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Abstract—Underwater visible light communication
(UVLC) is believed to revolutionize the future of optical
communication, where visible light of wavelength 400-500
nm range is used to transmit data underwater. In this
paper we aim to find how the position of the receiver affects
the accuracy of the received optical signal. The message
signal is modulated using pulse position modulation (PPM)
because of its high noise resistance through water. The
position of the receiver is changed accordingly and the bits
in error are recorded to discuss the relationship between
angle of the receiver, bit-error-rate and received signal
power.

Index Terms—Underwater visible light communication,
Software-defined radio, Pulse position modulation.

I. INTRODUCTION

Underwater communication attracts many researchers
because of the growing underwater human activities
[1]. To date underwater acoustic communication has
remained the dominant mode due to long link distance
up to tens of kilometres, but it has low data rate, requires
power hungry transceivers and has poor bandwidth ef-
ficiency [2]. On the other hand radio frequency (RF)
communication has good data rate but suffers from
attenuation because water behaves like a conductor for
RF wave. Moreover, it requires huge antennas along
with high power consumption and expensive installation
[3]. Using optical or visible light as an alternative
also has a drawback like short link range [4], but it
has high bandwidth efficiency, does not require expen-
sive transceivers and supports high data rate. Because
of an added advantage of being safe for marine life
[5], research in underwater visible light communication
(UVLC) has been increased over the past decades to
mitigate the shortcomings and get the benefit from this

mode of communication. Figure 1 shows the rate-range
of different underwater communication approaches [6].

Fig. 1. Comparative performance of different underwater communi-
cation approaches [6].

II. UVLC CHANNEL

Whenever light travels in an aquatic medium it suffers
from absorption and scattering. Absorption is an irre-
versible process where photons lose energy thermally,
whereas in scattering they change their direction upon
interaction with water molecules and suspended par-
ticles [7]. Both are wavelength dependent. These two
parameters contribute to beam divergence angle which is
defined as an angular measurement and is expressed as
a divergence angle in radians [8]. The beam is diverged
because of scattering as shown in Figure 2.

If transmitter and receiver are not aligned and the light
wavelength is not chosen wisely the inherent parameters
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Fig. 2. System model and link geometry of the UVLC link [6].

of water like absorption and scattering can cause loss of
information. Hence, in this paper our focus is to find the
impact of angular displacement of the receiver on the
communication link.

III. SYSTEM MODEL

There are several models proposed for UVLC system
that lead to finding channel impulse response determin-
ing not only the quality of channel but also the signal
received. Beer’s law is the simplest one, which considers
the linear motion of photons. Optical power (I) after a
distance (z), based on the transmitted power (Io) is given
by

I = Ioe
−cz (1)

where c is the extinction coefficient (sum of absorption
and scattering coefficients) and z is the link range.
The stochastic model follows the analytical approach
to compute the probabilistic value of scattering (also
known as scattering function). Henyey–Greenstein (HG)
function is used in this model to deduce the scattering
phase function which is critical in finding the pathloss
and signal quality at the receiving end. The detailed
discussion is given in [9]- [11]. The HG equation is given
by [12], [13]

PHG(θ) =
1− g2

4π(1 + g2 − 2gcos(θ))3/2
(2)

where PHG is the probability density function of the
scattering phase function and g is particle asymmetry
factor which depends on the medium characteristics and
is equal to the average of cos(θ). The scattering angle θ
can be found by [13]

θ = cos−1(
1

2g
[1 + g2 − (

1− g2

1 + g − 2gξ
)2]) (3)

where ξ is a random variable between 0 and 1.
From the scattering angle the power at the receiver Pr

can be deduced as [14]

Pr =
Pte

−czD2cos(ϕ)

4z2tan2(θ)
(4)

where Pt is the transmitted power, θ is the scattering
angle, D is the diameter of the receiver, ϕ is the
inclination angle (angle between the receiver’s normal
w.r.t. light beam) [14]. Quality of the signal is determined
by its SNR S at the receiver which is given by:

S =
P 2
r

P 2
noise

; (5)

where Pnoise denotes the noise power. The SNR S
can be used to find the bit-error-rate (BER). Different
modulation schemes have different BER formula. The
BER for the PPM is given by [15]

ηBER =
1

2
erfc

[ 1

2
√
2

√
SLlog2L

2

]
(6)

where L is the PPM level (number of slots needed to
encode the message bits) and erfc is the complimentary
error function which is given by [16] [17].

erfc = (2π)−1/2

∫ ∞

x
e−t2 dt. (7)

IV. UVLC SYSTEM HARDWARE

The hardware setup for the system can be seen in
Figures 3 and 4. Modulated 4-PPM and 8-PPM signals
are created in MATLAB which is configured with USRP
NI-2920. This signal is transmitted via visible light of
wavelength around 450 nm through LIFI transceivers
separated by a water tank of length, width and height
of 36 cm, 26 cm and 22.5 cm respectively.

