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1.1

System Description

The TIDA-01424 ultrasonic, kick-to-open reference design provides a simple implementation of gesture
recognition using two PGA460-Q1 automotive, ultrasonic signal processor and transducer driver integrated
circuits. When connected to two external ultrasonic transducers, this design provides all the analog signal
processing to excite the ultrasonic transmitter structure of each sensor circuit and to detect the ultrasonic
echos reflected from objects in the path of the transducers.

This sensed data is processed and compared to user-optimized threshold levels to determine the distance
to each detected object. The system is flexible to allow for optimization of the gesture detection algorithm
based on the digital data from the PGA460-Q1, which is available as serial data over the UART
communications link.

This design is implemented as a small BoosterPack™ board with only two layers to keep the design cost
effective. The simple, 20-pin interface to an external MCU with a UART serial port and a few general
purpose input-output (GPIO) signals, conforms to the LaunchPad 20-pin standard; the testing described in
this document was performed using an MSP430F5529 LaunchPad with code based on examples already
available on the TI website. The reference design is powered by a standard, 12-V, automotive, battery
system and is protected against reverse battery conditions and high voltage up to 40 V that may be
experienced during a load dump event on the input supply. When placed in shutdown mode, the entire
design has an input current less than 100 pA, which allows this design to be connected directly to the
battery system without excessive battery current drain. The components selected for this design are rated
for automotive applications.

Key System Specifications

#* 1. Key System Specifications

PARAMETER SPECIFICATIONS

Number of ultrasonic transducers Two

Type of ultrasonic transducer Closed top (transformer driven)

Power supply voltage range (operational) 6Vto 18V
Power supply voltage range (survivable) —20 V (reverse battery) up to 40 V (load dump)

Power supply current (operational) 40 mA
Power supply current (shutdown) 50 pA (maximum)

Sense range (minimum) 200 mm

Sense range (maximum) 500 mm

Kick gesture duration lsto4ds

Sense sampling rate 5 to 40 samples per second

Board layers Two
Board form factor BoosterPack

2
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2 System Overview
2.1 Block Diagram

2.2

Copyright © 2017, Texas Instruments Incorporated

K 1. TIDA-01424 Block Diagram

The block diagram in & 1 shows the reference design components in the blue central block along with the
external ultrasonic transducers, the external 12-V automotive battery power supply, and the external
MSP430™ LaunchPad MCU board.

Design Considerations

To simplify this reference design and make the design more adaptable to a variety of MCUs, the board
was implemented in the BoosterPack format. This board format has a simple connector interface to the
external LaunchPad MCU board, which allows evaluation of the ultrasonic kick-to-open reference design
with a wide selection of MCUs. The LaunchPad plus BoosterPack implementation also has the advantage
that code development and design testing are facilitated by existing tools such as Code Composer
Studio™ or Energia, thus speeding up optimization of the design for any specific operating conditions.
While the BoosterPack format does allow flexibility in using different MCU boards, the format also creates
constraints on the size and layout of the ultrasonic kick-to-open board. In a production version of this
design, the MCU would likely be installed on the same board with the PGA460-Q1 chips and other
components with a possible reduction in board size.

Another consideration is selection of the passive components. In general, components were selected
based on the performance requirements of the expected applications. Where practical, components with
automotive ratings were selected. For active components, the components selected are AEC-Q100
qualified to either temperature grade 0 or temperature grade 1.
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Capacitors are generally X7R grade (-55°C to 125°C) or higher with size and value selected for the
expected extremes of operation conditions. The voltage rating of the capacitors must be greater than the
maximum voltage they could experience and two times the typical operating voltage to avoid DC bias
effects. The amount of output capacitance used depends on output ripple and transient response
requirements, and many equations and tools are available online to help estimate these values.

2.3 Highlighted Products
231 PGA460-Q1
The PGA460-Q1 device is a highly-integrated, system on-chip (SoC), ultrasonic transducer driver and
signal conditioner with an advanced DSP core. The device has a complimentary low-side driver pair that
can drive a transducer either in a transformer-based topology using a step-up transformer or in a direct-
drive topology using external high-side FETs. The device can receive and condition the reflected echo
signal for reliable object detection. This feature is accomplished using an analog front-end (AFE)
consisting of a low-noise amplifier followed by a programmable, time-varying, gain stage feeding into an
analog-to-digital converter (ADC). The digitized signal is processed in the DSP core for both near-field and
far-field object detection using time-varying thresholds.
The main communication with an external controller is achieved by either a time-command interface (TCI)
or a one-wire, USART, asynchronous interface on the 10 pin or a CMOS-level, USART interface on the
RXD and TXD pins. The PGA460-Q1 can be put in ultra-low quiescent current, low-power mode to reduce
power consumption when not in use and can be woken up by commands on the communication
interfaces.
The PGA460-Q1 also includes on-chip system diagnostics that monitor transducer voltage during burst,
frequency, and decay time of transducer to provide information about the integrity of the excitation as well
as supply-side and transceiver-side diagnostics for overvoltage, undervoltage, overcurrent, and short-
circuit scenarios.
» AEC-Q100-qualified with the following results:
— Device temperature grade 2: —40°C to 105°C ambient operating temperature
— Device HBM ESD classification level 2
— Device CDM ESD classification level C4B
* Complimentary low-side drivers with configurable current limit supporting both transformer-based and
direct-drive topology for transducer excitation
» Single transducer for both burst-listen or a transducer pair, one for burst and other for listen operation
» Low-noise receiver with programmable 6-point, time-varying, gain (32 dB to 90 dB) with DSP (BPF,
demodulation) for echo envelope detection
» Two presets of 12-point, time-varying, threshold for object detection
» Timers to measure multiple echo distance and duration
* Integrated temperature sensor
» Record time for object detection up to 11 m
» 128 bytes of RAM for echo recording
* 42 bytes of user EEPROM to store configuration for fast initialization
» One-wire, high-voltage, time-command interface or USART asynchronous interface
4 VAR A R BT JE 27 Wit ZHCU291-August 2017
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» CMOS level USART interface

» Sensor diagnostics (decay frequency and time, excitation voltage), supply, and transceiver diagnostics
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K 2 shows a block diagram of the PGA460-Q1.
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2. Functional Block Diagram of PGA460-Q1

2.3.2 TPS1H100-Q1

The TPS1H100-Q1 is a fully-protected, high-side power switch with integrated NMOS power FET and
charge pump, targeted for the intelligent control of the variable kinds of resistive, inductive, and capacitive
loads. Accurate current sense and programmable current limit features differentiate it from the market.

» Qualified for automotive applications

* AEC-Q100-qualified with the following results:
— Device temperature grade 1: —40°C to 125°C ambient operating temperature range
— Device HBM ESD classification level H3A
— Device CDM ESD classification level C4B

» Single-channel smart high-side power switch with full diagnostics

» Wide operating voltage 3.5V to 40 V

» Very-low standby current, <0.5 pA
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» Operating junction temperature, —40°C to 150°C

* Input control, 3.3-V and 5-V logic compatible

e Programmable current limit with external resistor, +20% at 0.5 A

» Tested according to AECQ100-12 grade A, 1 million times short to GND test

K| 3 shows a block diagram of the TPS1H100-Q1.

