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There are many kinds of instruments deployed underwater
for communication, localization, detection and imaging.

Most of such applications use acoustics rather than RF
signal.

Including:

Underwater communication

Underwater Localization

SONAR

Multi-beam / Single beam SONAR

Side-scan SONAR

ABS (Acoustic Backscatter System)

ADCP (Acoustic Doppler Current Profiler) / DVL (Doppler
Velocity Log)
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Underwater Communication

Computer

Underwater Communication
Modem




Underwater Localization

1. LBL (Long Base Line)
2. SBL(Short Base Line)
3. USBL (Ultra-Short Base Line)
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Multi-beam Echo Sounder

Multibeam Sonar

Transducer is arranged
in a Mills Cross with an
array of transmitters

and hydrophones /

Mills Cross
(transmit)

Mills Cross
(receive)

-




Multi-beam Echo Sounder (ll)




Multi-beam Echo Sounder (111)




Side Scan SONAR




Side Scan SONAR image




ABS (Acoustic Backscatter System)




ADCP (Acoustic Doppler Current Profiler)
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Why use Acoustics

» ElectroMagnetic wave attenuates
rapidly in water

» Acoustic can propagate long distance

* Acoustic wave Is eguivalent to the EM
wave above water

* We will mainly focus on acoustics In
this course
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Future UWC systems

- Today: point-to-point acoustic links

» Future: Autonomous networks for
ocean observation

« Example of future networks:
1. Ad hoc deployable sensor
networks
2. Autonomous fleets of
cooperating AUVs/Gliders
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Sound propagation in Water

1827

EMISSION RECEPTION

* First measurement of the velocity of sound in water was
carried out in 1827
« They obtained a value of 1435 m/s



Why Is Radar not used to detect
Underwater Targets

+— 100 m ———»

< 10 km >

EM wave attenuate fast in water ~200000 dB/ 100m for
2GHz EM wave



Underwater Acoustic for Target Detection

Helicopter

Towed linear * ot
antenna Bow-mounted Acoustic buoy

active sonar ﬁ
Towed active

sonar Dipping sonar

« SONAR (SOund Navigation And Ranging) systems for submarine detection.

* Focus of Information Processing with emphasis on post-treatment algorithms



The Acoustic Channel
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1. The Communication Channel
2. Obligate Communications Channel



Multipath Acoustic Channel
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300 ft

Propagation types
depends on the depth of

£ R S O source immersion.

Range nautical miles
3000 ft

The ideas of variable

———~"___ 1  depth SONAR (VDS).
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Underwater acoustic channels
Vv.S. radio channel

Propagation Behavior EM Waves Acoustic Waves
Propagation Speed (c) 37 10%m /s 1500 / S
Carrier Frequency GHz Order Around 10 kHz
Wave Length 0.3m 0.15m
Bandwidth (w) 1 MHz 2 kHz
Narrow or Wide Narrow Band B 10° e Wide Band W 2x 10° B
. 10° . 10x10°
Velocity of Mobile / Assume v=100 km/hr = 27.8 m/s Assume v =5m/s
Machnumber M=v/e M =9.3x10°® M, =3.3x10° >10° - M,
Delay spread Time
1~3us up to 500 ms
Delay spread in

Symbol 1~ 3symbols upto 100 symbols



Mathematical Model for Communication

Channel
o . Channel
Additive noise channel ol oy I
r(t) =s(t) +n(t) n?t)

e Liner filter channel

r(t) = s(t) *c(t) + n(t) R
= [ c(@)s(t-r)dr +n(t) Ol

n(r)

e Linear time-variant (LTV)
filter channel ,

s(f) Linear

——1—>»| time-variant |—— : F—+> r(1)
r(t) =s(t) «c(z;t) + n(t) | filtere(z; ) Fo
= Ijo C(T,t)S(t - T)dT + n(t) (1) i Channel n(®) i

_________________________



CO nVOI Ution Review

« The convolution of fand g is written f *g, it
IS a particular kind of integral transform:

(fxg)(t)=[ f()g(t-7)dr

= [ f(t-7)g(r)dr (commutativity)

« Convolution describes the output (in terms of
the input) of linear systems.



LTV Channel due to surface wave

Time (seconds)



Time (sec)

AUVFest07 Calm and Rough sea Experiment

25 5 7.5 10 12.5 . .
Delay (msec) Delay (msec)

In around 20m depth of coast water under calm (sea state 0) and rough sea (sea state
3) conditions.

Range was 5 kM (calm) and 2.3 kM (rough).

