CDMA-based multi-domain communications

network for marine robots

Jay Patel, Mae Seto
Faculty of Engineering,
Dalhousie University, Canada

Funded by :

Yo O < THALES =Z5s

Acoustics Virtually Everywhere, The 179" ASA Meeting



Outline

Introduction Background

Simulation and

Methodology Results

Conclusion References

Bﬁ%&%lsjﬁgg CDMA-based multi-domain communications network for marine robots , J. Patel, M. Seto



Problem definition for research project

*design a CDMA-based communications protocol that can span
above, surface and underwater with the following capabilities:

x * robustness to frequency
- — selective fading,

* compensates for multi-
path effects at the
receiver,

* allows receivers to
distinguish among signals
simultaneously
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Figure 1: Robotic multi-vehicle collaboration - transm ”;t%gi Siyom“CkamQut /fci?M
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above and below water U] d em < WUWNET, Oct 2019, 2 pages.
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Introduction (1/2)
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F:gure 2: Network architecture of multi-vehicle collaboration above and below water credlt subnero.com

Bﬁ%&%glspg% CDMA-based multi-domain communications network for marine robots , J. Patel, M. Seto 4



Patel, J., Seto, M., “Underwater channel characterization
for shallow water multi-domain communications”, ACM

Introduction (2/2) —
= * concept of operations:
% » master node heterogeneous marine
s, | robots (unmanned
: underwater vehicle (UUV),

unmanned surface vehicle

\Y;

B (USV), and unmanned aerial
vehicle (UAV))
collaboratively acquire

situational awareness on a

T |
ﬁ\ floating/any target,

—0

o<——0

Figure 3: Heterogeneous marine sensor network architecture

*analyze impact of channel
characteristics on level and
quality of underwater
nications .
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Frequency

Frequency
Frequency

il

Background | T_

FDMA TDMA CDMA

* motivation of this research follows the concept of [15] where 7-
UUVs, 2-USVs, and 1-UAV collaboratively communicate underwater
iInformation using TDMA for under, on and above water.

* proposed, is to use CDMA instead,

[
»

so the full channel bandwidth is

simultaneously used for multiple

— signals.
Exercise INMANNED WARRIOR 201, * following tools are integrated for
led by the United Kingdom's Ruyal Navy simulations:
- MATLAB (Initial stage),
Exercise UNMANNED WARRIOR 2016  Network Simulator-3 & WOSS,

+Credit : DRDC Canada * Bellhop Acoustic Toolbox.

82%&%218%5 CDMA-based multi-domain communications network for marine robots , J. Patel, M. Seto




State of the art (1/3)

Patel, J., Seto, M., “Live RF Image Transmission Using
OFDM with RPi and PlutoSDR”, Proc. IEEE CCECE,
Sep 2020, 6 pages.

« CDMA is a spread spectrum techniqgue for multiple access, allows

25 KHz Carrier Wave (sin{2*pi*f*t))
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Figure 4: CDMA BPSK signal generation
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* CDMA employs spread spectrum
technology and a special coding

scheme (each transmitter is

assigned a code) to allow

multiple users to be multiplexed

Preamble + Code by Payload Data with Code

> <€ > € >

Destination Code Data Bits

Figure 5: Modified UDP packet format
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CDMA State-of-the-art (2/3)

Transmitter #1

Random bit
generator

Spreader
Modulator Zero Padder Pulse Shapper Up Converter
#sequence;

Transmitter #N

Random bit
generator

Spreader
#sequence;

Modulator Pulse Shapper Up Converter

Zero Padder

Receiver

Demodulator Pulse Shapper Down Converter

Spreader
Down Sampler
#sequence; I
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Figure 6: General structure of CDMA communication system [Thesisl
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State of the art (3/3)

user input parameters:

1

i |
|

Efrequency, no. of nodes, |

! SSP and Bandwidth |

i Simulation setup parameters |
! (Underwater channel propogation model, i
! routing protocol, area, link layer)

I Initialization
H (Creating UAN topology & logging
| components (all) for post processing

gset parameters to UAN i
Mobile nodes, Mcobility Model
Initialization, Node & Agent configuration}

UDP traffic & agent
generation for UAN model

get respective PN code &
cipher data packets

gecured packets |
available to agent i

| routing maintenance
i link availibity chec

.o

sent over common channel
(Summation of contribution of each node)

Received encoded data
packets at USV (Sink Node)

link availibity check
between USV and UUV

re-transmission of
Received Encoded Packets

Figure 7: CDMA architecture: (a) transmit encoded signals between mobile nodes and the master node

and (b) receive encoded signals between mobile nodes and master node.
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Patel, J., Seto, M., “CDMA-based multi-domain
communication network for marine robots”,

MethOdOIOQy (1 [ 5) Proc. ACM WUWUNET, Oct 2019, Poster.

e custom MATLAB-based GUI* used for simulations of test cases

e Mmaster node
a underwater node
a above-water node

MATLAB NS-3integrated

Simulations

Bellhop Acoustic
Toolbox

/ J\ o o Figure 8: Software framework
<0

Figure 3: Heterogeneous marine sensor

ROS

network architecture
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Patel, J., Seto, M., “Underwater channel characterization
for shallow water multi-domain communications”, ACM

ICUA, Sep 2020, 8 pages.