A. Angular Position of Receiver

The angular position for line-of-sight (LOS) commu-
nication and non-line-of-sight (NLOS) communication
is shown in Figure 5 and Figure 6 respectively. The re-
ceiver position is changed w.r.t. different angles marked
whereas the transmitter is fixed at 0o and 20o for LOS
and NLOS communication respectively. The transmitter
and receiver are separated by a water tank.

2024 IEEE 29th Asia Pacific Conference on Communications (APCC), 5-7 November 2024, Bali, Indonesia

353
Authorized licensed use limited to: CURTIN UNIVERSITY. Downloaded on December 03,2024 at 06:34:30 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 3. Hardware setup for UVLC.

Fig. 4. Block diagram for UVLC.

Fig. 5. LOS angular position of the receiver w.r.t. transmitter.

Fig. 6. NLOS angular position of the receiver w.r.t. transmitter.

V. SYSTEM DESIGN

A. Transmitting Station Design

The transmitting station flow chart can be seen in
Figure 7.

1) Transmitter: The transmitter consists of a host
computer with MATLAB installed to create the message
signal. While designing the transmitter the problem of

Fig. 7. Flow chart for transmitting station.

underrun was encountered. This problem occurs when
the writing speed of the host is slower than the reading
speed of the NI-USRP 2920. Not only it depends on
the processing speed of the working station but also the
interpolation factor (IF) of the radio device. The IF is
chosen critically to not only accommodate the frequency
of the tone signal but address the reading speed of the
USRP.

2) Frame Structure: The transmission frame con-
sists of the preamble and the payload. A 16-bit mod-
ulated pseudonoise (PN) sequence is used as a preamble
whereas the payload is the PPM signal. Both the payload
and the preamble are modulated with 2.4 MHz tone
signal. The frame structure is shown in Figure 8 below.

Fig. 8. Frame structure for UVLC system.

3) Modulation Scheme: PPM is a digital modulation
technique in which a message signal is encoded in 2M

possible slots where M is the number of message bits.
PPM is used due to low transmit power and better noise
performance [18].

4) Low Frequency Transmit (LFTX) Daughter Board:
The modulated signal after passing through the digi-
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tal to analogue convertor is filtered and upconverted
at the daughter board for passband transmission [19].
NI USRP-2920 comes with wide bandwidth transceiver
(WBX) daughter board which works in the frequency
range of 50 MHz to 2.2 GHz. Since the desired operating
frequency for this particular UVLC system is under
50 MHz the low frequency daughter board is used.
This daughter board unlike WBX does not have a local
oscillator that could contribute to phase noise.

5) Optical Transceivers: LIFI R&D kit containing
transmitter and receiver module from HYPERION Tech-
nologies was used. The module offers 20 MHz band-
width and has a 170 degrees detector field of view.
One Watt blue LED is used to transmit the PPM signal
via water. The analogue signal from USRP is sent to
an optical transmitter front-end, which adds DC bias,
converts the electrical signal to blue light, and transmits
the resulting signal through underwater optical channel
[20]. The position of the transmitter was fixed whereas
the receiver was moved consistently.

6) Carrier Frequency: There are two methods to
transmit the baseband PPM signal. The first one is
to modulate the signal with a carrier whose sampling
frequency matches the IQ rate of the USRP and the
second one is to initialize the carrier frequency of the
software-defined radio (SDR) object and transmit the
baseband PPM signal. The latter one is not the right
choice, since the received signal is already demodulated
with unknown offset which can be difficult to calculate.
Choosing the carrier frequency of a modulating signal is
challenging since the configuration of USRP and LIFI
can be severely affected if the frequency is not chosen
within their operating range. After carefully observing
the response of the SDR and LIFI, 2.4 MHz is chosen as
the optimum carrier frequency. This not only addresses
the underrun issue where the writing speed of the PC
and the reading speed of the USRP results in halting
the transmission but also helps the optical transceivers
to accurately deliver the signal to the receiving end. 2.4
MHz carrier frequency is good enough to choose the
interpolation factor of 16 corresponding to the sampling
frequency of 6.25 MHz.

B. Receiving Station Design

The receiver design is similar to transmitter as can
be seen in Figure 9, with LIFI RX passing the received
data into the A/D convertor of USRP via low frequency
receive (LFRX) daughter board. The data is then passed
to the MATLAB for all the signal processing. At the
receiver end the choice of samples per frames G is im-

portant. G is chosen such that the USRP runs till all the
information is fetched into the buffer. G at the receiver
end and interpolation factor (IF) at transmitting end are
inversely related, decreasing the IF means increasing
the samples per frame parameter of the receiver USRP.
During the design, two problems were encountered, the
first one was the overflow and the second one was the
offset frequency.