Fc=17 kHz, BW=4 kHz, Fs=80 kHz.
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Challenges in UWA Channel
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Communication Channel / Summary

Physical constraints of acoustic propagation:

limited and range-dependent bandwidth

time-varying multipath

low speed of sound (1500 m/s)

1/AN (dB)
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System constraints:

e transducer bandwidth
e battery power

e half-duplex

Range : 110 nautical miles
Rate : 333 sps
Channel # 6 : omnidirectional

tx depth : 100 m, rx depth : 640 m
\\\XXXX

%
)

i

[ IIIIII
il

Worst of both radio worlds

(land mobile / satellite)
I

wll

—

==————

———\
—
—\

—————

——

——————

\

B

=——

—_—

—

=

=

\\

————

|

LSS \
-20 \V AR \\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\ 5

o
%

10

\\\\\\\\\\\\\\\\\\\\\\\\ \

20
delay [ms] 40 o

5

time [s] 28



Propagation Model & Statistical
Characterization

Transmitted signal Received signal

* Delay spreading H H I'l
causes extensive inter- ! D

symbol interference @

(1SD). I nllnl

t:t0+a l:tz T,:f2+z'227

(b) f=[2+T7| f=f2'+'[33
t:t0+ﬁ ’:f3 ‘A[:[3+T321I:f3+r34
(C) li= f3+T31 1:13.*‘[33
IZIOTV ’:t4 ’:t4+‘[41

(d)



Propagation Model & Statistical
Characterization

« Complex time-varying oceanographic process
and ocean surface waves often produce a
channel with short coherence time (or large

Doppler spread) making channel tracking
difficult.

* Doppler-shift is several orders higher than that
In the RF channel making symbol
synchronization difficult.



Doppler Shift (Hz)

Doppler Shift (Hz)

Doppler shift & Doppler spread (due to motion)
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Doppler shift & Doppler spread (due to surface
wave)

(1) 18.5617sec (2) 19.8347sec

Delay (ms)

-20 -10 0 10 20-2a -10 0 10 20
(3) 20.1077sec
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Attenuation

* Overall path loss (Absorption + spreading loss)
Al f)=(/1)a(f)™ I :distance, | : reference

k : pass loss exponent, (k=1 for cylindrical spreading, k=2 for spherical spreading)

a(f) : absorption coefficient *0

50

nt (dB/km)

40t

oefficie

30

201

Absorption ¢

10F

0

1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Frequency (kHz)

B Figure 1. Absorption coefficient, 10 log a(f) in dB/km.



Noise

* Ambient noise
— Turbulence, breaking waves, rain, shipping

— Gaussian, non-white o [T e
* Site-specific noise
— Ice cracking
— Snapping shrimp
— Non-Gaussian
SNR(I, f)=S,(f)/ A(l, f)N(f) =
S,(f) is the power spectral

Shipping activity 0, 0.5 and 1
100 | (bottom to top) H

.s.d (dB re micro P3)

20 1 11 11111l 1 L1 1111l 1 L1 111l 1 L1 1iitll 1 1 111 1 L1 11111
100 101 102 103 104 105 106

density of Tx signal

M Figure 2. Power spectral density of the ambient noise.



SNR as a function of frequency

« For agiven distance, the SNR is a function of frequency.

70 The fact that bandwidth is
=l limited implies the need for
ol 5 km band-width efficient

modulation methods.
-100

Bandwidth is limited = ultra
wide band communications

-110
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1/AN (dB)

-130
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-150F
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0 2 4 6 8 10 12 14 16 18 20
Frequency (kHz)

B Figure 3. Signal-to-noise ratio in an acoustic channel depends on the fre-
quency and distance through the factor 1/A(], H)N(f).



Multipath

* Multipath In the ocean is governed by

— Sound reflection

— Sound refraction (due to spatial variability of sound
speed, obey Snall’s law)

 Sound speed depends on
— Temperature
— Salinity
— Pressure
* Ray traveling over a longer path may do so at
higher speed.