® ® DRAIN (VS)
Internal LDO Charge Pump
VDS Clamp
Internal Reference
IN
Gate Driver
DIAG_EN
ST Open Load Detection
Diagnostics
and Protection
CL Current Limit
SOURCE(OUT)
Thermal Monitor Current Sense
Cs

i

GND

K 3. Functional Block Diagram of TPS1H100-Q1

233 TPS7B6933-Q1

The TPS7B6933-Q1 device is a low-dropout, linear regulator designed for up to up to 40-V operations.
With only 15-pA (typical) quiescent current at light load, the device is suitable for standby MCU-unit
systems especially in automotive applications. The devices feature an integrated short-circuit and
overcurrent protection. The TPS7B6933-Q1 device operates over a —40°C to 125°C temperature range.
Because of these features, the device is well suited in power supplies for various automotive applications.

e Qualified for automotive applications

* AEC-Q100 qualified with the following results:

Device temperature grade 1: —40°C to 125°C ambient operating temperature range
Device HBM ESD classification level 2
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2.3.4

— Device CDM ESD classification level C4B
* 4-V to 40-V wide VI input voltage range with up to 45-V transient
e Maximum output current: 150 mA
* Low quiescent current (IQ):
— 15-pA typical at light loads
— 25-pA maximum under full temperature
» 450-mV typical low dropout voltage at 100-mA load current
» Stable with low ESR ceramic output capacitor (2.2 puF to 100 uF)
» Integrated fault protection:
— Thermal shutdown
— Short-circuit protection
e 5-Pin SOT-23 package
4 shows a block diagram of the TPS7B6933-Q1.

o[ tar -
14]
Overcurrent
detection
UVLO >
Regulator Thermal
{:‘J control shutdown

@! gap N L ;

[ ]

:IOUT

GND
i 4. TPS7B6933-Q1 Functional Block Diagram

TPS3700-Q1

The TPS3700-Q1 wide-supply voltage window comparator operates over a 1.8-V to 18-V range. The
device has two high-accuracy comparators with an internal 400-mV reference and two open-drain ambient
operating temperature range outputs rated to 18 V for overvoltage and undervoltage detection. The
TPS3700-Q1 device can be used as a window comparator or as two independent voltage monitors; the
monitored voltage can be set with the use of external resistors.

The OUTA terminal is driven low when the voltage at the INA+ terminal drops below (VIT+ — Vhys) and
goes high when the voltage returns above the respective threshold (VIT+). The OUTB terminal is driven
low when the voltage at the INB— terminal rises above VIT+ and goes high when the voltage drops below
the respective threshold (VIT+ — Vhys). Both comparators in the TPS3700-Q1 device include built-in
hysteresis for filtering to reject brief glitches, thereby ensuring stable output operation without false
triggering.
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The TPS3700-Q1 device is available in a ThinSOT23-6 package and is specified over the junction
temperature range of —40°C to 125°C.

Qualified for automotive applications

AEC-Q100-qualified with the following results:

— Device temperature grade 1: —40°C to 125°C

— Device HBM ESD classification level H2

— Device CDM ESD classification level C6

High threshold accuracy:

— 1% overtemperature

— 0.25% (typ)

Wide supply voltage range: 1.8 V to 18 V

Open-drain outputs for overvoltage and undervoltage detection

Low quiescent current: 5.5 pA (typ)

K] 5 shows a block diagram of the TPS3700-Q1.

A
INA+QO——+ ——— 0 OUTA

* ———0 OUTB

wd || =]

+

{ ) Reference

U

GND
K 5. Functional Block Diagram of TPS3700-Q1

2.4 System Design Theory

24.1

Power Management

The purpose of the power management section of the design is to provide power to the onboard and
external circuits, protect against faults on the input power supply, and implement a low-power mode to
keep the input current below 100 pA during periods when the ultrasonic kick-to-open module is not active.
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2411  3.3-V Power Supply

The TPS7B6933-Q1 provides regulation of a fixed 3.3-V supply and has a wide survivable input voltage
range up to 45 V. To improve the load transient performance, an output capacitor, such as a ceramic
capacitor with low ESR, is recommended. The device is stable with ceramic output capacitors, which is
preferred for automotive applications. For stable operation over the full temperature range and with load
currents up to 150 mA, capacitor C9 has a value of 4.7 uF, which is within the range recommended (2.2
MF to 100 pF). The capacitor has an effective series resistance (ESR) of less than 1 Q; an ESR smaller
than 2 Q is recommended.

U3

3p3V
VIN VouT |2
cs
10pF c9

VBATT+

50V 4.7uF
X7R 10V

GND X7R

3
2{Ne GND 4

®
Z
]

TPS7B6933QDBVRQ1

N

9]
w]

25 uA 1Q (max)

Copyright © 2017, Texas Instruments Incorporated
K 6. Electrical Schematic of 3.3-V Supply Regulator Circuit

24.1.2 Input Power Protection

¥l 7 shows the circuit that protects the TIDA-01424 board from faults on the VBATT input power, such as
reverse battery conditions, or overvoltage conditions due to load dump. Diode D1 provides protection
against reverse-battery conditions. The SS24FL Schottky barrier rectifier was selected because it has a
low-forward voltage of less than 500 mV (at 25°C) and a reverse breakdown voltage of 40 V. The Schottky
barrier rectifier is also AEC-Q101 qualified for automotive applications.

The TPS3700-Q1 (U6) is configured to detect when the input power (VBATT+) is experiencing an
overvoltage condition. Under normal conditions, the TPS3700-Q1 sets the OUTB open-drain output to
high-impedance, which allows the resistor R7 to pull the HS_SW_ON signal high. When an overvoltage
fault occurs, the TPS3700-Q1 pulls HS_SW_ON signal to a logic low by turning on the OUTB open-drain
output.

Resistors R4 and R5 set the threshold level of VBATT+ for the TPS3700-Q1 to detect an overvoltage
condition. The sensed voltage VBATT+SENSE at INB- is compared to the internal positive-going threshold
of 400 mV £ 4 mV. With a value of 976 kQ for R4 and 22 kQ for R5, these resistors have a ratio which
forms a 45:1 voltage divider. Therefore the 400-mV threshold corresponds to a value of 18 V at VBATT+
or about 18.5 V at VBATT on the input connector. The current through the voltage divider is about 12 pA
when VBATT is at the nominal 12-V level, thus a high current draw is not caused during periods of low-
power mode.

R7 and C17 form a pull-up for the HS_SW_ON signal with an R-C time constant of 3.3 ms. This time
constant allows the external MCU to pull the HS_SW_ON signal to a low (low-power mode) state
periodically without having to continuously maintain a logic low output on the MCU output pin. This
process facilitates the MCU being in a low-power mode with periodic wake-up to monitor the state of the
key fob and refreshing the low state of the HS_SW_ON signal as necessary.

10
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J5 D1
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o 1
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- 5
GND VDD
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GND
i TPS3700QDDCRQ1
GND

K 7. Electrical Schematic of Input Power Protection Circuit

Copyright © 2017, Texas Instruments Incorporated
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2.4.1.3 Low-Power Switch

8 shows the electrical schematic of the TPS1H100A-Q1 circuit, which is used to apply or remove 12-V
power to the PGA460-Q1 devices and the associated ultrasonic transducer driver circuits. The
HS_SW_ON signal controls whether the high-side switch between VBATT+ and VPWR is connected or
not. The HS_SW_ON signal is by default pulled to a logic high, which enables the connection from
VBATT+ to VPWR, thus applying 12-V power to the PGA460-Q1 devices and the associated circuitry. The
connection between VBATT+ and VPWR is disconnected under two conditions:

1. When the input voltage VBATT+ is in an overvoltage condition (refer to 7 2.4.1.2). In the case of an
overvoltage condition, the TPS3700-Q1 pulls the HS_SW_ON signal to a logic low.

2. When the ultrasonic kick-to-open module is put in a low-power mode. In the case of low-power mode,
the external MCU pulls the HS_SW_ON signal to a logic low state.

The individual shutdown currents of the various components on the board are listed in & 2.

