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Abstract We demonstrate through experimentation that shooting a receiving condenser lens with a flat-
shaped beam generated from a transmissive telescopic beam shaper can improve the efficiency of the
receiving beam of a 405-nm flexible time-domain hybrid PAM signal comprising PAM2 and PAM4

signals in underwater channels. ©2023 The Authors

Introduction

In  next-generation mobile communication
standards, such as beyond 5G/6G, optical
wireless communication is a promising candidate
for situations requiring significant capacity
required. Therefore, research on devices and
systems suitable for this purpose is essential [1-
5]. Additionally, there is a need to expand the
application range of new wireless communication

technology by utilizing optical wireless
communication for non-terrestrial networks
(NTN) [6,7].

One example of NTN is underwater

communication networks, and it is necessary to
consider long-distance and large-capacity
underwater wireless communication systems in
anticipation of the introduction of underwater
Internet of Things terminals in the future [8].
Visible-light lasers are capable of long-distance,
large-capacity communication with minimal
propagation delays, making them suitable for
underwater optical wireless systems [9].
However, even if a visible band with a relatively
small loss is selected, losses caused by the
effects of photon absorption and scattering on
water molecules cannot be avoided. In the deep
sea, where turbidity is relatively low, the
scattering coefficient of the medium is small;
therefore, blue light is best in the visible light band
in terms of low loss in pure water [10]. A time-
domain hybrid pulse amplitude modulation
(TDHP) scheme was reported to maximize the
transmission rate based on the distance in an
underwater channel [11].

Wavelength and beam selectivity are essential
for  long-distance  transmission  through
underwater channels in optical wireless systems.
The width of a standard collimated Gaussian
beam tends to increase, starting from the beam
waist, as the propagation distance increases [12].
Although it is sufficient to increase the beam-
cross-section on the receiver side, there is a limit

to increasing the cross-sectional area of each
element, such as the condenser lens and the
photodetector, considering the overall size of the
receiver. Recently, because the beam shape is
highly resistant to turbulence, underwater
channel  transmission shaped into a
nondiffractive beam using a spatial phase
modulator has been reported [13]. However,
because the spatial phase modulator used for
beam shaping is an externally inserted active
optical device, it increases the power
consumption during system operation. Analytical
results have shown flat beams are excellent for
use when there is turbulence in the water [14].
Recently, uncoupled [15] and coupled [16] flat-
top beams with multiple outputs were reported.

In this study, we experimentally demonstrated
the propagation characteristics of a flat beam
generated by a single light-based transmissive
beam shaper as a telescope of Galilean type
comprising a passive optical device targeting an
underwater channel with high scattering.
Compared to other beam-shaping methods, such
a transmissive telescopic beam shaper has the
advantages of high efficiency, being independent
of wavelength, and zero power consumption. We
compared the transmission characteristics of the
TDHP signal for three beams (flat, mountain, and
valley) generated by a transmissive telescopic
beam shaper. To the best of our knowledge, this
is the first experimental verification of a receiver-
side focusing lens shooting using a transmissive
telescopic beam shaper in a highly scattered
underwater channel.

Principle of beam shaping by transmissive
telescopic beam shaper

Figures 1(a-c) show the flat, mountain, and
valley-shaped beams generated by the
transmissive telescopic beam shaper from a
collimated Gaussian-shaped input beam. To
perform beam shaping with excellent power
efficiency, we used the Galilean method, which
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Fig. 1. Lens placement setting for transmission telescopic beam shaper: (a) flat-shaped beam case, (b) Gaussian curve-
shaped (mountain-shaped) beam case, (c) inverse Gaussian/concave (valley-shaped) beam case.
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Fig. 2. Experimental setup for underwater channel transmission.

re-splits the laser intensity using a field-mapping
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negative direction from the 0 points. By arranging
the aspherical lens in the positive direction from
the 0 points, the inverse Gaussian/concave
(valley-shaped) beam had a more substantial
intensity distribution at the edge of the beam than
that at the center.

Experimental Setup

Figure 2 shows an experimental system for the
underwater channel transmission of a TDHP
signal beam shaped by a transmissive telescopic
beam shaper. On the transmitter side, a 312.5
Msymbol/s TDHP signal was output from an
arbitrary waveform generator (AWG), with a
sampling rate of 1.25 Gsample/s and a bandwidth
limit of 250 MHz. The TDHP signal is added to a
direct current (DC) component and directly
modulated by a semiconductor laser diode (LD).
The central wavelength of the LD was 405 nm,
which is the wavelength of violet light. In this
evaluation, a TDHP (1:0) signal composed of
pure PAM2, a TDHP (0.5:0.5) signal composed
of half PAM2 and half PAM4, and a TDHP (0:1)
signal composed of pure PAM4 were used. In (X,
y), x and y correspond to the PAM2 and PAM4
ratios for all symbols. A collimator converts the
Gaussian beam output from the LD into parallel
light. The optical power after the collimator output
is 0 dBm. After expanding the beam size while
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Fig. 3. Optical power versus transmission distance.

