Specifically, the fine granularity mainly includes integer and
fractional spectral efficiencies. For integer spectral efficiency, it is realized by traditional OFDM
using QAM constellations. For fractional spectral efficiency, information is carried on two
adjacent OFDM frames. The detailed implementation process of fractional spectral efficiency will
be discussed later. The 0.5-bit/s/Hz fine-grained adaptive OFDM modulation is implemented by
dynamically assigning a fine-grained spectral efficiency to each subcarrier based on the feedback
SNR information. Subsequently, a real-valued serial output signal is generated through executing
inverse fast Fourier transform (IFFT) with the Hermitian symmetry (HS) and parallel-to-serial
(P/S) conversion. After that, the serial digital signal is converted into an analog signal through
digital-to-analog (D/A) conversion. In order to ensure the non-negativity of the analog signal, a
direct current (DC) bias is further added. Finally, the analog, real-valued and non-negative signal
is used to drive an LED transmitter, and the light emitted by the LED propagates through the
water channel.

After passing through the water channel, a photo-detector (PD) is adopted to detect the optical
signal in the adaptive Rx. The digital electrical signal is obtained by analog-to-digital (A/D)
conversion, and the DC bias is removed. Subsequently, S/P conversion is carried out and fast
Fourier transform (FFT) is further performed. Then, the SNR profile is generated through SNR
estimation, and the obtained SNR profile is fed back to the adaptive Tx to realize the fine-grained
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adaptive modulation. After performing frequency-domain equalization (FDE), output data are
generated via fine-grained adaptive de-modulation and P/S conversion.

3. 0.5-bit/s/Hz fine-grained adaptive OFDM modulation

In this section, we introduce the principle of the proposed 0.5-bit/s/Hz fine-grained adaptive
OFDM modulation scheme. Letting η denote the achievable spectral efficiency, the following
two cases are discussed in detail, i.e., η = 0.5 bit/s/Hz and η = 0.5+n bit/s/Hz with n = 1,2, . . . .
Specifically, OFDM with DF-BPSK is designed to achieve the spectral efficiency of 0.5 bit/s/Hz,
while OFDM with DF-DMIM is proposed to realize the spectral efficiencies of 0.5 + n bits/s/Hz
with n = 1, 2, . . . .

The reason to consider time-domain dual-frame modulation instead of frequency-domain
dual-subcarrier modulation is described as follows. For the frequency-domain dual-subcarrier
modulation, the two subcarriers to perform dual-subcarrier BPSK and dual-subcarrier DMIM
will inevitably suffer from the adverse effect of the low-pass frequency response of the system,
resulting in a degraded BER performance. In contrast, for the time-domain dual-frame modulation,
the two consecutive frames with respect to the same subcarrier are used to perform DF-BPSK
and DF-DMIM. Since the low-pass frequency response of the system can be considered to be
static during a short time period, time-domain dual-frame modulation is not affected by the
low-pass frequency response of the system, which can achieve better BER performance than
frequency-domain dual-subcarrier modulation.

3.1. Case I: η = 0.5 bit/s/Hz

To achieve the spectral efficiency of 0.5 bit/s/Hz, OFDM with DF-BPSK is designed. Figure 2
shows the frame design of OFDM with DF-BPSK, where N denotes the number of data subcarriers
in each OFDM frame. As we can see, each subcarrier is only activated once for BPSK symbol
transmission in two consecutive frames, and the total number of activated subcarriers for BPSK
symbol transmission in each frame is N/2.

Fig. 2. Frame design of OFDM with DF-BPSK to achieve a spectral efficiency of η = 0.5
bit/s/Hz.
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3.2. Case II: η = 0.5+n bits/s/Hz (n = 1, 2, . . . )

To realize the spectral efficiencies of 0.5 + n bits/s/Hz with n = 1, 2, . . ., OFDM with DF-DMIM
is further proposed, where DMIM is performed with respect to each subcarrier among two
adjacent frames.