% 2. Current From VBATT With TIDA-01424 Board in Shutdown Mode

CIRCUIT DESCRIPTION SHUTDOWN CURRENT (pA)
R4, R5 Resistor divider for VBATT+ sense 12 (at 12 V)
u6 TPS3700-Q1 window comparator 6 (typ), 12 (maximum)
u3 TPS7B6933-Q1 voltage regulator 15 (typ), 25 (maximum)
Ul TPS1H100A-Q1 high-side switch 5 (maximum)
— Total 38 (typ), 54 (maximum)

The diode D2 is used to assure that no fast transients or surges in the input voltage VBATT+ are allowed
to propagate to the PGA460-Q1 circuits, where voltages above the 30-V absolute maximum rating on
VPWR might cause damage. The SMA6J18A diode is rated for working voltages up to 18 V with a lowest
breakdown voltage of 20 V. Any voltage surges that may occur before the TPS3700-Q1 protection occurs
will be clamped by the Zener breakdown of D2. For any longer-term overvoltages, the TPS3700-Q1
protection circuit will disconnect VBATT+ from VPWR by turning off the U1 high-side switch.

The resistor R6 sets a current limit for the current through the U1 high-side switch. For this reference
design, the current limit resistor of 1 kQ is relatively high, which allows for flexibility in the transducer
selection and total ultrasonic drive current. For any specific application, if the total current for the ultrasonic
transducers is known, designers may choose to reduce the current limit by selecting a different (larger)
value of R6.

U1

HS SW_ON 30N vs L8
xg 10
HS_SW_ST 14 |z
VPWR
HS SW DIAG 12 fpag en —
ouT
BoloL ouT
VCL(th) = 1.233V R6
_ 1.0k 1 D2
KCL = 2000 A/A X mg an | SMAGJ18AHM3/5A
RCL = 2466V/lout ;E NC PAD |15 18v
«
GND TPSTH100AQPWPRQ1 HN

5 uA 1Q (max) GﬁD

Copyright © 2017, Texas Instruments Incorporated

i 8. Electrical Schematic of High-Side Switch for Applying Power to Ultrasonic Transducer Circuits
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2.4.2 Ultrasonic Driver and Receiver

9 shows the ultrasonic transducer driver and receiver circuit. Each channel is identical with the
exception of R12, which provides a method to disconnect U4 from the USART communication. The
PGA460-Q1 devices (U2 and U4) are each paired with a transducer, which is external to the board,
connected to two-position terminal blocks J3 and J6. The PGA460-Q1 device drives the transducer and
then filters and processes the returned echo signal sensed by the transducer. The transducer should be
chosen based on the resonant frequency, input voltage requirements, sensitivity, beam pattern, and decay
time.

Closed-top transducers are transducers that hermetically seal the piezoelectric membrane from exposure
to air or destructive particles. Closed-top transducers are favorable in applications that are subject to
harsh environmental conditions, such as exposure to outdoor elements, extreme temperature changes,
and debris; therefore, closed-top transducers are suitable for automotive kick-to-open applications. As a
result of the additional protection offered by closed-top transducers, a transformer-driven method is
typically required to maximize distance performance. The voltage step-up transformers T1 and T2 are
chosen to meet the input voltage requirements of the transducer and have a saturation current rated equal
to or greater than the configured driving current limit of the PGA460-Q1 device.

Transformers T1 and T2 are center-tapped transformers with a turn ratio of 1:8.42 between each of the
primary phases and the secondary output. For a nominal 12-V supply on VPWR, this ratio gives an output
potential of up to about 100 V. The two low-side driver outputs OUTA and OUTB alternately switch to an
ON state, with typical RDS(ON) of 4.8 Q and a maximum pulse current of 500 mA. Capacitors C1 and C10
provide a reservoir of voltage, and these capacitors are tied to VPWR through resistors R1 and R8. The
value of C1 and C10 (100 pF) is chosen to be sufficient to supply several pulses of ultrasonic energy
without creating current surges on the 12-V power supply.

The PGA460-Q1 device can be tailored to the specific transducer being used by adjusting the driving
frequency, driving current limit, band-pass filtering coefficients, and low-pass filtering coefficients. After the
burst-and-listen cycle is complete, the PGA460-Q1 device can be called to return the distance, amplitude,
and width of the echo through the USART communication interface.

T2

3
U2 " D
. 4 XDCR_H J3
16_{ avop ouTA [~-2 OUTA2 VRWRE 100 _I*C10 @ 1
in ToouF L2 Rg  ——Ci1 2
C12 o 15 | vpwr ouTts L ouTB2 I D 2.7k 1500pF
0.1pF . 6 GSTVNO2A150
i =
= " 0.1uF I c14 H-lcee B ot romliey GND 1 1:1:8.42 %
GND 50V C15 XDCR_HI2 R10 1L 2 f e XD 10 toMCU 3mH GND
= X1R Imw 308 cie Ul
GND = XTR C DHMQ y 360‘%2\/ 3ol INN DpECPL 13¢
GND = X ul 12 9
GND 5v SCLK TEST —=<
&l 10 GND 4
R15
15.8k D) 31
GNDP |8 oo
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GND
3 T1
us 3
4 XDCRH 56
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0.1pF t Lc 1o vewr OUTE b 6 ’ GSTVNO2A150
XTR 4 fromMCU
= Io 1WF o = cs - 1oRee e 0 o 1:1:8.42 %
ND XDCR_HI1 M ND
G L s o C 2 = it 2| X0 b10. toMcU 3mH G
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Copyright © 2017, Texas Instruments Incorporated
9. Electrical Schematic, Ultrasonic Transducer Driver and Echo Receiver Circuit
s ey R
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The resistors R2 and R9 and capacitors C2 and C11 provide tuning to help shape the ultrasonic waveform
in conjunction with the parametric adjustments made to the PGA460-Q1 registers. In general, C2 and C11
should match the secondary inductance of the transformer to the resonant frequency of the transducer.
The damping resistors R2 and R9 help to reduce the transducer ringing decay time. Further discussion of
transducer circuit tuning component optimization can be found in ¥ 3.2.2.2.1.

The factory preprogrammed address for the PGA460-Q1 device is 0. In order to communicate
independently with both devices U2 and U4, one or both devices must be programmed with a different
USART address, and this new address stored in EEPROM. To accomplish this, resistor R12 can be
temporarily removed, which disconnects U4 from the shared USART communication link. With R12
removed, U2 can be programmed with a new 3-bit USART address, which is stored in EEPROM. R12 can
then be installed, and each PGA460-Q1 can be addressed independently on the USART communications
link.

24.3 MCU Interface

The design board has a simple interface to an external MCU board, which is configured to meet the 20-pin
LaunchPad standard. ¥ 10 shows the MCU interface connectors and the onboard switch. The UART
signals on J1-3 (toMCU) and J1-4 (fromMCU) provide serial communication with the PGA460-Q1 devices.
The KEY signal (J1-5) comes from the onboard slide switch S1, which allows setting the KEY signal to
indicate that a key fob has been detected. The external MCU will then control the high-side switch by
activating the HS_SW_ON signal (J2-3) to apply power to the PGA460-Q1 circuits. The two signals
HS_SW_DIAG (J2-1) and HS_SW_ST (J2-2) provide an enable for the high-side switch diagnostic
features and a status indicator, respectively. A regulated, 3.3-V supply is available on pin J1-1 with
respect to the GND pin (J2-10) to power the external MCU board with current capability up to 150 mA.