Methodology (2 / 5)

* GUI, planning to open source it soon to the community.

4 UnderwaterRayToolbox - X Bl UnderwaterRayToolbox

Underwater Ray Tracing Toolbox Underwater Ray Tracing Toolbox

BELLHOP- Ray Freq=50Hz z__=200m

SOURCE INPUTS o

Source_inputs 0

Frequency (Hz) 25000 100
frequency (Hz) 50 200

Source depth(m) 200 200

source depth (m) 200 400
Launching Angle a5 300
oo - 400 \\_ launching angle 45 600
E
< 500 800
Receiver depth(m) 200 = RECEIVER INPUTS _
4 E
600 = 1000
Receiver Range (km) | ¢ receiver depth (m) 2000 =
(=]
700
20 1200
Num of Rx Depth = receiver range (km) 0 2
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i 1400
Num of Rx range S number of i
800 receiver depth
0 ~ 1600
NBeams. N
1000 number of 501
o 6000 receiver range .
1800
number of beams 0
2000
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Range (m)

P.§ if you don't know how many rays you nesd. Please put 0 in number of beams and bellhop will calculate the same by itself.

Figure 9: Ray tracing from Underwater Figure 10: Transmission loss from Underwater

Ray Tracing Toolbox - MATLAB custom GUI Tracing Toolbox - MATLAB custom GUI*
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Methodology (3 / 5)

* GUI developed with MATLAB, plan to open-source it soon to the community

i ray

—I/O Files—— 07
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Figure 11: Ray plotting using Underwater Ray Tracing  Figure 12: TL plotting using Underwater Ray Tracing

Toolbox - Plotting Toolbox
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Methodology (4 / 5)

* Network Simulator-3

Application [ APP_1 j i APP_2 ] [ - J [ APP_N j <&
t =-100
|
Transport [TRA_1 TRA_2 ] [ A } [TRAﬁN ] I
> & i ) /
Network [ NET_1 ) | NET_2 J [ J [ NET N ) @?EZ} =100 .
— $ -
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= : 2 300 £
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o v <
Channel {Modelj ] [ModeLZ ] [ . ] [ModeliN ] 500 9 290 ‘190 [_';(l]O E;[llo 10.00 12100
M e 4 :
WOSS / Channel Propagation ‘ Zoom: |0.213 . Speed: 1.000 Time: 0.000000 s Snapshot Shell Simulate (F3)
Model (Acoustic ToolBox) ;
- - P ‘> Advanced
Figure 13: Proposed framework for simulation Figure 14: Python GUI (NS-3) to display simulations
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Methodology (5 / 5)

* WOSS "2 integration with NS-3

nmator
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(c) Grid position allocation to 5 nodes (d) Random disc position allocation to 5 nodes
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Patel, J., Seto, M., “Underwater channel characterization
for shallow water multi-domain communications”, ACM

Simulation objectives VR SE 0, T pRoes

*prior to deploying robots,
predict communication
system performance

sound-speed velocities

o

1
N
(3]

e

>0 —— Sept-SV

5l —o— Oct-SV
f o = verey »provide guidance on best
physical layout to deploy
underwater vehicles given

environmental conditions
e e sound-1s4;ged(mls) e 1
* provide estimates on
Figure 16: Sound-speed profile of Bedford Basin used in para meters for link budget
simulation test cases ? calculation
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um.xg;\a\'é

