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1 System Description
This Alarm Tone Generator Reference Design uses six general purpose operational amplifiers (op amps)
(3xTLV9062), a 2-channel, 2:1 multiplexer (MUX), (TTS5A23157), a 1.4-W, class-D speaker amplifier
(TPA2005D1), and an MSP430 LaunchPad™, (MSPEXP430FR2311). The MSP430 on the LaunchPad
controls the timing of the audio pulses as well as audio frequencies. The op amps are used to shape the
audio pulses to have the appropriate rise and fall times. The MUXs are used to modulate the audio
frequency with the analog envelope. The analog envelope is generated by a combination of the
MSP430FR2311 and analog circuitry. An 8-ohm speaker is driven by the audio amplifier TPA2005D1.
A coincidence detector circuit includes a condenser microphone that is kept in close proximity to the
speaker to detect its sound. If the envelope of the microphone sound is the same as the sound sent from
the speaker, a flag is raised to indicate a valid sound. An alarm is triggered when the parameters are
outside of the normal limits, as part of the IEC 60601-1 compliant annunciation personnel alert design.
1.1 Key System Specifications
Table 1. Key System Specifications
PARAMETER SPECIFICATIONS DETAILS
Micro-USB will
provide 5 V to
LaunchPad, which
will be used directly
by audio amplifier.
Input power 5-V micro-USB port on LaunchPad LaunchPad has
LDO which
generates a 3.3-V
rail, which will be
used for the rest of
the parts
Volume control Adjusted by a potentiometer on PCB going to an ADC input Adjsz}us%setem
Select high,
Priority level Selected by flipping one of three switches on PCB medium, or low
priority
M . . Select different
elody Changed by pressing switch S4 on TIDA-010040 tones
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2 System Overview
2.1 Block Diagram

Figure 1. TIDA-010040 Block Diagram
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Figure 1 shows the high-level block diagram for the TIDA-010040. This design is a PCB booster pack that
interfaces with the MSP430FR2311 LaunchPad through headers. The MSP430 on the LaunchPad will
toggle a GPIO output at specific times to control when the audio pulses will start. This signal is labeled as
GPIO — Audio Envelope in the block diagram. This signal will range from 0 V to 3.3 V, but when it is used
as the select input of the MUX, the output of the MUX will have different high and low values. The output
of this MUX will go into an op amp integrator, which is where the slope for the rise and fall time is created.
The high and low values mentioned previously (signals are called High Level and Low Level in the block
diagram) will determine the slope of the resulting envelope, thus changing the rise and fall time. This high
and low level will be created by two difference amplifiers, which are given a DC voltage signal coming
from a PWM output of the LaunchPad that is put through an RC filter to determine the average. This PWM
signal is labeled PWM1 — Rise time Control in the diagram. The duty cycle of this signal will change the
rise time and can be changed by adjusting a variable in the code. Based on the hardware architecture, the
rise time will be equal to the fall time. By changing the PWM , labeled PWM1, value in the software code,
it is possible to change the rise and the fall times.

The input to the second MUX is the top and bottom halves of the audio envelope. The select signal to this
MUX (labeled GPIO — Audio Frequency) will modulate the audio envelope with the appropriate frequency
to generate the desired note. The specific frequencies are generated in the software by changing the
counter value of one of the counting registers used.

The resulting signal is an audio envelope with a rise and fall time, with the highest value being 3.3 V and
lowest being 0 V. This signal will go into a difference amplifier, implemented with two PNP BJTs, to lower
the voltage level (volume) of the audio signal. The volume will be adjusted by a PWM signal, PWM2 —
Volume Output that is averaged by an RC filter. The final signal will go to the input of a class-D audio
amplifier (TPA2005D1) that is configured to have a gain of 2 V/V. This amplifier will drive an 8-ohm
speaker that is mounted onto the PCB.

A coincidence detector circuit includes a condenser microphone that is kept in close proximity to the
speaker to detect its sound. If the envelope of the microphone sound is the same as the sound sent from
the speaker, a flag is raised to indicate a valid sound.