3p3Vv
J1 J2
3p3V 3p3V ; o O_;o—_l_
4 1 toMCU 519 T8 =
) o+-5X
fromMCU 4 7 GND
5 2 KEY 5 109 T
5 12 oKX
6 3 T D oK
xt 1o o+—=x o
8 |5 ol HS SW ON
s1 So DY ol 2 HS_SW_ST
= iéo D o HS SW_DIAG
GND
SSQ-110-01-T-S
S$SQ-110-01-T-S

Copyright © 2017, Texas Instruments Incorporated

10. Electrical Schematic of MCU Interface
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3 Hardware, Software, Testing Requirements, and Test Results
3.1 Required Hardware and Software

3.1.1 Hardware

The design board provides the drive stages and echo receiver for two ultrasonic transducers. Closed-top
transducers, such as in 4] 11 and ¥ 12, are typically used in automotive kick-to-open applications to
prevent dirt or water from causing performance issues with the transducer action. The transducer is
typically mounted in a flexible sleeve made of rubber or similar material, which tends to isolate the
vibration of the transducer from the surrounding vehicle structure.

K 11. Closed-Top Murata Ultrasonic Transducer in K 12. Closed-Top PUI Ultrasonic Transducer
Rubber Mounting Sleeve

Parameters for these two transducers are listed in # 3. Both transducers were tested with the TIDA-
01424, as described in later sections.

Z# 3. Ultrasonic Transducer Specifications

PARAMETER MURATA PUI
Part number MA58MF14-7N UTR-1440K-TT-R
Resonant frequency 58 kHz 40 kHz
Drive voltage 120 Vpp 140 Vpp
Directivity 80° x 35° 70° + 15°
Capacitance 1400 pF 1800 pF
Operating temperature —-40to 85 °C —-40to 80 °C

The design board is installed as a BoosterPack on a LaunchPad MCU board to form a complete, kick-to-
open sensor module. The connectors J1 and J2 are 10-pin, female connectors installed on the bottom
side of the board. These connectors connect to the standard LaunchPad connectors, which align with the
two 10-pin, male connector pins on boards, such as the MSP430G2553 LaunchPad, or with the two
outside rows of the two 20-pin, male connectors on the LaunchPad XL interface on boards, such as the
MSP430F5529 LaunchPad.
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K 13 shows the design board correctly mounted on an MSP430F5529 LaunchPad board with closed-top
transducers (Murata) connected to the each of the connectors J3 and J6 and input power (VBATT) on J5.
In & 13, the ultrasonic transducers are not mounted in their flexible mounting sleeves.

\

Kl 13. TIDA-01424 Board Mounted on MSP430™ LaunchPad™ Board
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3.1.2 Software

Software must be loaded to the LaunchPad MCU board to control the function of the design board. For the
purposes of testing, the example code given in was used as the basis of software routines for this kick-to-
open design. ] 14 shows a simplified flow chart for the reference design. Designers will tailor these
functional blocks to best fit the requirements of the specific applications they are addressing.

dl

<
Copyright © 2017, Texas Instruments Incorporated

K 14. Simplified Software Flow for Ultrasonic Kick-to-Open Design

3121 Power On

When 12-V power is applied to VBATT (J5-2) with respect to GND (J5-1), the TPS7B6933-Q1 will regulate
the input voltage to produce a 3.3-V output voltage; no enable or signal is required. The 3.3-V supply
(3p3V) is then applied to the components on the design board as well as to the MSP430 LaunchPad
board through connectors J1 and J2.
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3.1.2.2 Initialize MSP430-Q1

After 3.3-V power is applied to the LaunchPad, the MCU must be configured. Configuration involves
setting up the GPIO ports to the appropriate input and output conditions and enabling USART
communication with the PGA460-Q1 devices. The GPIO pins corresponding to the MSP430F5529
LaunchPad are noted on the TIDA-01424 electrical schematic. 3 4 also lists these pins. If a different MCU
board is used, similar signal connections are required, but the specific port and GPIO assignments may be
different. As part of the MCU initialization step, these GPIO and USART pins must be configured for the
proper function and direction. Refer to the user's guide for the specific LaunchPad board used.

% 4. MCU Connections for MSP430F5529 LaunchPad ™

SIGNAL TIDA-01424 PIN N o) SIGNAL DIRECTION
USART toMCU J1-3 P3.4 from TIDA-01424 board to LaunchPad
USART fromMCU J1-4 P3.3 from LaunchPad to TIDA-01424 board
KEY J1-5 P1.6 from TIDA-01424 board to LaunchPad
HS_SW_ON J2-3 P2.6 from LaunchPad to TIDA-01424 board
HS_SW_ST J2-2 P2.3 from TIDA-01424 board to LaunchPad
HS_SW_DIAG J2-1 P8.1 from LaunchPad to TIDA-01424 board

3.1.2.3 Low-Power Mode

In low-power mode, the current drawn from VBATT is reduced to avoid long-term drain on the automotive
battery system. Until a key fob is detected, as indicated by the KEY signal, the MCU will keep the
PGA460-Q1 devices turned off by deasserting the HS_SW_ON signal, which controls the function of the
TPS1H100-Q1 high-side switch. The MCU can remain in one of its low-power modes for a majority of the
time and periodically check for an assertion of the KEY signal.

3.1.24 Enable Sensor Power

When the vehicle security system detects a valid key fob, the kick-to-open system will activate. When the
KEY signal transitions to a high signal, the MCU will assert the HS_SW_ON signal, which causes the
TPS1H100-Q1 high-side switch to connect 12-V power from VBATT+ to VPWR. This applies power to the
two PGA460-Q1 devices.

3.1.25 Initialize PGA460-Q1

After being enabled by application of VPWR, the PGA460-Q1 devices will have register settings as loaded
from the non-volatilie EEPROM. If changes to the stored settings are desired, the PGA460-Q1 registered
may be updated by communication through the UART communication link.

3.1.2.6 Ultrasonic Measurements

The PGA460-Q1 UART interface is able to record up to eight objects with echos that exceed the assigned
threshold. The result is expressed as a 1-us interval time value from the time the burst stage is complete
and the echo signal drops below the assigned threshold to the moment any of the detected objects cut the
assigned threshold again. Additionally, the width of the echo signal that cuts the threshold and the peak
amplitude of the object is also measured and reported. If the object is detected at the end of record time,
object width is reported as OxFF. The width of the echo that cuts the threshold is expressed as 4-us
interval-time values. When a LISTEN ONLY command is used, the object detection starting point is at the
start time of the record interval.
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The echo and threshold comparison is done between the assigned threshold and the amplitude of the
signal at the output of the DSP data path. If the threshold level is higher in value than the signal amplitude
then no object is detected. If the signal amplitude is higher in value than the threshold level which denotes
an echo reflection, then an object is detected, and the time-mark is captured. When the record time
reaches the end of the record defined by the Px_REC parameters and the number of objects to be
detected is still not achieved, the record interval is complete, and the undetected object locations are
assigned a value of OxFF.

3.1.2.7 Kick Detected?

After a sequence of measurements has been read from the PGA460-Q1, the MCU will determine if a kick
gesture has been detected or not. The criteria for whether to declare a valid kick will depend on the
specifics of the actual vehicle and sensor configuration. In general, several factors should be considered
when making the determination of a valid kick:

» Background measurement to ground before kick

» Variation in repeated measurements before kick

» Direction of gesture distance (increase or decrease) in measurements during kick
* Amplitude of gesture motion between no-kick and kick measurements

» Duration of kicking gesture

» Difference between multiple sensors located at different points on the vehicle

3.1.2.8 Activate Closure

If it is determined that a valid kick gesture has been detected, the ultrasonic kick-to-open system sends a
signal to the associated closure system (lift-gate, trunk, sliding door) to activate the desired motor, and
opens or closes the mechanism. After the mechanism has moved, the design continues to make
ultrasonic measurements until another kick is detected, the key fob is no longer present, or power to this
subsystem is turned off.