Bedford Basin bathymetry used for simulations

Bedford Basin, Halifax, NS, Canada
100
Elevation
0
. o'y
=0

Bedford Basin Bathymatry

m 70
g 50
210
g
b,jb 7ﬁ_® -100
., “ &
Figure 17: Detailed Bathymetry of Bedford Basin - Halifax, NS, Canada
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- - Freq = 25000 Hz UUV =10 m, USV =1.8 m
Bellhop Simulations — e L T g 110
uuyVv _ @
Shallow water £ 10} 100
o)
%20 90 =
230 80 @
Table 1: System parameters to simulate [s ¢ g
©
. 60 =
TGS 249 [ 0 1000 2000 3000 4000 5000 6000
water depth 20,50 m range between UUV and USV (m)
range 0-6 km Figure 18: Ray Traced and TL with water depth = 20 m
USV uw modem depth 1.8 m 0 Freq =25000 Hz UUV=3 m, USV =1.8 r'n i =100
UUVA e u /@ 0 - C = ] a
UUV depth 3,10 m oy / o 1=
S »
= :
_c il
*%10 80 c
" from predicted transmission loss to determine the ©15 |70 g
. . )
optimal range (function of water depth, UUV depth ® 20 60 &
= 3,10 m) = £
0 1000 2000 3000 4000 5000 6000
J. Ross, J. Lindsay, E. Gregson, A. Moore, Patel, J. and Seto, M. “Collaboration range between UUV and USV (m)
of multi-domain marine robots towards above and below-water characterization
of floating targets® Proc. IEEE ROSE Conf., Apr 2019. F,‘gure 19: Ray traced and TL with water depth =50m
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. Communication signal generation (simulations) (1 / 2)

P

25 KHz Carrier Wave (sin(2*pi*f*t})
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igure 20: CDMA signal: i) signal for 3 receivers; ii) multiplexed composite signal; iii) recovered signal; iv) CDMA-BPSK
signal; v) composite signal for receiver 1, and vi) generated & recovered CDMA.wav; modified packet format
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Acoustic Ray Tracing
SOFAR Ch nnel

Depth (m)

Il. Channel response (simulations) (2/2) =

@J)ay Patel

iii)

underwater channel

Frequency Response of the Channel of range 500 m, Tx =10 m, fc = 25 KHz

Frequency Response of the Channel of range 500 m, Tx =3 m, fc = 25 KHz
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Figure 21: For water depth = 60 m; fc = 25 KHz starting from top left corner: i) UW-env; ii) spectrum of chirp signals; iii)
spectrum of CDMA signal (range=200 m); iv) spectrum of CDMA signal (range=500 m); v) channel multi-frequency

response (Tx=3 m), and vi) channel multi-frequency response (Tx=10 m)
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lll. Simulation results (water depth = 20m, Tx = 3m,

Rx =3m, range = 1.6 km) (1/ 2)
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Figure 22: For water depth = 20 m; Tx=3m; Rx= 3m starting from top left corner - i) UW-env; ii) SSP; iii) Eigen rays;
iv) arrivals; v) information of first 10 arrivals, and vi) incoherent TL
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lll. Simulation results (water depth = 25 m, Tx = 3m,

Rx=10m, range = 6 km) (2 / 2)
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Figure 23: For water depth = 25 m; Tx=3m; Rx= 10m starting from top left corner - i) UW-env; ii) SSP; iii) Eigen
rays; iv) arrivals; v) information of first 10 arrivals, and vi) incoherent TL
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CDMA and UW-GOAL Protocol performance comparison
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Figure 24: Performance comparison of UW-CDMA vs UW-GOAL
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What’s Next ?

*Initial uw-modem selection
and testing in water (Lab

Experimental setup of lab initial testing Multiple OEM board (uw-modem)
for lab-test
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What’s Next ?

 Hardware testing and

three nodec

Underwater Software Defined Modems *

Surface Node configuration*

IN-

water testing with minimal

* Credits : subnero.com
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Conclusion (1/ 2)

"simulating several underwater networks
test case, it was observed that for the
given environmental conditions, feasible
range between UUV and USV as less
than or equal to 1.3 km.

"simulation results are encouraging for
the proposed CDMA protocol.

Gazebo simulations experimental validation of all 3
marine robots in the experimental validation.
J. Ross, J. Lindsay, E. Gregson, A. Moore, Patel, J. and Seto, M. “Collaboration

of multi-domain marine robots towards above and below-water characterization
of floating targets® Proc. IEEE ROSE Conf., Apr 2019.
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Conclusion (2 / 2)

" Integration of hardware-in-loop simulator
for multi-domain marine robots may
Increase the complexity.

r Y < 0

05 S o5

=

’ : \7 y (m) -15 X (m)
Figure 33: All 3 marine robots in the experimental validation. Figure 34: starting from left (a) Flexview sonar imaging of the
The USV is left in the foreground. The surfaced UUV is right barge underside from the IMOTUS UUV, (b) Optical camera
in the foreground. The barge is behind both. The UAV is left photogrammetry reconstruction of the barge topside with the
of the barge. On the wall, the red LED rings are 3 of the 8 Pelican UAV on top of the bottom-side sonar (isometric view).

motion capture cameras installed in the Aquatron Pool tank. 1!
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Questions ?

patel.jay@dal.ca

Intelllgent Systems Laboratory,

Dalhousie University.
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