2.2 Design Considerations
See Section 3 for timing requirements.
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2.3

23.1

2.3.2

233

2.3.4

24

Highlighted Products

MSP430FR2311

The MSP430FR231x FRAM microcontrollers (MCUSs) are part of the MSP430 MCU value line sensing
family. The devices integrate a configurable low-leakage transimpedance amplifier (TIA) and a general-
purpose operational amplifier (op amp). The MCUs feature a powerful 16-bit RISC CPU, 16-bit registers,
and a constant generator that contribute to maximum code efficiency. The digitally controlled oscillator
(DCO) also allows the device to wake up from low-power modes to active mode typically in less than 10

us.

2 TLV9062 — Rail-to-Rail Op Amp

The TLV9062 (dual) is a dual, low-voltage (1.8 V to 5.5 V) operational amplifier with rail-to-rail input- and
output-swing capabilities. These devices are highly cost-effective solutions for applications where low-
voltage operation, a small footprint, and high capacitive load drive are required. Although the capacitive
load drive of the TLV9062 is 100 pF, the resistive open-loop output impedance makes stabilizing with
higher capacitive loads simpler. These op amps are designed specifically for low-voltage operation (1.8 V
to 5.5 V) with performance specifications similar to the OPAx316 and TLVx316 devices.

TS5A23157 — 2:1 Mux

The TS5A23157 device is a dual, single-pole double- Low ON-state resistance (10 Q) control inputs are 5-
V tolerant throw (SPDT) analog switch designed to operate from 1.65 Vto 5.5 V.

TPA2005D1 — Class-D Audio Amplifier

The TPA2005D1 is a 1.4-W high efficiency filter-free 1+ 1.4 W Into 8 Q From a 5 V Supply at THD = 10%
(Typ) class-D audio power amplifier in a MicroStar Junior™ BGA, QFN, or MSOP package that requires
only three external components .

System Design Theory

This section explains the design theory (and equations, if required) for each of the devices used in the
design.

4
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24.1 1 Rise-Time Control

Figure 2. Difference Amplifier
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The integrator, USA, will have a square wave at the input and will insert a slope at the square wave’s
rising and falling edge. The op amp is also inverting, so a rising edge at the input will result in a negative
slope at the output. The rise time can be calculated using the following equations.

The current through the capacitor C10 must equal the current through resistor R14 because no current
can flow through the input to the op amp. Vin refers to the COM1 output voltage from the MUX.

. V, —1.65 V

le = """Ria (1)

b= C10x (%) @

Set the current equations equal to each other.

Vo= 1.65 V _ o,
pis = C10% () 3)

The dv/dt expression in refers to the change in the capacitor’s voltage over a certain amount of time. It is

known that the capacitor will always have 1.65 V on one terminal, and the other terminal will charge up to
3.3 V and discharge to 0 V. The amount of time that it takes to charge and discharge to these values will

be the rise and fall time of the resulting audio signal. Because of this, we can set dv equal to 3.3 V and dt
equal to the rise time (). The rise time will equal the fall time.

V,—1.65 V 3.3V
ria = C10X(57) @

The fastest rise time corresponds to Vin = 3.3 V.

Substituting Vin = 3.3 V in Equation 4 will result in:

tise =2xR14 % C10 (5)
The input voltage, Vin, is determined by the output of the difference amplifier stage. This stage will output
1.65V —x, and 1.65 V + x, where x is the average of the PWM signal labeled rise time in Figure 2.

