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Principles of Ultrasound
| Automotive, Industrial, and Commercial | )
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Infrasound Acoustic Ultrasound

frequency

A What is ultrasound or ultrasonic?
T of or involving sound waves with a frequency above the upper limit of human hearing

A What is the speed of sound?

T the distance travelled per unit time by a sound wave as it propagates through an elastic
medium

i indry air at 20 AC (68 AF), the speed of sound is 343 meters per second (1,125 ft/s;
1,235 km/h; 767 mph; 667 kn), or a kilometer in 2.91 s or a mile in 4.69 s
A What is ultrasonic time-of-flight (TOF)
T around-trip time estimation of an ultrasonic wave emitted from the sensor to the targeted
object, and then reflected from the object back to the sensor
A What is an ultrasonic sensor or transducer (XDCR)?
T divided into three categories: transmitters, receivers, and transceivers

T transmitters convert electrical signals into ultrasound, receivers convert ultrasound into
electrical signals, and transceivers can both transmit and receive ultrasound
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Ultrasonic Transducer Types

A Two types of transducers are available: closed-top and open-top

A Type selection should be based on the ambient ENVIRONMENT conditions
i Will the transducer be exposed to dust, rain, mud, dirt, snow, ice, etc.?

Closed-top Open-top

Benefits A Piezoelectric membrane protected against water A Piezoelectric membrane directly couples to air for
(hermetically sealed), heat, and humidity increased receiver sensitivity
A Constructed to mitigate ESD strikes A Small driving voltage to generate maximum SPL
A Suitable for outdoor or harsh environments A Large off-the-shelf selection for purchase
A Low-cost

Requires large driving voltage enabled by transformer A Limited to indoor or protected environments
Limited off-the-shelf selection for purchase
High-cost

Disadvantages
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Transducer Topologies

A Two transducer topologies are available: monostatic or bistatic

A Topology selection should be based on the short range requirement
i Will the system need to reliably detect less than 30cm or nearly Ocm?

Benefits A Single transducer element can be transmit echo, and Dedicated transmitter can generate more SPL
then listen for returning echoes Dedicated receiver element is more sensitive and
A No need to consider spacing and angular receptive of returning ultrasound
compensation as with separate elements No blind-zone allows for near Ocm detection
A Low-cost and small solution size Can be used for trip/intercept applications

TOF roundtrip calculation must factor in angle of
incoming echo at receiver
High-cost and larger solution size

XDCR TX

Reflected Echo Reflected Echo
/ﬂ\ N c ~< —
W b ! ) < ‘ ) 7 2
XDCR TX¢RX (

X ‘ﬁ_’ T, X T .
Emit Blind-zone Emit Blind-zone Monostatic

Disadvantages A Exci t at i odedagcreatésmryiiitial glind-
zone, limiting minimum detectable range
A Limited to roundtrip TOF applications

Do o oI Io Do

Bistatic
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Introduction to Ultrasonic Flow Meters
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Industrial & Residential Ultrasonic Flow Measurement

A Want to know the volume of flowing medium (V) | '

1A )

A Flow either laminar flow profile or turbulent

Y

A One option is calculate the flow velocity: : '

V = (area of cross section of pipe) X (average velocity of PG S OGD
profile) O P ) SO Nl
A Need at least two ultrasonic transducers.

A Transmitter chain (except for transducers) can be
multiplexed for up/downstream measurements. Q. ,

A Advantages: € e 2wl —l

I Does not need bubbles/markers

I Very short single measurement time in micro seconds % ﬁ

i Same approach works for various transducer geometries: _ _
Diagonal, Reflective, Non-invasive Diagonal Reflective

Non-
Invasive
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Ul t rasoni

C

Wat er and Gas

Characteristic Water Meters

Frequency

SNR

Signaling

Algorithmic Complexity
Current Consumption
Zero Flow Drift

Operating Temperature

10s of picoseconds

5/C to 85/C

1MHz-4MHz 200kHz-500kHz

High Low (pulsations/attenuation)
Single Tone Multi-tone

Low High

30A per measuil2OA per meas.!

100s of picoseconds

-35/C to 65/C
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Flow Measurement Technology Comparison

@ e D (%

TH2Z/RX1 Th{l.l" R¥2

\.