— Non-minimum phase channel response



Mechanisms of multipath formation

Deep water: a ray, launched at some angle, bends towards Shallow water: reflections at surface have little loss;
the region of lower sound speed (Snell’s law). reflection loss at bottom depends on the type
Continuous application of Snell’s law = ray diagram (trace). (sand,rock, etc.), angle of incidence, frequency.

c distance |

O rX

/ tx ©

Multipath gets attenuated because of

repeated reflection loss, increased path length.

depth
v
Deep sound channeling:
-rays bend repeatedly towards the depth at which the Length of each path can be calculated
sound speed is minimal from geometry:
-sound can travel over long distances in this manner l,: p™ path length
(no reflection loss). =1, /c: pth path delay

A,=A(l,f): p™ path attenuation

G.=T_/A_1/2: path gain
[,: p™ path reflection coefficient o/ P - PN E

p



Sound speed profile

C Land Sea
.. 1
Surface layer (mixing) ! Continental shelf (~100 m)
Const. temperature (except under ice) |
=l |[pe==scskbosscsnsscsn=020 : .
Main thermocline : :
! '\ Continental slice
Temperature decreases rapidly ! !
~600mp=--A--==--------------- ! :
Deep ocean E E
Constant temperature (4° C) ' X i
1 J . .
: : ! Continental rise
Pressure increases : . :
: o
Sound spged increases with- ! ! : plain
Depth temperatuye, pressure, salinity : ! i
\/ I L
1 1 :
Deep ocean ' ' 1

tranches at 10 km Surf Shallow Deep

Sound speed profile Ocean cross-section



Channel time variability

Due to Medium inhomogeneity
Due to motion

No consensus on statistical characterization of
acoustic communication channels

— Rice fading or Rayleigh fading
Channel coherence time as low as 100 ms
— Very challenge for coherent communication



UWAC experiment an example

* Shallow water, Distance @ 1 km

e Tx signal
— PN sequence of length 4095
— BPSK modulated @ 13 kHz carrier
— BW: 10 Kkb/s

* Rx signal
— 2x samples/symbol
— Correlated with replica of PN signal

— Phase exhibits random fluctuation around a
constant slope (Doppler shift)
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Doppler Effect

* There Is always some motion present in the
system.

— Doppler effect is proportional to v/c
e a=15.10" at 160 km/h motion in radio channels
e a=3-10" at 0.5 m/s motion underwater

— Consider synchronization and channel estimation

 Explicit phase and delay synchronization (due to signal
compression/dilation)

« Particularly severe in multicarrier systems (non uniform
Doppler)



CO nVOI Ution Review

e Discrete convolution

(f+g)n]= > fmlg[n—m]

M=—0o0

=3 f[n-mlgm]

M=—o0

 If fand g are rapidly decreasing functions, then
so is the convolution f *Q .



CO nVOI UtiOn Review

* Properties
— Commutativity fxg=gx*f
— Associativity fx(g*h)=(f*g)=h
— Distributivity  f x(g+h)=(f *g)+(f *h)
— Associativity with scalar multiplication
a(f=g)=(af)*g
— Multiplicative identity  f «5=f



CO nVOI UtiOn Review

e Convolution Theorem
3{f*gp=k-3{f}-3{9} , where 3{f} denotes

Fourier transform or Laplace transform or Z-
transform.



CO rrEIation Review

* Cross-correlation : measure of similarity of two series
as a function of the lag to the other.

(f xg)(z) = jz f*(t)g(t +7)dt , where f " denotes the

complex conjugate of f.

* Cross-correlation in discrete form:
(f xg)[n]=> f[m]g[m-+n]

* Autocorrelation is the cross-correlation of a signal
with itself, there will always be a peak at a lag of zero,
and its size will be the signal power.



An example

Convolution Cross-comelation  Autocorrelation




Applications of Underwater Acoustics

Civil Application
1. Measure sea bed with sounders
2. Detection of fish by fishing sonars
3. Information transmission using acoustic
modems
4. Marine mapping
5. hydrography

Military Applications
1. Detection, localization and recognition of underwater
objects
2. Torpedo Guiding
3. Sonar emissions interception




Suspended Sediment measurement by Acoustic
Backscattering

Using ultrasonic
acoustic back
scattering to measure
suspended sediment
concentration




Passive and Active SONAR

AZ

Antenna

Receiver

Radiated noise

R\
Al

Receiver

Antenna

¢‘“ “‘#—-‘ Reflection off a target

Emission

~ et




Processing Chain in Active Sonar



Signal Emission

= » Towards the transducers of the
: s -
Signal generator : Power amplifier > emission antenna
= =
= =
- Amplifier 1
: Delay and weighting
Pilot L Amplifier 2
. command
generator > Amplifier 3 —
T | Amplifier 4 -0 /