Op amp U1B makes 1.65 V + x at point NO1. Op amp U1A creates 1.65 V + x at point NC1. This PWM
signal creating signal x is allowed in software to have a maximum average value of 1.65 V. This
corresponds to a maximum duty cycle of 50%.
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Table 2. Voltage
VOLTAGE ON C9 VOLTAGE ON PIN 2 U7 VOLTAGE ON PIN 9 U7
X 1.65 - x 1.65 + x Rise time rate
oV 165V 165V Slowest as zero charge and discharge

current
Fastest as highest charge and discharge

1.65 V ov 33V current

Figure 3. Envelope Generation
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The square wave from the microcontroller is passed through an integrator formed by U5A. This shapes
the rising and falling edges of the waveform to create the waveform at U5A pin 1 shown in Figure 3. R15
and R13 level shift this waveform by 1.65 V creating waveform at U3A pin 1. U3B forms a unity gain
differential amplifier and creates an inverted form of the waveform on U3B pin 7 shown in Figure 4.

The two signals NC2 and NO2 are passed into the analog multiplexer U7 TS5A23157. An Audio
Frequency signal from the microcontroller is used to switch either U3A pin 1 or U3B pin 7 to the output
creating the complex chopped waveform shown in Figure 4.

2.5 Volume Control
Figure 5. Gain Control
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The circuit has two transistors set up as a differential amplifier. The circuit controls the DC control voltage
applied between the bases of the two transistors Q1 and Q2.
lin is the current flowing in resistance R28 which is connected to the emitter leads of the 2 transistors. lo is
current flowing in R39. If VBQ1 — VBQ2 > 60 mv, all current lin flows to lo. If VBQ2 - VBQ1 > 60 mv lo =
0. For voltage differences, less then 60 mv of the current is shared between the transistors. This action
works for AC and DC signals by controlling voltage across the base of the devices where we can change
gain.
The average value of the PWM controls the voltage across the bases of the transistors. For example,
PWM is zero duty cycle: Vpwm = 0 V. Bias VBQ1 to 1.65 V by means of a voltage divider. A voltage
divider set up by R33 and R37 make VBQ2 = 1.55 V. (1.65 / (R41 + R35) x R35) This gives more than 60
mv between the bases of transistors. Q1 is now turned off and Q2 is an operating current source.
h=(32;2%)="55 ua ©
b=t @)
V, = xR39=55 uax 22k ®)
Vo =1.2 V ©)
Assume a sine wave of 1.5 Vpp or 0.75 v Vpk is coupled at Vin. At the junction of R24 and R29, there is a
sine wave riding on a bias of 3.5 V. The peak voltage is now 4.25 V and lowest is 2.75 V.
lin = (VJunction R24, R29 -Vemitter)/R28 is now a sine wave current on a dc bias.
lin =lo and VR33 = lo x R33.
lin Pk = (4.25-2.3)/22k Vopk = 2 V. The output waveform is a sine which goes from 1.2 V to 2 V and down
to 0.5 V.
With PWM = 0, the system has a gain of 1.
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Another example: PWM is 100% duty cycle. VbQ2 has a 100 mv greater than VbQ1. Q2 is completely
turned off. Q is now a current source and all of the current flows through Q1A to ground. Therefore no
output appears across R39. This is a gain of zero.

Another example: All duty cycles from 0% to 100% shall have gains from 1 to 0. The DC bias at the output
also goes from 1.2 V towards zero.

Potentiometer R30 controls the volume. By changing the potentiometer, a variable DC voltage is fed to an
ADC pin of the microcontroller. The software sets up a PWM used to control the analog transistor circuit.

2.6 4 Class-D Audio Amplifier
Figure 6. Class-D Audio Amplifier
SPKR SHDN'
GND
Cc16 Speaker
—[1000pF
CI18 A4 & . 1 4E|
1900 ohm 2 le
(1)62v2uF _|__|
GﬁD 0.22uF C20
TPA2005D1ZQYR 1000pF
o
The TPA2005DL1 is a class-D audio amplifier working on a +5-V supply. It is used in a filter-free mode and
can drive an 8-ohm speaker to produce the desired tone. The IC has a differential input and is set up as a
single-ended amplifier. The gain is set by R35 and R38. L1 and L2 are ferrite beads used for EMI
suppression.
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Medical alarms are often used in patient-monitoring systems. In such systems, critical parameters, such
as breathing or heartbeat, are typically measured and if a critical signal reading goes out of the normal
limits, the alarm is activated, alerting hospital personnel. However, in the event of a faulty speaker or
broken wiring, sound might not be emitted from the alarm. In order to help avoid such an event, the sound
made by the board can be monitored such that if the sound fails, a fault flag can be given to the MCU.