@Itrasonic (Toﬂ/ Doppler )

4 Magnetic )

4 Mechanical N

Rotati

Pros:

A No moving parts

A Good accuracy < N1L%

A Long operation life

A Detect variety of materials
A Resistant to vibration
infrared radiation, EMI

Cons:

A Need clear path ( proper
mechanical construction
for transducers)

Pros:

A Can be installed outside
the pipes
Corrosion resistant
Low power since takes 2-
3 seconds to measure

ons:

Less accurate N3-5%
Requires particulates or
bubbles in the flow (good
for wastewater or dirty
liquid)

Pros:
A No moving parts
Medium cost
Immune to impurities and
flow profile
Low flow detection

Cons:

A Only conductive liquids
Sensitive to sediments &
chemical process
Electrodes may wear out
Medium power

A Low cost to implement
A Accurate zero flow detection
A Works with all clean liquids

Cons:

A Inertia and Friction
Low flow detection
Wears out
Sensitive to impurities,
sediments, flow profile
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Ultrasonic: Differential Time of Flight & Volume

L L
T . = T.. =
12 C+V 21 C-V

S T N
—T. -T.=_2Lv D )
21 127 52 _ 2 D

A DToF above is dependent on the velocity (C) of Ultrasonic wave in medium

A Cis also dependent on temperature and need for temperature sensor _ ) 1

A We would ideally like to avoid direct dependence on C v = Flow velocity of the medium
L = Length of the acoustic path

¢ = Velocity of sound in the medium
‘ D = Diameter of Pipe

Transducer

Transducer

Q = Flow rate
T,, = Time of Flight from Transducer 1 to 2

Transit time (t) = ——
Flow
lez;— vcos/ -L. c
c+vcos/ 1o
—
L Tle;— vcosf =c- =
MSP430 Cc- vcosf

21
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Differential Time of Flight & Volume

L a1 1

V= Zcosfégi_

QO

Formula for average flow
velocity:

T21 3 Measure difference in upstream vs.

o ~ downstream TOF to calculate flow rate
v = L %;rzl - Ts g
2cosf g T, =

-

v T,,-T,- DT

In addition to dTOF, we also measure the
AbsTOF (T21, T12) for UPS (upstream ) and
DNS (downstream )

Calculating the Volume: =22~ L 4
4 2cosf >

: Final volume is based on the area of the flow
7 : 7 J tube ( meter constant)

Area Flow velocity

A Temperature and Pressure are constant within few milliseconds of measurements
A Medium density, velocity of sound do not impact measurement
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Tl Ultrasonic Water Flow Solutions

Wip TEXAS INSTRUMENTS



ADC Based Time of Flight vs. TDC

A Fundamental Difference : Signal processing TDC ApproaCh
DT T STOP enable STOP1,2,3,4
ADC approach samples i Lﬂi{‘ f
each cycle 4 times __» il [\ \ K :“ “ ﬂ { The correlator in the ADC ——
The correlator output ’ \J \} \ i} \/ U || approach gives the digital
AN AR filtering to beat the noise down S < >
TDC approach samples Noise affects each zero crossing time.
ADC ApproaCh each cycles 2 times at the No digital filtering possible in TDC
A Performance Zero crossing for noise suppression.

T The correlation acts as digital filter to suppress noise
A Benefit of ~3-4X noise lower standard deviation. Can also suppress other interference like line noise etc.
T Allows use of lower voltage driving (0-3V only) for gas applications
A Robustness
T Robust to signal amplitude variations

A The algorithm is insensitive to the received signal amplitude as in high flow rates, transducer to transducer variation, temperature
variation, different gas compositions (air, methane)

A Envelope of signal is obtained naturally in ADC based processing.
A Enables tuning to the transducer frequencies
A Slow variations in envelope across time can be used for detection of aging of transducers/meter
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Techniques for differential TOF estimation
ADC based Algorithm: Cross-correlation Method for DTOF estimation:

L N 4 i
rl(l.) _ Sl(l.) M ) A ais the amplitude difference between
@) =s0) +n () up/downstream - Ideallya & 1

s, (i) =as(i - DT)
a) Fold ry() &) —WWI\— & 2|y

_k =
corr(k) = Na nG+K,() z,=corr(& n) n=(- 1,01)

i=1
b) Interpolate time offset for maximized correlation at 3
points

- - - ] - \

w=cos*((Z , +2,)/(2* Z,)) e Flw _________________
f =tan 1((2_1 i Zl)/(2* Z,* sin(M)) ,,,,,,,,,,
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USS IP Block Diagram (Signal Path)

PPG (Programmable Pulse Generator)
- Generate Excitation Pulses
- Frequency Range: 132KHz ~ 2.5MHz
- #of pulses:
0 Inphase: 1~ 127
0 Stop phase: 0~ 15

T
T
=<

- Dedicated Low Impedance drivers
- <=4q (Typ), 120 mA (Typ) x 2

PGA

o
>

- Input Voltage: 35mV ~ 760mV (<2.5V)
- Input Voltage: 35mV ~ 1000mV (>=2.5V)
- Gain: -6.5 ~ 30.8dB with 1dB step

SDHS (Sigma Delta High Speed ADC)
- Modulator Frequency: 68MHz ~ 80 MHz
- Output Data Rate: up to SMSPS
- OSR Ratio: 10, 20, 40, 80, 160
- Stand alone mode

HSPLL (High Speed PLL)
- Input: up to 8MHz
- Output: up to 80MHz

e

D a8 Madie @000 rem—————————h
| USS Module | USSXT |
‘ | USSXTIN USSXTOUT, 'USSXT_BOUT
| Jiowi | i
| ! L] '
‘ I : T MSP430F Ruoe
|
! Y Y- T¥ R | |
CHO_OUT | SAPH i |_osﬂ|—
jui | |
CHLOUT |, || PHY PPG [+— ASQ : :
|
J_ | | |
|
L I [ R | |
o O PVSS! : \ IPLL_CL I
CCH—r wPs > Var ! !
PVSSI —Z‘ ! L __HWsPLL !
| |
1 ‘ |
! I S, AR, 1
' CY ! SDHS | RAM
[ I L (Shared with LEA)
| F—HPGA >— MOD Filter |—— —> I
—

Operating Conditions

Voltage: 2.2V ~ 3.6V (Voltage < 2.5V may not have optimum performance)

Ambient Temperature: -40

cC-~8 C

Wip TEXAS INSTRUMENTS

15



PPG (Programmable Pulse Generator)

A Generate Excitation Pulses: # of pulses:
A In phase: 1to 127
A Stop phase: 0to 15

A Frequency Range: 132 KHz ~ 2.5 MHz
A Test tone generation for continuous pulses ( Debug/Analysis )

A Resolution is dependent on the nominal transducer frequency &
HSPLL frequency

HSPLL_Frequency HSPLL_Frequency

DF = HPER+ LPER HPER+1+ LPER
HPER : High period of pulse
LPER : Low period of pulse
A Examples:

A For 1 MHz pulses with 80 MHz PLL, gF ~ 13 kHz
A For 2 MHz pulses with 80 MHz PLL, gF ~ 51 kHz

SAPHPGE,
SAPHPGCTL. SAPHPGLPER.
SAPHPGHEER
Registers:

SAPHPGCTL.
TRSEL

EMFHPPGTRIG. CHOOUT
PPGTRIG

from ASO

Exiermnal Signal EHIGUT
Exlemal Signal ——

PLL Clock:
o=}
SAPHPGCTL.PSCEN

Block Diagram % %

UL

: | High, Low, or HiZ
i P'ulsu:-p.‘{l—'l‘.-[ '

Trigger

High, Low, or HiZ i
H Pﬂu:dbﬂz:":l

PPG Outputs With SAPHPGC.PPOL = 0 (Starts With High Polarity)
Trigger

U UUIE=

Siop High, Love, or HieZ
i Pulses [(O=158) i

High, Low, or HiZ Excitation
Pulses [0=127T}

PPG Outputs With SAPHPGC.PPOL = 1 (Starts With Low Polarity)

Wip TEXAS INSTRUMENTS
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PHY L

CHOOE I

Fram &S0

(™o software conroly

A 2ch. to control Input & Output of the USS Module

SAPHOCTLO.