Figures 3(a) and 3(b) show the principles of OFDM with DF-DMIM modulation and de-
modulation, respectively. In the OFDM with DF-DMIM modulation process, as shown in
Fig. 3(a), the input data are first converted to parallel data via S/P conversion, and then DF-DMIM
modulation is performed. To be more specific, the considered DMIM is carried out among two
adjacent frames, where one frame is selected to be modulated by the MA-QAM constellation
and the remaining frame is modulated by the MB-QAM constellation, where MA and MB are
the constellation orders of constellation A and constellation B, respectively. Moreover, the
constellation sets of the constellation mappers A and B are respectively represented by

MA = [dA
1 , dA

2 , . . . , dA
MA

], (1)

MB = [dB
1 , dB

2 , . . . , dB
MB

], (2)

where dA
i and dB

j with i=1, 2, . . . , MA and j=1, 2, . . . , MB denote MA-QAM constellation
symbols and MB-QAM constellation symbols, respectively. The mapping table of OFDM with
DF-DMIM for two adjacent frames is given in Table 1. As we can see, taking the index bit "1" as
an example, the second frame is used for modulating MA-QAM constellation symbols, while
the first frame is used for modulating MB-QAM constellation symbols, and hence the resultant
DF-DMIM vector is given by [dB

j , dA
i ].

Fig. 3. Principle of OFDM with DF-DMIM: (a) DF-DMIM modulation and (b) DF-DMIM
de-modulation.

In the OFDM with DF-DMIM demodulation process, as shown in Fig. 3(b), OFDM de-
modulation is first carried out and then log-likelihood ratio (LLR) detection is performed for
signal detection. Letting yκ (κ=1, 2) express the received signal in the κ-th frame, the LLR value
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Table 1. Mapping table of OFDM with DF-DMIM for two adjacent frames

Index bit Frame index for MA Frame index for MB DF-DMIM vector

0 1 2 [dA
i , dB

j ]

1 2 1 [dB
j , dA

i ]

is calculated by

λκDF-DMIM = ln

(︄ MA∑︂
i=1

exp
(︃
−

1
N0

|︁|︁yκ − dA
i
|︁|︁2)︃)︄

− ln ⎛⎜⎝
MB∑︂
j=1

exp
(︃
−

1
N0

|︁|︁|︁yκ − dB
j

|︁|︁|︁2)︃⎞⎟⎠ ,

(3)

where N0 denotes the noise power. After LLR detection, the index information, the constellation
symbols corresponding to MA-QAM and the constellation symbols corresponding to MB-QAM
are obtained. Subsequently, index bits and the corresponding constellation bits can be generated
through the frame index detector, constellation de-mapper A and constellation de-mapper B.

Hence, for bandlimited UVLC systems using DF-DMIM with MA-QAM and MB-QAM
constellations, the number of index bits can be calculated by pI =

⌊︁
log2(C(2, 1))

⌋︁
= 1, where

⌊·⌋ represents the floor operator and C(·, ·) denotes the binomial coefficient. Moreover, the
numbers of constellation bits used for modulating MA-QAM constellation symbols and MB-QAM
constellation symbols are respectively given as follows:

pA = log2(MA), (4)

pB = log2(MB). (5)

Therefore, the average achievable spectral efficiency of OFDM with DF-DMIM among two
consecutive frames employing MA-QAM and MB-QAM constellations is expressed by

SEDF-DMIM =

⌊︁
log2(C(2, 1))

⌋︁
+ log2(MA) + log2(MB)

2
. (6)

Assuming MA = MB, (6) can be rewritten by

SEDF-DMIM =
1
2
+ log2(

M
2
), (7)

with M = MA +MB being the order of the QAM constellation (M-QAM), which is partitioned
into two distinguishable sub-constellations, i.e., MA-QAM and MB-QAM.