The coincidence detector circuit uses a condenser microphone placed in close proximity to the speaker to
monitor the sound. If the envelope of the sound received by the microphone and the sound transmitted by
the speaker are the same and coincide in time with each other, then the sound is acceptable. If the two
envelopes are not coinciding, then a fault in the sound has occured.

A condenser microphone is placed in connector J5, and its signals are amplified using op amp UBA.
Comparator U8B forms an analog signal to the TTL converter. This converts the analog variations
received on the microphone to pulses. D1 and C26 form an envelope detector that make a pulse with a
width equal to the period for which signals were received at the microphone.

The signal audio pulse is made by the microcontroller to make a single burst of tone. XOR gate U9A is
used to compare the envelope of the microphone signal received and the audio pulse generating the
sound driven into the speaker. If the microphone is close to the speaker and is receiving the bursts, both
signals are the same. The output of the gate is low. If the microphone does not receive any signal from
the speaker, the output of the envelope detector is low. The XOR gate then delivers 2, 3, or 5 pulses
depending on the mode.

U8A receives the average output of the XOR gate. When the microphone is close to the speaker and it
receives sound, the average value of the XOR gate is low. Comparator UBA output is high and turns on
LED D2 permanently. When the microphone is positioned away from the speaker or the speaker is not
making sound, the comparator output makes pulses that drive pulses into LED D2.

TIDUEJ7-December 2018 Alarm Tone Generator Reference Design 9
Submit Documentation Feedback

Copyright © 2018, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUEJ7

13 TEXAS
INSTRUMENTS

Hardware, Software, Testing Requirements, and Test Results www.ti.com

3 Hardware, Software, Testing Requirements, and Test Results

3.1 Required Hardware and Software

3.1.1 Hardware

This section describes the requirements on the waveforms that constitute medical alarms. The tones are
described as groups of pulses, with each pulse containing multiple cycles of a frequency (Fp). Figure 9
describes the characteristics of each pulse. Each pulse has a certain rise time (tr), width (td), and fall time
(tf). A spacing (ts) exists between any two pulses. A group of pulses forms a burst. The time between 2
bursts is (tb).

Figure 9. Burst

ts L th |
y ’ [7 "l
A typical alarm may result in a beeping sound. This beeping is two bursts of two pulses. Each pulse is
made of many cycles of a pulse frequency Fp.

Table 3 shows the timing requirement of the waveforms.

Table 3. Timing Requirements of the Waveforms

CHARACTERISTIC VALUE
Pulse frequency (Fo) 150 Hz - 1000 Hz
Number of harmonics in range of 300 Hz - 1000 Hz 4
Pulse duration (td) medium/low 125 ms - 250 ms
Pulse duration (td) high 75 ms - 200 ms
Rise time (tr) 10% of td

There are typically three kinds priority of alarm signals.

Table 4. Number of Pulses in a Burst for Each Type of Alarm Priority

PRIORITY NUMBER OF PULSES IN A BURST
High 10 (2 groups of 5 pulses separated by a time from 0.35 - 1.3 seconds)
Medium 3
Low 2

Figure 10. Priority

——— i HH—H -

LOW PRIORITY MEDIUM PRIORITY HIGH PRIORITY
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Table 5. Pulse Spacing
HIGH PRIORITY MEDIUM PRIORITY LOW PRIORITY
land?2 X y y
2and 3 X y
3and 4 2x(x+1t)
4and5 X
5and 6 0.35s - 1.3s
6 and 7 X
7 and 8 X
8and 9 2x(x+1)
9 and 10 X
Interburst 2.5s - 15s 2.5s - 30s >15s
X=50 ms— 125 ms (10)
T=td (11)
Y=125 ms— 250 ms (12)

Switch S1, S2, and S3 can be used to select a low, medium, or high priority alarm.