3.2 Testing and Results

Unless otherwise noted, the following tests were performed at room temperature with a 12-V nominal
supply. The ultrasonic sensor measurement data (when applicable) was read from the PGA460-Q1
registers through the serial port. In some cases, the graphical user interface (GUI) with the PGA460EVM
collected the comparison data for different environmental conditions.

3.21 Test Setup

3.2.1.1  Power Supply Testing

The reference design board operates from a typical, automotive, 12-V, battery electrical system. As such,
the board survives events, such as high voltage due to load dump, and faults, such as reverse battery
voltage. The board operates over a wide range of input voltages.
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3.2.1.2  Ultrasonic Transducer Testing

Several factors affect the amplitude, duration, and shape of the ultrasonic pulse from the transducer.
These factors include the transducer characteristics, the tuning components on the design board, and
register settings of the PGA460-Q1. Selection of the hardware transducer, hardware components, and
PGA460-Q1 settings are discussed in .

3.2.1.2.1 Default Settings for Transducer Drive

Unless otherwise noted, the tests in the following sections used the parameter settings listed in 3 5. The
default transducer during testing was the Murata closed-top transducer described in % 3.

% 5. PGA460-Q1 Register Settings Used For Testing

PARAMETER PULSE CURR_LIM NUMBER OF PULSES CURRENT LIMIT (mA)
Preset 1 0x04 0x55 4 197
Preset 2 0x10 0x55 16 197

3.2.1.3 Kick Detection

In order to evaluate the function of the capacitive, kick-to-open design, a series of tests used hardware
similar to the actual application conditions with the reference design board. Data for these tests is
presented in the following sections. These tests are not intended to be complete as there are many
variables that would affect any particular vehicle and situation. The test data is intended to illustrate the
feasibility of this hardware to implement the basic functions of a kick-to-open system.

3.2.1.3.1 Kick Testing Hardware Setup

In addition to the design board and the LaunchPad MCU board, testing requires a 12-V power supply to
take the place of the automotive battery system; this reference design operates over a wide range of input
voltages and requires less than 40 mA of current from the external supply, so the requirements for a
power supply are not very restrictive. Testing also requires appropriate ultrasonic transducers, a structure
to emulate the automotive body, and a method to provide kicking gestures.

To simulate the body of the vehicle, a bumper cover (TY04112BBQ) was mounted at a height and
orientation similar to that found on a vehicle. For the purposes of initial testing, the bumper cover is kept
separate from any objects that would affect the ultrasonic measurements.

Each ultrasonic transducer was mounted in the bumper cover with a rubber insert, as discussed in 7
3.1.1. ] 15 shows an ultrasonic transducer mounted in the bumper cover using the flexible rubber insert.
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15. Bumper Cover With Ultrasonic Sensor
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In order to make the kicking gesture more repeatable during testing, a mechanical kicking machine, shown
in & 16, provides the kick for each test. This mechanism provides a controlled and repeatable motion in
terms of duration of kick, speed of motion, and angle of approach. The pivot point on this mechanism is
about 20 in (500 mm) above the ground, similar to the knee joint of an adult who might make the kicking
gesture in the actual application. The approach of the kicking gesture is roughly a path along the
circumference of an arc about the pivot point approaching the sensor as determined by the relative
placement of the sensor and the kicking mechanism. The duration of the kicking gesture made by the
kicking mechanism was about 1.5 s in each direction extending towards the bumper and then moving
away from the bumper.

A variety of shoes and materials can be attached to the kicking mechanism to evaluate the response to
different shoe's construction and material properties on the ultrasonic sensing. The structure of the
mechanism is away from the sensors (except for the drive mechanism), so that the effect of the structure
on the measurements is minimized.

A 16. Kicking Mechanism Used for Testing

The tests using the entire bumper cover, sensors, and kicking mechanism were on a concrete floor in the
loading dock area of the Tl plant in Dallas, which was in a lab area as close as possible to the actual
conditions of a garage or parking lot.
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3.2.2 Test Results

3.2.2.1  Power Supply Test Results

3.2.2.1.1 Input Current During Operation

K] 17 shows the input current from the VBATT supply as the VBATT voltage is varied over a range of
positive voltages. For voltages below 4 V, the 3.3-V supply is not active, and the current consumption is
very low. When VBATT is increased to 4 V, the TPS7B6933-Q1 supplies the 3.3-V regulated supply to the
TPS3700-Q1 and to the MCU interface. For the voltage range of 6 V to 15 V, the supply is within the
recommended operating range of the PGA460-Q1 devices, and all of the onboard circuits are all active.
When the VBATT voltage is above 18 V, the overvoltage threshold of the TPS3700-Q1 is exceeded, and
the device sets the HS_SW_ON signal to logic low by turning on the low-side driver, OUTB. This setting
causes the TPS1H100-Q1 high-side switch to remove power from the PGA460-Q1 devices, and the
current consumption is drastically reduced. This change also prevents voltages above 18 V from
damaging the PGA460-Q1, which has an absolute maximum rating of 30 V on its VPWR supply input.

30

T B
T |

Input Current (mA)

0 2 4 6 8 10 12 14 16 18 20
VBATT

Input current with 3700.grf

K 17. Input Current Versus VBATT Voltage, Showing TPS3700-Q1 Threshold at 18 V, TIDA-01424 Board
Only
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In order to demonstrate the effect of the Zener diode D2, which clamps any short-term voltage transients
before reaching the PGA460-Q1, the overvoltage threshold of the TPS3700-Q1 was raised to 25 V by
changing resistor R5 to 15 kQ. ] 18 shows the input current at J5 over a wide range of applied voltage at
J5-2 (VBATT) with respect to J5-1 (GND). This current is for the TIDA-01424 board itself without the
accompanying MSP430 LaunchPad board. For voltages above 22 V, the input current increases
significantly as the Zener diode reached its breakdown voltage.

40
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18. Input Current Versus Input Voltage, TPS3700-Q1 Overvoltage Threshold at 25 V, TIDA-01424 Board
Only
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3.2.2.1.2 Input Current During Standby

19 shows the input current at J5 versus input voltage (VBATT) with the board put into standby mode by
connecting HS_SW_ON to GND. For input voltages up to 20 V, the standby input current from VBATT is
less than 50 pA. As predicted by ¥ 2, the standby current is about 40 pA when VBATT is set to 12 V. The
linear increase in the current as VBATT increases above 4 V is about 10 YA or 9 V, which is equivalent to
a resistance of 900 kQ. Most of this increase can be accounted for by the resistor divider formed by R4
and R5, which has a total resistance of 998 kQ.

50

/
/
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< 30 /
£
g
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: /

10 /
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Input Voltage (V)
Input Current vs Voltage Standby.grf
K 19. Input Current Versus Input Voltage, Standby Mode
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3.2.2.1.3 3.3-V Supply Regulation

3p3V Voltage (V)

20 shows the voltage of the 3.3-V supply as the input voltage at J5-2 (VBATT) is varied with respect to
J5-1 (GND). For input voltages on VBATT between 4 V and 20 V, the 3.3-V supply is stable with a
measured voltage of 3.29 V. This stability indicates the design will provide a consistent 3.3-V supply over
the intended operational range of VBATT voltages.

3.30 3.36
3.25
3.20
3.34 /
3.15 s /
3.10 o /
s
3.05 S 332 /
>
3.00 = /
@
2.95
3.30 /
2.85
2.80 3.28
2 4 6 8 10 12 14 16 18 20 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12
VBATT (V) Total Load Current (mA)
3p3Vloadregulation.grf
i 20. 3.3-V Supply Voltage Versus Input Voltage K 21. 3.3-V Supply Voltage Versus Load Current

21 shows the variation in the 3.3-V supply voltage as the load current is varied. This variation
demonstrates the load regulation is stable for a range of load currents—from a light load of 20 mA to a
heavy load of 120 mA. The regulated 3p3V supply is always within 2% of the nominal value of 3.3 V;
therefore, this design is suitable for supplying external loads, such as MCUSs, over a wide range of output
currents.