Generator /

commands



Emitter

Emitter/Receiver switch

Emission reception
switching

Receiver

—*| Emitter

L

Towards

—> antenna

> Towards

_K_ D, R antenna
D,

e e
T
D; D
R e

Receiver

Relay based

Diode based



Reception

N sensors

EREEER

Input conditioning Gain command

/ Beamforming Audio

_ channels(s)
Course — Beam ﬂ
Pitching stabilization l
Rolling Adapted Audio

\ processing
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An Example for suspended sediment

measurement system

UART/ UsB
v Linear PWR Tx Buffer DBO- RS485 Controller
AMP s.end W LPE 8bit HS &
HV bipolar | |
MUX DAC | sleep FPGA
AD9708
clock
20M
Imp. Imp. [] Imp. || Imp.
Match| |Match [ |[Match | [Matc
v Omap L138
|| CPU/DSP
| | r—===-=-= hl
TR [ M/E}.X HS I |
— AFE ADC (16bit) > ' ppc !
VCA2611 I 1
DG408 LTC2203 | ;
o e e e 4
25Msps
gain4
Transducer L_1 L_1 L_1 L[ SBi}tML:S LS 16bit
T T T T AD5330 multl\.NADC—O Temp.
- = = = Buffer : MUx [ Pressure
500K 1M 2M  4M ci;‘l?ol o Battery
ADS8344 Voltage

AFE: Analog Front End




Inside Analog Front End

Maximum Gain Select

RF,  FBSW

|
Wt
|
VCA2616
RFy  FB (O\J (1 of 2 Channels)

FBoy, LNPo:N VCAGN  VCAqyr A .
O @) O O O O
MGS, {MGs, {MGs,
® Analog Maximum Gain
Control Select

Input | NP P
LNPgsq O Low Noise
é:i LNPgs, O Preamp
5dB to 25dB
Set
1 LNP,N

!

Voltage
Controlled
Attenuator

>

Programmable
Gain Amplifier
24 to 45dB

VCA

VCA

56

LNP,, P VCA,P

m O——»

L



Frond End Signal Processing
— Suspended sediment concentration measurement example

4 transducers in
this sediment
tank (500k, 1M,
1M, 2M and 3
MHZz)

Transducers
generate short
pulses(@ 20Hz)
simultaneous

Calculate sediment concentration from backscattered signal



Generated short pulses

( - 1MHz
Why square ______.__i
waves WA AN
Instead of [ 'MHzZ
pure '
sinusoidal ? RO T

[ o

Sync




Received backscattered signal @ 1MHz

1

0.8

200
Instances,
80000
samples for
each
Instance

Return from
mixing
blades

s s 4 s & 1 s v Retumfrom
<10 suspended
RAW data cannot be used directly. Why? particle



FFT of received signal

l

f |
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Need to remove side tone.



Out of band signal filtering by a Band-
pass (BPF) filter

After BPF, move the passband signal to baseband

| t = (0:size(rx1,1)-1)' * T,

| rx1D = rx1(;,inDex) .* exp(-j*2*pi*Fc*t) ;
rx1bb = filter(LPfilter300k 400k,rx1D) ;




Received Signal in Passband (after BPF)




Comparison of received signal before(blue) and after
BPF(orange)

Echo from sand patrticle



Move down to baseband \
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Average all the received instances




Results for 1 MHz @ 0.4g/1L water
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Signal Processing Chain



Conventional Signal Processing Chain

*Cost
Performance & flexibility
*Advance in ADC/DAC

LO4 !

Early Digital Radar front-end ANALOG | DIGITAL
> LPF I—l' ADC JZJP |

90°

RE IF1 IF2 IF3 SAMPLE ||  TOBACKEND
IN ZFE ZIFIF BPF[—>{ PC I CLOCK || PROCESSING
Q /N
LPF —»{ ADCl> Q
|
|

LOA1 LO2 LO3

LO: Local Oscillator, BPF: Band Pass Filter, LPF: Low Pass
Filter, PC: Pulse Compression



Modern Digital Radar front-end

BPF

ANALOG 1 DIGITAL
|

RF
IN

LOA

BPF

g

LO2

: |
IF2 N
—» ADC »{ DDC
|
Q
N
| SAMPLE

. CLOCK
|

DDC: Digital-Down-Converter

I
DIGITAL

PC
Q

R

—>

TO BACKEND
PROCESSING



Signal Sampling Basis -- Revisit

 Nyquist frequency lower bounds the sampling rate at
which reconstruction is possible without aliasing.

 Nyquist frequency is equal to the two-sided signal
bandwidth B.