maintaining a similar light intensity with a beam
expander, a flat beam, mountain beam, and
valley beam were selected by the beam shaper
and output to the underwater channel. The lens
adjustment condition of mountain- and valley-
shaped beam generation is -10 mm and +10 mm
based on the distance between the aspheric
lenses that generate flat-shaped beam. The
insertion loss of the beam shaper was 0.3 dB.
For the underwater channel, an acrylic tank of
dimensions 0.45 m x 1.2 m x 0.6 m x 0.01 m
(height x length x widthx thickness) is filled with
tap water, and a mirror is placed on the side of
the tank to reflect multiple times for transmission.
On the receiver side, after the beam is incident
onto the condenser lens, the beam splitter splits
the focused beam. The condenser lens diameter
was 25.4 mm. The received power of the
subbeam was monitored using a power meter
(PM). The main beam is received by an
avalanche photodetector (APD) and converted
into electrical signals. The electrical signal is
sampled and quantized using a digital storage
oscilloscope (DSO) at a sampling rate of 2.5
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Fig. 4. Beam cross-section image: (a) flat, (b) mountain, (c) valley. Fig. 5. Beam profiles: (a) flat, (b) mountain, (c) valley.
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Fig. 6. Experimental BERs for transmission distance: (a) flat, (b) mountain, (c) valley.

Gsample/s and a bandwidth limit of 300 MHz. In
offline digital signal processing (DSP) on the
receiver side, after compensating for the band
limitation of the radio frequency device using
time-domain equalization using the least-mean-
square (LMS) algorithm, the original data stream
is restored by hard decision processing.

Experimental Results

Figure 3 shows the optical power of the
underwater channel versus the transmission
distance for the flat, mountain, and valley-shaped
beams. The flat beam had lower energy than the
other two, regardless of the transmission
distance. Valley-shaped beams exhibited greater
power attenuation than flat-shaped beams with
increasing distance.

Figures 4(a-c) show images of the beam cross-
sections and intensity distributions of the flat,
mountain, and valley-shaped beams (acquired by
the camera) before transmission through the
underwater channel after beam shaping. We can
confirm that all the beam shapes are based on
the principle depending on the setting of the lens.

Figures 5(a-c) compare beam profiles for
transmission distances up to 8 m. We can confirm
that the flat beam maintains high-intensity power
at its center. We ensured that the mountain-
shaped beam was wide at the initial transmission
stage and spread out as the distance increased.
The beam spread of the valley-shaped beam was
small for the given space, but the beam spread at
6 m was more significant than that of the flat-
shaped beam.

Figures 6(a-c) compare the bit error ratio (BER)
characteristics of the three types of TDHP signals
for transmission distances of up to 8 m. This can
extend the distance to reach the forward error

correction (FEC) Ilimit by reducing the
transmission rate of the TDHP signal. Because it
is assumed that the Reed- Solomon RS
(255,239), a hard-decision FEC, is used, the error
correction limit is BER = 3.8x10%3. The TDHP
(1:0), TDHP (0.5:0.5), and TDHP (0:1)
transmission distances at the FEC limit of the flat
beam were 7.6 m, 6.4 m, and 5.8 m. The TDHP
(1:0), TDHP (0.5:0.5), and TDHP (0:1)
transmission distances at the FEC limit of the
mountain beam were 4.6 m, 3.7 m, and 3.2 m.
The TDHP (1:0), TDHP (0.5:0.5), and TDHP (0:1)
transmission distances at the FEC limit of the
valley beam are 6.8 m, 54 m, and 5.1 m.
Therefore, we can see that flat beams can
transmit over long distances for any TDHP signal.
In addition, we verified that adaptive modulation
using the TDHP can change the maximum
transmission distance.

Conclusions

Considering a receiving condenser lens placed in
an underwater channel, a proof-of-principle
experiment revealed that the TDHP signal of a
flat beam with good beam power efficiency
generated by a transmissive telescopic beam
shaper has superior BER characteristics
compared to the mountain and valley-shaped
beams. In tap water channel transmission using
TDHP signal with a flat-shaped single beam with
a low transmission power of 6 dBm, we showed
that the transmission capacity of 312.5 to 625
Mbps distance could be adaptively transmitted
over a transmission distance of 5.8 to 7.6 m. In
future research on flat beams, we will study long-
distance transmission with increased
transmission beam intensity and communication
in highly turbid underwater channels.
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