3.2.2.1.4 Reverse Battery Condition

Reverse polarity voltages up to 20 V were applied to J5-2 (VBATT) with respect to J2-1 (GND) with input
current results as shown in & 22. The small input current, less than 3 pA, shows that no significant
leakage current is allowed under reverse battery conditions.

26
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22. Input Current Versus Input Voltage, Reverse Battery Condition
3.2.2.2  Ultrasonic Transducer Test Results
3.2.2.2.1 Effects of Tuning Capacitor and Damping Resistor

23 and & 24 show the effect of changing the tuning capacitor and damping resistor for one of the
circuits coupling the PGA460-Q1 to the ultrasonic transducer. A microphone sensitive in the ultrasonic
range captured the acoustical waveform of the ultrasonic pulse, which includes the influence of the
PGA460-Q1 settings, the onboard tuning components, and the transducer characteristics. 4| 23 has a
damping resistor value of 2.7 kQ and tuning capacitor value of 1.5 nF, and the duration of the pulse is
about 300 ps with an amplitude of 500 mV. When these component values are changed to 10 kQ and 700
pF, as shown in ¥ 24, the maximum amplitude and duration of oscillation both increase.
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3.2.2.2.2 Effect of Adjusting Number of Drive Pulses

Another adjustable parameter that affects the ultrasonic measurement is the number of pulses the
PGA460-Q1 drives the transducer to excite the resonant frequency. To generate a strong ultrasonic pulse,
the number of pulses must be sufficient to cause a large amplitude of vibration in the transducer structure.
However, the blind zone created by the self-resonance of the transducer also increases as the number of
applied pulses is increased. This blind zone hides any echo reflections until the self resonance decays.
This decay sets the minimum detectable distance for the ultrasonic echo measurement.

25 shows how the minimum measurable distance increases as the number of pulse is adjusted. For
this plot, the Murata transducer was used with a PGA460-Q1 current limit setting of 200 mA. With only
one pulse applied, the self-resonance of the transducer quickly decays, which potentially allows
measurements at a distance of 14 cm. However, the amplitude and power of the ultrasonic vibration would
be relatively low, and therefore the echo signal would be likewise reduced. As the number of pulses is
increased, the minimum measurement distance increases up to 24 cm when 30 pulses are applied. Users
should balance the desired minimum measurement distance required against the requirement for a strong
ultrasonic echo when deciding how many pulses to apply.
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& 25. Effect of Increasing Number of Applied Pulses on Minimum Measurable Distance
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3.2.2.3 Kick Detection Test Results

3.2.2.3.1 Baseline Measurements

Initial repeated measurements with no kicking gesture give a baseline by which to compare subsequent
results. The traces in & 26 show the responses for ten subsequent measurements from the PGA460-Q1
and the Murata transducer. The variation in response among these ten traces indicates the response is
highly repeatable. The dominant reflection occurs at about 2.7 ms, which corresponds to a distance of 460
mm (about 18 in) and agrees with the measured distance along the transducer axis to the ground.

The time-varying gain (TVG) for these measurements was set to a uniform low value, so there is no
discontinuity in the measured response across the duration displayed. In real applications, designers may
want to increase the time-varying gain, so the weaker echos from more distance objects are amplified
more than the echos from nearby objects.

300
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150 \
100 \
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K 26. Ten Sequential Traces With No Foot, Uniform Low TVG Setting
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3.2.24 Static Distance Measurements

The distance from the transducer to a target (typical shoe and simulated leg) was measured repeatedly to
determine the repeatability of the measurement. The distance from the outside face of the transducer to
the closest part of the shoe is given as a reference. & 27 illustrates the distance.

K] 27. Vertical Distance Measurement From Ultrasonic Transducer to Shoe

# 6 shows one example of the data collected during these tests. For each of the ten samples, the
reported distance is given to a precision of 1 mm. The duration when the echo was above the threshold is
given in microseconds, and the peak of the echo is also given. The standard deviation for each reported
measurement is given; the standard deviation of the distance measurement is less than 0.5 mm for these

ten samples.
3 6. Repeated Measurements to a Non-Moving Shoe
SAMPLE DISTANCE (mm) 2#3@238&58!5 PEAK ECHO AMPLITUDE
1 224 300 112
2 225 304 114
3 225 296 111
4 225 308 110
5 224 228 115
6 224 284 117
7 225 296 116
8 225 296 116
9 225 288 112
10 225 308 111
Average 224.7 296.8 112.9
Standard Deviation 0.483 8.4 2.4
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3.2.2.4.1 Static Measurements of Varying Distance, Rubber Shoe

The following figures show the echo response with the foot covered with a rubber material used as the
outer surfaces of waterproof boots. The measured distance from the transducer to the ground is 434 mm
as shown in & 28. When the shoe is relatively far from the transducer, the echo does not exceed the
threshold, which is indicated by P2 Threshold in the figures. As the shoe comes closer, the echo
amplitude increases and eventually exceeds the threshold, as shown in & 29 where the measured
distance to the shoe is 325 mm. As the distance between the transducer and the shoe decreases, the
amplitude of the echo increases, and the measured distance decreases, as shown in ¥ 30 through ¥ 32
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28. Echo With Rubber Top Shoe, Ground Detection i 29. Echo With Rubber Top Shoe, Detection of Shoe at
325 mm
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A 30. Echo With Rubber Top Shoe, Detection of Shoe at & 31. Echo With Rubber Top Shoe, Detection of Shoe at
294 mm 262 mm
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08182 16364 24576 32768 4086

Chart Cursors

7 8 Data-Path Value
Distance (m
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32. Echo With Rubber Top Shoe, Detection of Shoe at 232 mm

As the shoe gets closer than about 220 mm, the echo begins to merge with the blind zone caused by the
decay profile of the ultrasonic transducer. Therefore, detection of the shoe at distances shorter than 230
mm is problematic for this particular combination of transducer and driver settings.
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3.2.2.4.2 Static Measurements of Varying Distance, Sports Shoe

A more complex situation is shown in & 33 through & 42. The shoe for these figures is a sports shoe
with a variety of materials used on the upper surface. As shown in ¥ 33, the shoe is detected at a
distance of 380 mm, but the echo falls beneath the threshold as the shoe moves slightly closer, as shown
in & 34 when the ground is detected at a distance of 431 mm. As the shoe moves closer, the echo
increases in amplitude, and the shoe is detected in & 35 through ¥ 38 at decreasing distances each
time. At a distance between 280 mm and 260 mm, the echo again falls below the threshold, and the shoe
is not detected, as shown in |&| 39. The echo is again above the threshold for distances between 255 mm
and 205 mm, and the shoe is detected as shown in ¥ 40 through ¥ 42.