CHO_OUT (Pin)

A Impedance Matching for best ZFD performance m;;;
A Device specific ATE Trimmed values -
A Internal Multiplexing feature for UPS/DNS m;:?
A Allows for relaxed matching between the o
transducers WO
A Dedicated Low Impedance drivers (o st
A <=4 q (Typ), 120 mA (Typ) x 2 T
A Operating voltage range 2.2V i 3.6V s

SAFHOCTLO.

CHOTERM W
FromAS0
{Ho sofwansconinal]
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12-bit 8 MSPS E qADC

A PGA
- Input Voltage: 35mV ~ 760mV (<2.5V)
- Input Voltage: 35mV ~ 1000mV (>=2.5V)
- Gain: -6dB to 30dB with ~1dB step

A SDHS (Sigma Delta High Speed ADC)
- 12 bit, SNR T 63dB ( typ) upto 1.5MHz BW

- Input Voltage: max. 600mVpp

- Modulator Frequency: 68MHz ~ 80 MHz
- Output Data Rate: up to SMSPS

- OSR Ratio: 10, 20, 40, 80, 160

- Stand alone mode

A HSPLL (High Speed PLL)
- Input: 4-8MHz
- Output: 68-80MHz

DTC |~ System

CLKOUT = &0 MHz

PLL_OUT
{w
— SDHS
[Cnarga | """""""""""""""""""""""""
Pump ! |
N |
L J
I
t:Ho_wE | 21 v v v
=M d Order | ||| SOHSDT
| i Pe g Oroer Data Bufer [ |
cHi_N B i E |
| | : Window
——| (Comparator]
SDHS Block Diagram
T T T T T T T s T T s s T s T |
HSPLLUSSXTLCTL. ' :
XTCRITORF _SSXTLCTL. | HSPLLCTL  HSPLLCTL |
HSPLLUSSXTLCTL. OSCTYPE ,PLLM[5.0]  PLLINFREQ ,
OSCEN T T , |
1 |
|
USSKTIN [ : |
osc . PLL "
ussxToUT [ | |
|

USSXT_BOUT E—+

!

HSPLLUSSXTLCTL.

QOSCSTATE

HSPLLCTL.
PLL_LOCK

HSPLL Block Diagram

Wip TEXAS INSTRUMENTS
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Ultrasonic Sensing Design Center GUI (1/4)

&3 Uttrasonic Sensing Design Center - C:\Users\a0867980\USS_1_70_01_01\USSWorkspace\USS_Project = X

A The Ultrasonic Sensing Design Center (DC) GUI
prowdes an Out of Box Experience

Easy and quick to get started with EVM430-FR6047

Communicates with Application SW and MSP430FR6047
Ultrasonic Sensing Library

Customer can configure to their flow meter transducer

Can immediately start experimental water flow
measurements

A GUI equips user with ability to easily modify key USS
L|brary members with variety of input parameters

Excitation frequency of ultrasonic pulse (F1)
Number of excitation pulses

Gap between Upstream and Downstream (UPS and DNS
Gap)

Gap between measurements (UPSO i UPS1 Gap)
PGA Gain control
Meter Constant specific to customer

File Options Communications Help

J Configuration I Waveforms I ADC Capture I Frequency Sweep I Debug Waveform I Errors (3) (X) ]

e I - |

: Software Parameters
Transmit frequency (kHz)
Gap between pulse start and ADC capture (us)
Number of Pulses
UPS and DNS Gap (us)
UPSO0 to UPS1 Gap (ms)
GUI Based Gain Control

Meter Constant

||| options

{ Request Update J [ Save Configuration J [ Load Configuration ] l Reset Values J { Generate Header J

12,000 B
1,000 B
44db E

22742000 | #h || Gm

_Timing Diagram

Channel 0

Channel 1

HID connected to MSP430FR6047 on Evaluation Module

* Texas INSTRUMENTS
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Design Center GUI: Advanced Parameters (2/4)

A Advanced Parameters for additional
control
I USS Crystal / Resonator Frequency

i ADC Sampling Frequency:
A 3.4 MSPS i 4.0 MSPS with ADC Over Sampling Rate of 20
A 6.8 MSPS i 8.0 MSPS with ADC Over Sampling Rate of 20

i ADC Over Sampling Rate: 10, 20, 40, 80, 160
i Capture Duration
I USS crystal settling time