Sampling @ Baseband --No Aliasing

(a) oo ,fﬁh"“/\ XX
/ p freq

—2B —B —B/2 0 B/2 B 2B




Sampling @ baseband -- With Aliasing

(a) e @@ /“‘“‘\_ oo o
|/ » freq

—2f, —f, -B/2 0 B2 f of,

ALIASING
/

—
—
—

0 B2 f,

| P freq




Sampling real bandpass signal --No Aliasing

<+ B/2 B
(a) eoe@ /‘ T (XX
L freq
—2B -B 0 2B
(b) eoe == == [ = [~ —| eoe
p freq
—2B -B -B/2 0 B/2 B 2B

FIGURE 25.5 (a) Bandlimited, real passband signal spectrum before sampling and (b) signal spectrum
after sampling

The Nyquist frequency is B even though the signal contains
components at actual frequencies greater than B.

Bandpass sampling leads to considerable cost savings.



Sampling complex bandpass signal --No Aliasing

< B o
(a) oo @ oo o
freq
—2B -B 0 B 2B
SR
freq
—2B -B —B/2 0 B/2 B 2B

FIGURE 25.6 (a) Non-real signal spectrum before sampling by Nyquist frequency, B, and (/) signal
spectrum after sampling



Sampling real bandpass signal --With Aliasing

« B2 « B2 »
" - —» freq
-2B —-B 0 B 2B
(b) eoe T == ~== ~~— | e0e®
5 AUy AN ARG
—2B —-B —-B/2 0 B/2 B 2B

FIGURE 25.7 (a) Bandlimited, real passband signal spectrum before sampling and (/) signal spectrum
after sampling

To solve this problem, one may:
1.Move the signal
2.Increase sampling rate



Digital Downconversion (DDC)

Bring down IF signal to complex baseband.

1.Analog Downconversion and Sampling (traditional
approach)

2.Digital Downconversion (modern approach)



Analog Downconversion and Sampling

5o i’éﬂ'& o MVVZ-
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e e e 6. Sampling
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g /\I\\ m 1. Real IF signal
< § | : >
§ I |
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* + | 2. Frequency shifting
< - | __,JI > (=75 MHz complex
g - tone)
— /\I\\ /)I/\ 3. Frequency shifted
< I I > signal
I |
X I / |I \ 4. Real lowpass filter
< ; : > response
I
- | ﬁ/\ 5. Complex baseband
< : I »  signal
I I
¥ eee f
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How it is Implemented in hardware.

IF —

ANALOG i DIGITAL

X

LPF

16

I
—

50 MHz ——e¢

ADC

—SIN

COS

LPF

A

A 4

LO

GENERATOR
(75 MHz)

ADC




Digital Downconversion and Sampling

15 s oMRZ. B}J\,\'\}
r - r

p m | 1\ 1. Real F signa
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e 4
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eee 2 Sampling waveform
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|
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¥
= see/ N\ O\ ) m [\ [\ [\ w0 Complex decimate

baseband signal

A ? 8. Decimate by two

< > (Re-sample @ 50 MHz)

FIGURE 25.10 Digital downconversion in the frequency domain



Digital Downconversion Implementation

ANALOG : DIGITAL

IF ——{ ADC

A

|

|

|

|

|

|

|

100 MHz —e—|
CLOCK |

®
N

LPF
—SIN|COS
s Nco
(75 MHz)

17 17
+> *2 ,rf > |
50 MCSPS
ql17 17
———> ¥2 #—» Q
DDC

NCO: Numerically Controlled Oscillator
MCSPS: Million Complex Samples Per Second



Direct Digital Downconversion
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* Implementation of the Direct DDC

100 MHz 50 MHz
REAL PART OF

—»  COMPLEX FILTER || ¢2 —»@—» |
26 MHz IF IMPULSE RESPONSE
SAMPLED —# I
@ 100 MHz IMAGINARY PART OF

_—»  COMPLEXFILTER | y2 —>®—> Q

IMPULSE REPONSE

N\

A aNIFsNEDANEFINEDaNEDa
AVZEBNZERNARRVARE N4
o AN NN N LN AN
B V4

FIGURE 25.13 75 MHz tone sampled at («) 100 MHz (4/3 x IF) and (b) 60 MHz (4/5 x IF)
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* Implementation of the Direct DDC

75 MHz IF
SAMPLED
@ 100 MHz

100 MHz

T

-

27T

—» 27

%”