Several factors may contribute to the echo decreasing below the threshold at certain distances. One factor
is that the angle of the top surface of the shoe is changing as the leg mechanism rotates upward. Another
factor is that the top surface of the sports shoe is made up of several different types of material, including
nylon webbing, rubberized canvas, and cotton and polyester laces. The acoustic reflection properties of
these different materials may affect the amplitude of the ultrasonic echo.
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K 33. Sports Shoe Detected at 380 mm

Utrasonic Measurement Results Chart Cursors
Ohjed: 1 2 3 4 5 & 7 8 Data-Paih Value : (66
Distance (m): [0.384 | [2.430 | [o827 Distance (m): |0.360
widn us): [208 | [0 |[z8 Time (ms): [2.10
Peskamp: 5 |[255 |[123 Clear Cursors

35. Sports Shoe Detected at 364 mm

o 08192 16354 24576 32768 0%
Timme (ms]
Ulirasonic Measurement Results Chant Cursors
Object 1 2 3 4 s 8 7 8 Data-Path value ® 68
Distance (m): (0297 | [0.436 | [0:504 Distance (m): [0.290
wigth (us): [412_|[s86 | [1020 Time (ms}: [1.69
Peakamp: (200 |[zss |[1se Clear Cursors

37. Sports Shoe Detected at 297 mm

Utirasonic Measurement Results Chant Cursors
Opject 1 2 3 4 5 6 7 ] Data-Paf

Distance (m): [0.431 Dis

Width (us): (682

Peakamp: [258 Clear Cursors

K 34. Sports Shoe Echo Below Threshold, Ground
Detected at 431 mm

Ulirasonic Measurement Results Chant Cursors
Object: 1 2 3 4 5 6 7 [ Data-Path Value - |68
Distance (m): [0.328 | |0.430 | |0827 Distance (m): |0.320
wiath (us): (428 |[es2 |[2s8 Time (ms): [1.87
Peakamp: [145 |[285 |[103 Clear Cursors

36. Sports Shoe Detected at 328 mm

Distance (m)
] 0.1404 0.2808 04212 ) 5616 0702
90

0 08192 16384 24576 32768
Time (ms)
Ulirasonic Measurement Resulls Chan Cursors
Object 1 2 3 4 5 & 7 8 Data-Path Value * |71
Distance (m): [0262 | [0.442 | [0832 Distance (m): [0.280
width (us) [204 | [38¢ ] [1020 Time (ms): [1.63
peakamp: (107 |[1s | [1m1 Clear Cursors

F 38. Sports Shoe Detected at 282 mm
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42. Sports Shoe Detected at 205 mm

Another observation about these results is that the distance measured to the ground can be affected by
the shoe obstructing the most direct path. In ¥ 38 the shoe is relatively far from the transducer, and the
echo from the ground is strong at about 430 cm. However in [& 39, the shoe is closer to the transducer
and blocks the most direct path between the transducer and the ground. This blockage explains why the
distance to the ground is measured as 461 mm, which is due to the longer path the ultrasonic energy must
take to the side of the shoe and echoes back with much lower amplitude due to the non-orthogonal angles

involved.
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3.2.2.4.3 Static Measurements With Alternate Transducer

Use of more than one type of ultrasonic transducer gives more confidence that the design is adaptable for
use with sensors from various manufacturers. The PUI audio transducer has a resonant frequency of 40

kHz and is a closed-top configuration. Several static measurements show typical response curves in & 43
through %] 48 with the transducer mounted in the bumper cover.

43 shows the response curve with a direct path to the ground, which is detected at 442 mm. Comparing
the near-distance response to that shown in [& 28, the self-resonance with the PUI transducer does not
begin to decay until about 1.5 ms, which is somewhat longer than the 1 ms of the Murata sensor. The
settings for the Murata and PUI transducers may be adjusted to get a quicker near-distance decay time,
but this adjustment may reduce the overall level of echo response.
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3.2.2.5 Dynamic Kick Measurements

In the following figures, the effect of kicking towards the bumper with varying horizontal offsets shows how
the ultrasonic sensor performance depends on making a kicking gesture in the correct location. In & 49
through %] 52, a standard kicking gesture is made perpendicular to the bumper using a rubber boot on the
kicking mechanism. Each scatter plot shows ten echo vectors with 128 samples in time for each plot. The
echo vectors are recorded every 0.5 s, so the total time for all samples in each scatter plotis 5s. The
horizontal axis is the time between ultrasonic pulse and echo in ms, and the vertical axis is echo response
in counts (256 maximum). In each of these figures, the Murata transducer ringing begins to decay at about
0.9 ms, and the ground reflection occurs at about 2.5 ms. The sample points between 0.9 ms and 2.5 ms
represent a composite overlay of the echos for the foot, which include the period when the foot is coming
towards the transducer, and the period when the foot is moving away from the transducer.

49 shows the ten response vectors with the foot mechanism centered directly towards the ultrasonic
transducer. Several peaks in the response reach amplitudes of around 100 counts at 1.8 ms to 2.2 ms
from the transducer. As the foot moves closer to the transducer, the peaks reach the 255 maximum
amplitude between 1 ms and 1.8 ms.
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51. Scatter Plot of Samples With Kick Directed 7 K] 52. Scatter Plot of Samples With Kick Directed 10
inches to Left of Transducer inches to Left of Transducer

K] 50 shows the response vectors with the kicking mechanism positioned such that the kick is directed
towards a point about 4 in (100 mm) to the left of the transducer. While the response, especially at the
longer distances (times), is still strong, the point where the response is saturated drops off at about 1.5
ms, which is sooner than in & 49.

K 51 shows the response vectors with the kicking mechanism positioned such that the kick is directed
towards a point about 7 in to the left of the transducer. In this case, the response echo no longer reaches
a saturated value at any time (distance) between the self-resonance of the transducer at 0.9 ms and the
ground echo at 2.5 ms. [ 52 shows this trend continues as the kicking mechanism is moved to direct the
kick towards a point 10 inches to the left of the transducer. Under these conditions, the echo of the foot
does not exceed an amplitude of 50.

As expected, the sensitivity of response is dependent on the horizontal offset between the kicking gesture
and the transducer, especially at distances near the bumper where a large horizontal offset puts the
kicking foot outside the angle of sensitivity of the transducer. This effect is summarized in ¥ 53, which
shows the average amplitude of echo between 1.8 ms and 2.1 ms versus the longitudinal offset of the
kicking gesture with respect to the transducer location. Of course, different transducers have wider or
narrower angles of sensitivity, so a tradeoff can be made between allowable gesture offset and greater
sensitivity at nominal offset.
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i 53. Effect of Kicking Gesture Directed at Point Displaced From Ultrasonic Transducer
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3.2.2.6 Effects of Wet Transducer

One environmental condition that should be considered for an ultrasonic kick-to-open system is the effect
of water, due to rain, snow, or road wetness, on the performance of the sensors. In order to determine
whether water on the sensor has a significant effect, the ultrasonic sensor and bumper were sprayed with
water, and the measurements were compared the echo response with and without the coating of water.
54 shows the bumper and one of the ultrasonic transducers coated with a spray of water.

K 54. Water Applied to Bumper Cover and Ultrasonic Sensor

K 55 through K 58 show the ultrasonic measurement results with the wet transducer. In each case, the
measurement was made with the shoe in a static location.

Comparing the results with a rubber shoe, in the case of a dry transducer, %] 55 shows the maximum
amplitude of the echo response for the shoe echo (between 1.5 ms and 2 ms after the source pulse) is 66
counts. The maximum amplitude of the echo response with a wet transducer is also 66 counts, as shown
in %] 56. Therefore, the condition of water on the transducer does not exhibit any significant degradation in

the performance of the ultrasonic sensor design.
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K 57. Sports Shoe Dry Transducer
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K 58. Sports Shoe Wet Transducer

Comparing the results of a dry transducer and a wet transducer with a sports shoe, in the case of a dry
transducer, & 57 shows the maximum amplitude of the echo response for the shoe echo (between 1.5 ms
and 2 ms after the source pulse) is 41 counts. The maximum amplitude of the echo response with a wet
transducer is also 41 counts, as shown in ¥ 58. Therefore, the condition of water on the transducer does

not exhibit any significant degradation in the performance of the ultrasonic sensor design when either the
rubber shoe or the sports shoe is used as a kicking object.