Additionally, the achievable rate of bandlimited UVLC systems applying the proposed 0.5-
bit/s/Hz fine-grained adaptive OFDM modulation scheme with the signal bandwidth of BW is
obtained by

Radaptive = BW
∑︁N

n=1 BLSC,n

N
, (8)

where BLSC,n indicates the number of the bits that can be transmitted by the n-th subcarrier with
n = 1, . . . , N. Moreover, the BW of the 0.5-bit/s/Hz fine-grained adaptive OFDM signal for
bandlimited UVLC systems can be calculated by

BW = SAWG ∗
N

NIFFT
, (9)

where SAWG represents the arbitrary waveform generator (AWG) sampling rate in a point-to-point
UVLC system, and NIFFT denotes the length of IFFT.
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Moreover, the performance of UVLC systems applying OFDM with DF-DMIM is largely
depended on the choice of two distinguishable constellations. According the previous works
[34,35], interleaving-based constellation partitioning can obtain a relatively larger minimum
Euclidean distance between two adjacent constellation points of each sub-constellation which
can obtain a better BER performance compared with block-based constellation partitioning.
Therefore, interleaving-based constellation partitioning is adopted to obtain the two distinguish-
able constellations for OFDM with DF-DMIM. To introduce the adopted interleaving-based
constellation design for OFDM with DF-DMIM, we consider nine conventional constellations
including 4-QAM, 8-QAM, 16-QAM, 32-QAM, 64-QAM, 128-QAM, 256-QAM, 512-QAM,
1024-QAM with the spectral efficiencies of 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5 and 9.5 bits/s/Hz,
respectively. Figures 4(a)–4(i) show the dual-mode constellation designs for 4-QAM, 8-QAM,
16-QAM, 32-QAM, 64-QAM, 128-QAM, 256-QAM, 512-QAM and 1024-QAM, respectively.
It can be clearly seen from Fig. 4 that the M-ary constellation is divided into two M/2-ary
sub-constellations in an interleaved manner.

Fig. 4. Dual-mode constellation design for (a) 4-QAM, (b) 8-QAM, (c) 16-QAM, (d) 32-
QAM, (e) 64-QAM, (f) 128-QAM, (g) 256-QAM, (h) 512-QAM, and (i) 1024-QAM.
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4. Simulation results

In this section, we evaluate and compare the performance of the proposed 0.5-bit/s/Hz fine-grained
adaptive OFDM modulation over the additive white Gaussian noise (AWGN) channel through
numerical simulations. In the simulations, we set the number of IFFT NIFFT and data subcarriers
N to 1024 and 511, respectively. To be more specific, we adopt 4-QAM, 8-QAM, 16-QAM,
32-QAM, 64-QAM, 128-QAM, 256-QAM, 512-QAM and 1024-QAM for the proposed OFDM
with DF-DMIM scheme, and the corresponding obtained spectral efficiencies are 1.5, 2.5, 3.5, 4.5,
5.5, 6.5, 7.5, 8.5 and 9.5 bits/s/Hz, respectively. Moreover, traditional OFDM based on 2-QAM,
4-QAM, 8-QAM, 16-QAM, 32-QAM, 64-QAM, 128-QAM, 256-QAM, 512-QAM, 1024-QAM
can realize the spectral efficiencies of 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 bits/s/Hz, respectively. In
addition, the spectral efficiency of 0.5 bit/s/Hz is achieved by OFDM with DF-BPSK through
transmitting signal alternately between two adjacent frames.

We first investigate the BER performance of the proposed 0.5-bit/s/Hz fine-grained adaptive
OFDM modulation scheme under different spectral efficiencies over the AWGN channel. Figure 5
shows the BER versus SNR for the 0.5-bit/s/Hz fine-grained adaptive OFDM modulation scheme
achieving the spectral efficiencies ranging from 0.5 to 10 bits/s/Hz with a step of 0.5 bit/s/Hz
through the AWGN channel. As shown in Fig. 5, the spectral efficiencies of 1, 2, 3, 4, 5, 6, 7,
8, 9 and 10 bits/s/Hz can be realized by conventional OFDM with 2-QAM, 4-QAM, 8-QAM,
16-QAM, 32-QAM, 64-QAM, 128-QAM, 256-QAM, 512-QAM, 1024-QAM, respectively. To be
more specific, to reach the 7% forward error correction (FEC) coding limit of BER = 3.8 × 10−3,
the required SNRs for the spectral efficiencies of 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 bits/s/Hz are 5.5,
8.5, 13.1, 15.2, 18.2, 21.1, 23.9, 26.9, 29.7 and 32.7 dB, respectively. It indicates that the SNR
gaps of 3, 4.6, 2.1, 3, 2.9, 2.8, 3, 2.8 and 3 dB are achieved with the increase of the spectral
efficiencies from 1 to 10 bits/s/Hz with a step of 1 bit/s/Hz. Furthermore, the required SNR
of 0.5 bit/s/Hz based on OFDM with DF-BPSK to reach the target BER = 3.8 × 10−3 is 2.5
dB. Additionally, the required SNRs achieved by OFDM with DF-DMIM achieving the spectral
efficiencies of 1.5 to 9.5 bits/s/Hz with a step of 1 bit/s/Hz are 6.6, 11.5, 14.1, 17.2, 20.5, 23.5,
26.6, 29.5 and 32.7 dB, respectively. Moreover, the required SNR thresholds to reach target BER
of 3.8 × 10−3 for the proposed 0.5-bit/s/Hz fine-grained adaptive OFDM modulation scheme
achieving the spectral efficiencies of 0.5 to 10 bits/s/Hz with a step of 0.5 bit/s/Hz are summarized
in Table 2.