27

ch

P

c2

2T
% c4

21

2%

P

X

cb

c8

c10

ADD




« Beamforming — Analog type

ARRAY
ANTENNA

v

Ag*ét;: \\\\\\\\\\\\W‘w

ANALOG — BEAMFORMER
SUM OUTPUT

* Narrow bandwidth :
Use phase shifter

« Wide bandwidth :
Use true time delay

« Single beam at a
time



 Full Digital Beamforming

-

CLUSTER [
BEAMS '~

« Multiple beams can be
formed simultaneously

* Expensive in
Implementation

RECEIVERS
ADCs
DIGITAL
DELAY —
DIGITAL _—~ BEAMFORMER

SUM OUTPUT



« Hybrid Beamforming

SUBARRAY
BEAM

/

SUBARRAYS

/

* Analog beamforming

avanvasvasvanvam: \\‘“““,, \\\“““‘" \\\““‘I—.
Mo —E0 M0e “Tas Fg,. s used for
‘ B subarrays, followed
DIGITAL — by digital receivers.
DELAY
DIGITAL —~ BEAMFORMER
SUM

OUTPUT



« Typical Digital Beamformer

100 MSPS 2 MCSPS
75 MHz |F

CHAN _, EA
1 1
/ .
®
RF FROM 100 ® *
ELEMENTS . .
[ ] [ ]

23 1/Q

° ° B
\ o
®
CHAN ¥
100

Phase shift : complex multiply or CORDIC operation
Time delay : FIR filter

M



« Transmitter — Direct Digital Synthesizer

NCO

—p

ANALOG
—
DAC SIGNAL

FIGURE 25.23 Direct Digital Synthesizer (DDS)

PHASE TO
PHASE AMPLITUDE
ACCUMULATOR CONVERTER
| | -
N DILS
M § l SINE
n + ol n m K o
TUNING % # +—» LOOK-UP > % — TO DAC
WORD MSBs| MEMORY
SAMPLE f,  CLEAR —*1‘ 1‘
CLOCK
FIGURE 25.24 NCO block diagram Output frequency — Mfs

2n



 Digital Upconverter

DAC

BPF

14

| #—»450 > LPF —»(}?_—»
2 MCSPS =
w

14
Q ——>{450 [ LPF —»@——»
100 MHz : i
CLOCK I _SIN|cOS
NCO
25 MHz
e SINE WAVE

FIGURE 25.25 Digital upconverter (DUC)




« Phase Shift -- By complex multiply

[=(AC - BD)=D(A - B)+A(C - D)
Q=(AD +BC)=C(A+B)-A(C - D)

> |

SUM

l+)Q = (A +]B)*(C + D)
= (AC —-BD) +j(AD + BC) 5

SUM

indy:
|

SUM
O

4X 4+ 3X 5+



* Phase Shift -- By CORDIC Processor (COordinate
Rotation Dlgital Computer)

-- Implement a phase shift without using multipliers
I, =1,(cos(8)) —Q,(sin(H))

Q, =1,s1n(8)) + Q,(cos(8))

I, =cos(8)[l; — Qy(tan(&))]
Q, =cos(8)[Q,+ I,(tan(E))]

TABLE 25.1 CORDIC Parameters for First Eight Stages

] tan( @) 0, (deg) cos(8)) P [cos(8))]
0 ] 45.000 0.707107 0.707107
1 1/2 26.565 0.894427 0.632456
2 1/4 14.036 0.970143 0.613572
3 1/8 7.1250 0.992278 0.608834
4 1/16 3.5763 0.998053 0.607648
5 1/32 1.7899 0.999512 0.607352
6 1/64 0.8951 0.999878 0.607278

1/128

0.4476

0.999970

0.607259




« Eight-stage CORDIC processor

;

i 5z J
— o O
Al

I~ “
o
ﬁD.
o
_
O34 O34
ANI/SSVd [« | ANI/SSVd
__, )
_
O34 A% O34
ans/aav ans/aay

I

— e e

O3y

O34

ans/aav

Lo

ans/aav

O34

ans/aav

Lo

ans/aav

ans/aav

Am_w 53y
ans/aay

CONTROL

Iin

Qin




CORDIC flow chart

no b < 0° yes
?
di =+1 di = -1
| ¢ |
b=06-d6
| =1-d,Q(27")
Q=Q+dl(27)
i=i+1

no yes| | = I




Quiz 2

Why we use acoustic for sensing and communication
underwater.

Draw the constellation for (1). QPSK, and (2). 2FSK
modulation scheme.

Explain what is the multipath channel. What kind of
communication channel exhibits significant multipath
effect.

Explain the methods for underwater localization.
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