3.2.2.7 Effects of Mud on Transducer

Because the ultrasonic transducer is exposed to the elements and is in the rear of the car on the
underside, the effect of mud on ultrasonic performance is of interest. & 59 shows the ultrasonic
transducer mounted on the bumper cover with a coating of mud covering much of the closed face of the
transducer. For reference, compare this setup to the clean conditions shown in |4 15.
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59. Mud on Ultrasonic Transducer

K 60 and ] 61 show the effect of this mud on the transducer. With the clean transducer shown in | 60,
there is a strong echo response of the rubber shoe, which starts at about 1.6 ms and peaks at about 90
counts. The case with mud on the transducer, & 61, does not show any significant echo for the rubber
shoe. Therefore, this coating of mud on the transducer had seriously degraded the performance of the
ultrasonic sensor. Comparing the self-resonant period of these two cases, the dry transducer has a self-
resonance that decays at about 1 ms, which drops to the noise floor by about 1.5 ms. The muddy
transducer decay begins at about 0.65 ms, and by 1 ms, the self-resonance amplitude is negligible. This
test indicates that the mud on the transducer not only impairs reception of returned echos but is also
affecting the resonant properties of the transducer itself.
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K 60. Response With Normal Transducer to Rubber K 61. Response With Muddy Transducer to Rubber
Shoe Shoe
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3.2.2.8 Echos From Other Objects

The response of the sensor to objects that may move under the bumper, such as small animals, toys and
balls, or rolling dropped objects, such as groceries, is of interest in kick-to-open systems. In these cases,
the kick-to-open system would ideally be able to discriminate between these objects moving under the
bumper and a valid kicking gesture.

62 through ¥| 65 show the response of the ultrasonic kick-to-open design from the bumper-mounted
ultrasonic transducer to a few foreign objects moving under the test bumper setup. For a basis of
comparison, & 62 shows the output of the sensor system when no object is under the bumper. The echo
from the concrete floor under the bumper starts at about 2.4 ms.

K 63 shows the echo profile with a stuffed animal under the bumper to simulate a small animal that might
move under the vehicle. Although the echo from the furry exterior of the stuffed animal is very low, the
system can detect that the echo directly from the ground is no longer present; therefore, it can be
determined that some object is underneath the car in the path of the ultrasonic transducer.

¥l 64 shows the echo profile with a soccer ball under the bumper. As with the case with the stuffed
animal, the direct path to the concrete floor is blocked, but in this case, the echo from the top of the ball is
seen beginning at a time of 1.3 ms. In general the echo from the ball is similar to the echo from a rubber
shoe, so other factors, such as duration of object detection and key fob presence, would be used to
discriminate a ball rolling under the car from a valid kicking gesture.

65 shows the echo profile for the case of a metal soup can under the bumper to demonstrate the case
when a dropped object rolls under the vehicle. In this case the echo of the can starts at about 1.9 ms. The
echo of the ground beneath the can begins at about 2.4 ms, which indicates the can does not totally block
the path directly from the transducer to the concrete floor.
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K 62. Echo From Ground Beneath Bumper 63. Echo From Stuffed Animal Beneath Bumper
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Design Files

4 Design Files

4.1 Schematics

To download the schematics, see the design files at TIDA-01424.

4.2 Bill of Materials

To download the bill of materials (BOM), see the design files at TIDA-01424.

4.3 PCB Layout Recommendations

43.1 Component Placement

66 shows a top view of the TIDA-01424 board. All components are on the top of the board with the
exception of connectors J1 and J2, which connect to the LaunchPad connectors when the design board is

assembled with a LaunchPad MCU board.

The arrangement of components is constrained by the location of the LaunchPad connectors and is
designed to facilitate signal flow for the ultrasonic transducer driver and receiver circuitry. With the
exception of the connectors to the LaunchPad board, all electrical interface to external components are
made through the connectors J3, J5, and J6, which are all located on one edge of the board.

The location of the two channels of PGA460-Q1 ultrasonic transducer driver and receiver and associated
circuitry is roughly symmetric around the vertical centerline of the board. In the center section of the board,
between the two PGA460-Q1 circuits, are the power protection, conversion, and switching circuits. This
arrangement allows distribution of the power supplies to sensor circuits on either side of the middle

section.
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K 66. Top View of TIDA-01424 Board
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43.2 Signal Routing

67 shows the signal routing on the top layer of the TIDA-01424 board with the surrounding ground
plane removed for clarity. As with the component placement, the signal routing for the two PGA460-Q1
devices and their associated circuitry is similar and symmetric on either side of the center of the board.

For each channel the signal from is fairly linear from the PGA460-Q1 (for example, U2) to the center-tap
transformer (for example, T2), past the parallel combination of the damping resistors (for example, R9),
and the tuning capacitor (for example, C11) to the 2-position terminal block (for example, J3), which
connects to the external ultrasonic transducer. In all cases, the ultrasonic signal trace lengths are kept
short to reduce undesirable signal reflections, which might affect distance measurements.
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K 67. Top Layer Routing of TIDA-01424 Board, With GND Plane Hidden
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¥ 68 shows a detail of the routing of the XDCR_HI2 signal, which is the path for sending the pulse and
receiving the acoustical echo signal from the ultrasonic transducer. The signal path is kept short and
relatively straight to reduce electrical noise. The received echo signal is coupled back to the PGA460-Q1
through a series resistor and capacitor (for example, R10 and C14); the location of these components is
also designed to reduce the signal path length.

4
XDCR_HI2

XDCR_HI2

4 : XDCR_HI2

XC

2
XDCR_HI2

1
XDCR_HI2

K] 68. XDCR_HI2 Signal Trace
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4.3.3

VPWR Routing

69 shows the routing of the VPWR signal, which is the switched power to the PGA460-Q1 ultrasonic
driver and receivers and the associated circuitry. Because each transducer can drive up to 500 mA of
current, the trace width of VPWR is kept at least 20 mils wide. This width reduces the effect of any trace
impedance, thus allows relatively high current surges with low-voltage loss.

69. Routing of VPWR Routing From High-Side Switch to PGA460-Q1 Devices and Transformers

434

Layout Prints

To download the layer plots, see the design files at TIDA-01424.

4.4  Altium Project
To download the Altium project files, see the design files at TIDA-01424.
4.5 Gerber Files
To download the Gerber files, see the design files at TIDA-01424.
4.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01424.
5 Software Files
To download the software files, see the design files at .
6 Related Documentation
1. Texas Instruments, PGA460-Q1 Automotive Ultrasonic Signal Processor and Transducer Driver,
Datasheet (SLASECBS)
2. Texas Instruments, TPS3700-Q1 Window Comparator for Over- and Undervoltage Detection,
Datasheet (SLVSCL17)
3. Texas Instruments, TPS1H100-Q1 40-V, 100-m£ Single-Channel Smart High-Side Power Switch,
Datasheet (SLVSCM2)
4. Texas Instruments, TPS7B69xx-Q1 High-Voltage Ultra-Low IQ Low-Dropout Regulator, Datasheet
(SLVSCJI8)
5. Texas Instruments, PGA460 Ultrasonic Module Hardware and Software Optimization, Application
Report (SLAA732)
6. Texas Instruments, PGA460 Energia Library and Code Examples, Software (SLAC741)
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7. Approximate Material Properties in Isotropic Materials , IEEE Transactions On Sonics and Ultrasonics,
Alan R.Selfridge, Vol. SU-32, No.3, May 1985. Pages 381-394.

8. Acoustic Properties of Solids, Onda Corporation
9. Murata Automotive-Grade Ultrasonic Transmitter/Receiver
10. PUI Audio Ultrasonic Transmitter/Receiver UTR-1440K

6.1 Fitr
LaunchPad, BoosterPack, MSP430, Code Composer Studio are trademarks of Texas Instruments

Incorporated.
All other trademarks are the property of their respective owners.
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