Table 2. SNR threshold for different spectral efficiencies to reach BER
= 3.8 × 10−3

η (bit/s/Hz) 0.5 1 1.5 2 2.5 3 3.5

λ (dB) 2.5 5.5 6.6 8.5 11.5 13.1 14.1

η (bit/s/Hz) 4 4.5 5 5.5 6 6.5 7

λ (dB) 15.2 17.2 18.2 20.5 21.1 23.5 23.9

η (bit/s/Hz) 7.5 8 8.5 9 9.5 10

λ (dB) 26.6 26.9 29.5 29.7 32.7 32.7

According to the above BER performance analysis, we further investigate and compare the SNR
gap of adjacent spectral efficiencies under different spectral efficiencies. Figure 6 shows the SNR
gap of adjacent spectral efficiencies versus spectral efficiency for the 0.5-bit/s/Hz fine-grained
adaptive OFDM modulation scheme over the AWGN channel. Moreover, η ranges from 0.5 to 9.5
bits/s/Hz with a step of 1 bit/s/Hz. The obtained SNR threshold can be represented as λth(η), and
hence λth(η + 0.5) − λth(η) denotes SNR gap of two adjacent spectral efficiencies. As shown in
Fig. 6, it can be clearly observed that the values of λth(η + 0.5) − λth(η) are gradually decreased
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Fig. 5. Simulation BER vs. SNR for the proposed 0.5-bit/s/Hz fine-grained adaptive OFDM
modulation scheme over the AWGN channel, where the spectral efficiency is ranging from
0.5 to 10 bits/s/Hz with a granularity of 0.5 bit/s/Hz.

with the increase of spectral efficiency. To be more specific, when the spectral efficiency of 2.5
bits/s/Hz is considered, the corresponding value of λth(η + 0.5) − λth(η) is 1.6.

Fig. 6. SNR gap in dB of adjacent spectral efficiencies vs. spectral efficiency over the
AWGN channel.
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5. Experimental results

In this section, we investigate and compare the performance of the proposed 0.5-bit/s/Hz
fine-grained adaptive OFDM modulation scheme in bandlimited UVLC systems via hardware
experiments. For comparison, traditional adaptive OFDM modulation scheme with 1-bit/s/Hz
granularity is considered in the performance evaluation. Moreover, considering the additional
complexity and insignificant rate improvement of power loading over the intensity modula-
tion/direct detection (IM/DD) channel [36], only bit loading is considered in the following
experimental demonstration.