Fig. 9. Flow chart for receiving station.

1) Overflow: Overflow occurs when the reading speed
of the host computer is less than the writing speed of the
USRP buffer. Choosing the right working station along
with G and the decimation factor is important. Overflow
was detected after sorting the last two parameters be-
cause of the memory constraint of the receiving work
station. It was observed that the processing speed of the
receiving station should be greater than or equal to the
transmitting station to avoid this issue.

2) Offset Frequency: The nominal master clock at
each USRP is fixed at 100 MHz. However, a slight
mismatch between the master clocks at the transmit-
ter and receiver leads to carrier frequency offset. It
is constant and can be easily estimated and removed.
The frequency of received signal is 2.4046 MHz. The
frequency spectrum can be seen in Figure 10.

3) Matched Filter: A matched filter is designed with
the pulse width equal to the slot duration of PPM and
relevant peaks are obtained using cross correlation. The
peaks are translated to the respective bits. After retrieving
received bits, the BER is calculated.
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Fig. 10. Single-sided frequency spectrum for the received signal.

4) Computational Complexity: The receiver design
can be implemented with a low computational com-
plexity, as all operations shown in 9 can be computed
efficiently. The signals received by the USRP are first
cross correlated with a 16-bit PN preamble sequence
to determine the starting point of the signal received.
Once the preamble is detected, the next task is to find
the frequency offset. A 2048-point FFT is performed
on the sequence to determine the frequency offset. The
corrected carrier frequency is used to demodulate the
received signal. Once the signal is demodulated, it is
filtered through a 20th order low pass filter with a Hann
window (since it provides better stopband rejection). Fi-
nally, the message bits are extracted through convolution
with a rectangular pulse with a duration equal to the
transmitted bit duration. We can see that all the receiver
operations have a low complexity.

VI. RESULTS

Transmitting via LIFI was a challenge, after several
trials 223.2 kHz PPM signal was sent at a carrier
frequency of 2.4 MHz for optimum signal reception.
Initially the experiment was carried out with air as a
medium and later replaced with aquatic medium. Upon
proper alignment, the receiver position was changed at
various angles to find its effect on BER and received
power of a signal for different levels of PPM.

As can be seen from Figure 11, the BER is zero
from −30o onwards till 40o i.e. when the transmitter
and receiver are following strict alignment but when the
receiver is moving towards right or left beyond −30o and
40o, the BER begins to increase to an extent where it is
maximum at perpendicular position to the transmitter. 8-
PPM shows high BER for the same angular position than
4-PPM.
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Fig. 11. Relationship between BER and the position of the receiver
for LOS communication.
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Fig. 12. Relationship between average received power and the
position of the receiver for LOS communication.

Figure 12 shows that power of a signal is low when
the receiver is not aligned and maximum at 0o i.e. when
the transmitter and receiver are perfectly aligned. Also,
the graph suggests 4-PPM has more power than 8-PPM
as the former transmits once every 4 slots, as compared
to the latter which transmits once in every 8 slots.

Figures 13 and 14 show the BER and received power
for NLOS communication respectively. The experiment
for NLOS was carried out the same way as LOS.
The transmitter was kept at 20o w.r.t. LOS distance
between transmitter and receiver whereas the receiver
position was changed consistently. Figure 13 shows that
BER begins to increase when the transmitter angle of
incidence is out of receiver’s field of view (FOV), but as
soon as the beam is incident within the FOV of receiver
the BER begins to decrease. In Figure 14, the received
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Fig. 13. Relationship between BER and the position of the receiver
for NLOS communication.
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Fig. 14. Relationship between average received power and the
position of the receiver for NLOS communication

power for NLOS communication is minimum when the
incident beam is out of receiver’s FOV but it increases
as the transmitter and receiver are achieving alignment.

VII. CONCLUSION

UVLC is the future of underwater communication,
where the receiver and transmitter positions are very
critical to the accuracy of the data. PPM is a smart
way to retain the accuracy of the message signal without
compromising the noise efficiency of the UVLC system,
but choosing the right level of PPM is necessary due
to increase in BER with each level. If PPM level and
angular position are chosen such as to offer minimum
compromise on the signal quality, the system has a
potential to outperform other means of underwater com-
munication. NLOS communication can be achieved for
this mode of communication but its performance is not

comparable to LOS communication. For deployment in a
dynamic channel environment with changing transmitter
and receiver positions, the alignment algorithm needs to
be run on a regular basis to achieve reliable commu-
nication. Moreover, for scenarios with multiple optical
paths between the transmitter and receiver, the alignment
algorithm enables the receiver to point to the strongest
direction of light arrival.
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