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X Unidirectional and
low throughput

Underwater Robot
Francesco Tonolini and Fadel Adib. 2018. Networking

across boundaries: enabling wireless communication
through the water-air interface. (SIGCOMM ’18).
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<10% power loss through
interface

Bidirectional

<0.5 db/m attenuation in
water (at 420 nm — 550 nm)

GHz modulation
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X Link unavailable up to
P 70% of the time
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B XExisting methods are
3 bulky and expensive
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Laser Link
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Transmitter Design

Beam Steering
LI Full-hemisphere
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L1 Portable
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Beam Steering %
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TX Design: Full-Hemisphere Beam Steering

Exploit fisheye lens to expand MEMS mirror steering range

J 180° incident
angle range
_>/\4_

Fisheye Lens

Small output

ang'e range i' I Focal Length
Image Plane




TX Design: Full-Hemisphere Beam Steering
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TX Design: Full-Hemisphere Beam Steering

MEMS Mirror  Triplet Lens Fisheye Lens

Laser Diode
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TX Design: Full-Hemisphere Beam Steering

MEMS Mirror  Triplet Lens Fisheye Lens
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TX Design: Full-Hemisphere Beam Steering

MEMS Mirror  Triplet Lens Fisheye Lens
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Laser Diode
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Relative Intensity

Recelver Design

e Need to extract laser light in strong ambient light condiMons
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Design: Dealing with Wave Dynamics

Alr

Water

X

RX

Wave dynamics cause
misalighment



Design: Dealing with Wave Dynamics

X

Expanding beam
Air wastes power

Water

RX




Design: Dealing with Wave Dynamics

TX + Sensing
A
Alr
Water
Step #1: Proactively Step #2: Compute optimal

sense wave condition RX laser beam direction




Design: Dealing with Wave Dynamics

Ultrasonic Sensing

Alr

Water
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Ultrasonic Sensing
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Ultrasonic waves
reflect off surface

Bidirectional solution



Design: Dealing with Wave Dynamics
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M x M Ultrasonic Array
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Bicubic Surface Model
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Design: Dealing with Wave Dynamics
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Design: Dealing with Wave Dynamics

® Not wait for all sensor readings to reconstruct waves
® Forecast upcoming sensor readings with FFT

;
M x M Ultrasonic Array
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With forecasting, continuously reconstruct wave
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Design: Dealing with Wave Dynamics

TX + Ultrasonic Sensing
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Step #1: Proactively Step #2: Compute optimal
sense wave condition RX laser beam direction




Design: Dealing with Wave Dynamics
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TX + Ultrasonic Sensors
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Design: Dealing with Wave Dynamics

TX + Ultrasonic Sensors
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Water /
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Solved with gradient ascent, <1ms
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Prototype: Transmitter

Laser Diode

® 140 mW, 520 nm
DarkLight Modulation

® 13.7% duty cycle OPPM
MEMS Mirror

® 130 Hz, 0.003° resolution, £6.6° range

Transmitter
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Prototype: Receiver

SIPM
® 3mm X 3mm active area

® 180° sensitivity

Oscilloscope

® Keysight 2.5 GHz, 20 GSa/s

Recelver

42 Image Courtesy of Ketek



Prototype: Ultrasonic Array

Ultrasonic Array
® S4/sensor
® 15° beam angle

® Accuracy up to3 mm
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Evaluation: Throughput
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Waves: 10-12 cm, 1 Hz '

No Steering  w/o Forecasting w/ Forecasting
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Evaluation: Range
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Evaluation: Ambient Light Robustness

3 O Indoors Bitrate (7 LX) 3 Indoors BER
| o Outdoors Bitrate (73,900 LX) & Outdoors BER
6.00 1.4E-01
vy e —e——o p
S 4.50 : 1.1E-01
2 6.1m 6.5m
,,,,,,,,,,,, 5 3.00 0-BER 0-BER | 7.1E-02 &
oooooooo N - m
o0 Outdoors Indoors | 58
== ; _ & S 150 [ 3.6E-02
-
i LX13 : ) ] 4
- s 0.00 O=Ge0 =0 O=t——0=B B g—0—0=0 " 1 0£-03
= B, o 0 4.3 5.7 65 7.1 85 10.6 12.6

Distance (m)
49



Evaluation: Wave Robustness

B Forecasting B Forecasting
" No Sensing " No Sensing

002 0.08 0.14 0.20 01 0.5

Peak-to-Peak Amplitude (m) Wave Frequency (Hz)
Wave frequencies: 0.1-3 Hz Reliability decreases Consistently > 75%

at large amplitudes reliable

1.0

Connection Ratio

Recorded ocean
characteristics in Barbados

Peak-to-peak amplitudes: 2—20 cm
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Discussion & Conclusion

* Mobility
* Dispersion
* Occlusion

 Sampling Method
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