Fig. 7 depicts the experimental setup of a point-to-point UVLC system using a blue mini-LED
and the inset shows the photo of the overall experimental system. As we can see, firstly, the
transmitted signal is generated offline via MATLAB. The obtained transmitted signal is then
loaded into an AWG (Tektronix AFG31102) with a sampling rate of 500 MSa/s. Subsequently, a
DC bias current of 120 mA is combined with the AWG output signal through a bias-tee (bias-T,
Mini-Circuits ZFBT-6GW+). The combined signal is used for driving the blue mini-LED
(HCCLS2021CHI03). The light from the blue mini-LED passes through a biconvex lens with a
diameter of 12.7 mm and a focal length of 20 mm, and then propagates through the 1-m water
tank. The overall transmission distance is 135 cm. At the receiving end, the optical signal
is directly detected by a photodetector (PD, Thorlabs PDA10A2), where the bandwidth and
the active area of PD are 150 MHz and 0.8 mm2, respectively. Moreover, to align the blue
mini-LED and the PD, another biconvex lens is also adopted to obtain a relatively high SNR.
Subsequently, a digital storage oscilloscope (DSO, LeCroy WaveSurfer432) with a sampling rate
of 2.5 GSa/s is employed to record the received electrical signal. Finally, the recorded signal is
demodulated offline via MATLAB. In OFDM modulation, the size of IFFT is set to 256 and the
signal bandwidth is adjusted by changing the number of subcarriers for data transmission.

Fig. 7. Experimental setup of a point-to-point UVLC system using a blue mini-LED. AWG:
arbitrary waveform generator, DSO: digital storage oscilloscope.

Fig. 8 shows the measured frequency response of the experimental UVLC system. It can be
clearly seen that the experimental system exhibits a notable low-pass frequency response, and the
corresponding -3 dB bandwidth is about 35 MHz. The key experimental parameters are given in
Table 3.

Fig. 9 depicts the received SNR under six different signal bandwidths of 31, 41, 51, 61, 70 and
80 MHz at the peak-to-peak voltage (Vpp) of 1 V. As we can see, the overall SNR is gradually
reduced with the increase of signal bandwidth and the high-frequency subcarriers generally have
a relatively low SNR.
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Fig. 8. Measured frequency response of the experimental UVLC system.

Table 3. Experimental parameters

Parameter Value

The number of IFFT/FFT 256

The transmission distance 135 cm

AWG sampling rate 500 MSa/s

DC bias current 120 mA

Diameter of biconvex lenses 12.7 mm

Focal length of biconvex lenses 20 mm

Bandwidth of PD 150 MHz

Active area of PD 0.8 mm2

DSO sampling rate 2.5 GSa/s

Fig. 10 shows the bit loading for the signal bandwidth of 61 MHz at Vpp = 1 V. It can be
found that the traditional 1-bit/s/Hz granularity adaptive OFDM modulation scheme can only
load integer bits to each subcarrier, while the proposed 0.5-bit/s/Hz fine-grained adaptive OFDM
modulation scheme can load both integer and fractional bits to each subcarrier. Specifically, for
the low-frequency subcarriers, only 2 bits can be loaded when using the traditional 1-bit/s/Hz
granularity adaptive OFDM modulation scheme, while 2.5 bits can be loaded when applying
the proposed 0.5-bit/s/Hz fine-grained adaptive OFDM modulation scheme. The corresponding
constellation diagrams of different loaded bits are given in the inset in Fig. 10. Moreover, it can
be inferred that more bits might be further loaded with a finer granularity such as 0.25-bit/s/Hz
by using higher modes OFDM-IM [32]. Nevertheless, the use of a finer granularity might not be
able to further bring a significant rate improvement compared with that using a granularity of 0.5
bit/s/Hz.

Fig. 11 shows the achievable rate versus signal bandwidth for different Vpp values. It can
be found that, for both traditional 1-bit/s/Hz granularity adaptive OFDM and the proposed 0.5-
bit/s/Hz fine-grained adaptive OFDM, the achievable rates are first increased and then decreased
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Fig. 9. Received SNR for different signal bandwidths at Vpp = 1 V.