AUser s Gui de

T MSP430FR6047 Ultrasonic Sensing Design Center User's

&3 Ultrasonic Sensing Design Center - C:\Users\a0867980\USS_1_70_01_01\USSWorkspace\USS_Project =

File Options Communications Help

Guide (Rev. B)

J Configuration I ‘Waveforms T ADC Capture T Frequency Sweep T Debug Waveform I Errors (3) X ]

[ Parameters I Advanced Parameters ]

Advanced Software Parameters

USSKXT (kHz) :——MB User Param #1 70@
ADC Sampling Frequency (kHz) 20 User Param #2 [ 0 E
Signal Sampling Frequency (kHz) iﬂim Start PPG Count (ns) 730@)0‘5
ADC Over Sampling Rate 20 T Turn on ADC Count (ns) | 295,000 E
Delta TOF Offset (ps) B Start PGA and IN Bias Count (ns) |~ 5,000 [+]
Abs TOF Additional Delay (ns) —UE User Param #6 70@
Capture Duration (us) [ 40 B USS XTAL Settling Count (ps) | 120 E
User Param #8 —OB
User Param #9 —0@
User Param #10 70@
Options
{ Request Update l Save C i I Load C i J [ Reset Values J l Generate Header J
_Timing Diagram _

20 Excitation Pulses

Channel 0

Channel 1

HID connected to MSP430FR6047 on Evaluation Module

W3 Texas INSTRUMENTS
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Design Center GUI: Waveform Panel (3/4)

A DC GUI also provides visual data results in real time

AfRWavefor mso pan &oF (RTpoR, pbsauyesToFD e |
(AbsToF), Volume Flow Rate (VFR)

T Statistics like Mean, Min, Max, STD (standard deviation) are also
displayed

A Each graph provides editable options, giving an expanded
control of the data that is visualized through the GUI.

i Options editabl e t hough-umwindowa

[ use custom Absoluts TOF Bounds:
(] Use Custom Delta TOF Bounds
(_J Use Custom Volume Flow Rate Bounds

Number of Samples for Statistics 100
5 E
Cancel

Winutes of Data To Display

L&k ]

AfiDebug Wavef or mo all ows ¢

displayed from application SW

panel

& Uttrasonic Sensi

Eile Options Communications Help

ing Design Center - C:\Users\

\USS_1_70_01_D11USSWorkspace\USS._Project

[Conﬁguraﬁon IWaveforms TADCCapluve I FrequencysweepT Debug Waveform ]
Control Panel
( Stop ] ( Lock All | | saewaveforms | | ResetGraphs | ‘
Delta ToF
100~ ‘ T
\l
Eil iine J \ ' l\
\' Il M'H‘ AL, A \‘” i \‘ 1
mhil. 1A il J |.Jf|m \ LA i m
. LA “HH‘ L"wlﬁ | ‘ \Ml‘",\ f \‘ [
e /'\\‘! I ‘u
|
-100 ‘ ‘| I | |
i ' i 1 1 i
01:35:50 01:36:40 01:37:30 01:38:20 01:33:10 01:40:00
Time
Mean =510 Min=-10272 Max=96.12 o=3553
Absolute TOF Volume Flow Rate
51347
015
§1.32°
010
6130~ AEg=
. il b
g 2 l"i‘h WW W’W ) Wi w” ik IJ!
S B126- : 0057 ” i ’V
010
6124~ 015
6122
m:a‘s 40 ol 3:3 20 m:a‘u 0 01:3‘5:40 m:a‘szzu m:a‘u ]
Time Time
B R e e ern=031 e 905 =008 o043

HID connected to MSP430FRE047 on Evaluation Module
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Design Center GUI: ADC Waveform Panel (4/4)

A ADC Capture
I Capture a single ADC waveform from excitation
and display
i Can also be saved to .csv using ASave
Capturebo

A Continuous Capture

i Continuously capture the ADC waveform from
consecutive measurements, display and log
data in a .csv file

A Frequency Sweep

I Sweep through a selectable range of
frequencies for excitation pulses allowing user
to obtain an optimal excitation frequency

I Received signal amplitude for each frequency

W3 TEXAS INSTRUMENTS
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