Fig. 10. Bit loading for the signal bandwidth of 61 MHz at Vpp = 1 V.
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with the increase of the signal bandwidths, indicating the existence of an optimal signal bandwidth
to achieve the maximum rate for each scheme. Moreover, the achievable rates of 0.5-bit/s/Hz
fine-grained adaptive OFDM are always higher than the 1-bit/s/Hz granularity adaptive OFDM
modulation. To be more specific, for the case of Vpp = 1 V, as shown in Fig. 11(a), a maximum
achievable rate of 84.0 Mbps is obtained with the signal bandwidth of 51 MHz for 1-bit/s/Hz
granularity adaptive OFDM modulation, while a maximum achievable rate of 102.1 Mbps is
achieved for 0.5-bit/s/Hz fine-grained adaptive OFDM modulation with the signal bandwidth of
61 MHz. For the case of Vpp of 1.5 and 2 V, the maximum achievable rates are respectively
increased from 152.3 to 169.3 and 324.4 to 347.7 Mbps, when applying 0.5-bit/s/Hz fine-grained
adaptive OFDM in comparison to traditional 1-bit/s/Hz granularity adaptive OFDM. Similarly,
the maximum achievable rates are respectively increased from 370.1 to 394.5 and 433.6 to 457.0
Mbps at the Vpp of 2.5 and 3 V, when 0.5-bit/s/Hz fine-grained adaptive OFDM is considered.
According to Figs. 11(a)–11(e), we can conclude that there is an optimal signal bandwidth to
achieve the maximum achievable rates for 1-bit/s/Hz granularity adaptive OFDM modulation and
0.5-bit/s/Hz fine-grained adaptive OFDM modulation in bandlimited UVLC systems. Moreover,
the maximum achievable rate of 0.5-bit/s/Hz fine-grained adaptive OFDM modulation can be
achieved under the same or higher signal bandwidth in comparison to 1-bit/s/Hz granularity
adaptive OFDM modulation.

Fig. 11. Achievable rate vs. signal bandwidth for (a) Vpp = 1 V, (b) Vpp = 1.5 V, (c) Vpp
= 2 V, (d) Vpp = 2.5 V, and (e) Vpp = 3 V.

Fig. 12 shows the rate gain and the rate gain percentage versus Vpp for 0.5-bit/s/Hz fine-grained
adaptive OFDM in comparison to traditional 1-bit/s/Hz granularity adaptive OFDM. As we
can see, the rate gain is generally within the range of about 15 to 25 Mbps, while the rate gain
percentage is gradually reduced with the increase of Vpp. To be more specific, the rate gain of
18.6 Mbps at the Vpp of 1 V is achieved, which is corresponding to a 22.1% rate improvement.
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For the case of Vpp = 1.5 and 2 V, the rate gains of 15.6 and 23.4 Mbps are achieved, which are
corresponding to 10.3% and 7.7% improvements of the achievable rate, respectively. Similarly,
in comparison to 1-bit/s/Hz granularity adaptive OFDM scheme, the rate improvements of 7.5%
and 5.4% realized by 0.5-bit/s/Hz fine-grained adaptive OFDM are respectively obtained, when
the rate gains are 24.4 and 23.4 Mbps at the Vpp of 2.5 and 3 V. With the increase of Vpp from 1
to 3 V, the achievable rate is gradually increased while the rate gain remains relatively stable, and
hence the rate gain percentage is inevitably reduced with the increase of Vpp, i.e., the increase of
SNR. It can be clearly observed from Fig. 12 that the 0.5-bit/s/Hz fine-grained adaptive OFDM
scheme is more advantageous in the relatively small SNR region.

Fig. 12. Rate gain and rate gain percentage vs. Vpp for 0.5-bit/s/Hz fine-grained adaptive
OFDM in comparison to traditional 1-bit/s/Hz granularity adaptive OFDM.

6. Conclusion

In this paper, we have proposed and evaluated a 0.5-bit/s/Hz fine-grained adaptive OFDM
modulation scheme for bandlimited UVLC systems, where integer and fractional spectral
efficiencies are considered to enhance the achievable rate of the system. Specifically, integer
spectral efficiencies can be achieved by traditional OFDM based on QAM constellations, while
fractional spectral efficiencies including 0.5 bit/s/Hz and 0.5+n bits/s/Hz can be achieved by
OFDM with DF-BPSK and OFDM with DF-DMIM, respectively. The obtained simulation and
experimental results verify the superiority of the proposed 0.5-bit/s/Hz fine-grained adaptive
OFDM modulation scheme for bandlimited UVLC systems in comparison to the traditional
1-bit/s/Hz granularity adaptive OFDM modulation scheme. Therefore, the proposed 0.5-bit/s/Hz
fine-grained adaptive OFDM modulation scheme can be a promising candidate for practical
bandlimited UVLC systems.
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