Mode switch S4 selects one out of eight possible melodies for medium and high priority alarms. Each
music note in Table 5 corresponds to a frequency from Table 6.

Table 6. Music Note Frequencies

MUSIC NOTE FREQUENCY
c 261
C 523
e 330
g 392
f#t 370
a 440
f 349
b 494
d 294

Table 7. Music Notes by Mode

MODE HIGH MEDIUM LOW
General cce-cc cce
Cardiac ceg-Gc ceg
Artificial Perfusion cf#c-cf# cf#c
Ventilation caf-af caf
Oxygen Cba-gf Cba
Temperature cde-fg cde
Drug Cdg-Cd Cdg
Equipment Ccc-Cc Ccc

Any ec
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3.1.2 Required Hardware

LaunchPads are MCU development kits from TI. A variety of these kits are available to address various
applications. The MSP-EXP430FR2311 LaunchPad is an inexpensive and simple development kit for the
MSP430FR2311 MCU. This LaunchPad offers an easy way to develope the MSP430 MCU with onboard
emulation for programming and debugging as well as buttons and light-emitting-diodes (LEDs) for user
interface. Figure 11 shows the FR2311 LaunchPad.

The two 10-pin male connectors are accessible from the bottom of the board as female connectors.

Figure 11. MSP
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Figure 12. Board Mating

Figure 13 shows the pinout of the FR2311 LaunchPad, which allows easy access to all the peripherals on
the device.

Figure 13. MSP430 Pinout
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Figure 14 shows the PCB connections for the J1, J2, and J3 headers that will connect the signals on the
LaunchPad to the PCB.

Figure 14. PCB Connections
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3.1.3 Software

The software for the MSP430 is responsible for all of the timing parameters associated with the audio
bursts. There are three switches on the PCB that determine the priority level (low, medium, or high).
Additionally, there is a switch (S1) on the LaunchPad that is responsible for changing the melody. There
are 8 different melody options (similar to the IEC60601-1-8 specification), and pressing the button will
cycle through each of them. The parameters that can be changed during runtime are volume, priority level,
and melody. The parameters that can be adjusted by changing variable values in the firmware are pulse
spacing, pulse duration, burst spacing, and rise/fall time. The audio frequency can also be changed as
desired.
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Figure 15. Flow Chart
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3.2 Testing and Results

3.21 Test Setup
Use the following instructions for the test setup.
» Install Code Composer Studio™ version 7 or higher (Install to C:\ti).
* Open CCS.
e Click on the File option from the main toolbar and select Import project.
* Browse to select the downloaded firmware and click OK.
» Click on Run and Debug. This will program the board with the selected project file.

3.2.2 Test Results
Waveforms of the audio envelope are checked on U7 pin 6:

Figure 16 shows the switch selection that was used. The Default Mode setting corresponds to ccc cc or a
general pattern is used. This is automatically loaded on power up.

Figure 16. High Priority

Figure 17 shows the high-priority burst with a duration of 2.84 seconds between two bursts.

Figure 17. High-Priority Interburst
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Figure 18 shows the high-priority burst with a duration of 480 ms between the 5th and 6th pulses.

Figure 18. High-Priority Burst After 5 Pulses

Figure 19 shows the high-priority burst with a duration of 76 ms between the 1st and 2nd pulses.

Figure 19. High-Priority Burst After 1 Pulse

TIDUEJ7-December 2018 Alarm Tone Generator Reference Design 17

Submit Documentation Feedback
Copyright © 2018, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUEJ7

13 TEXAS
INSTRUMENTS

Hardware, Software, Testing Requirements, and Test Results www.ti.com

Figure 20 shows the high-priority burst with a duration of 320 ms between the 3rd and 4th pulses.

Figure 20. High-Priority Burst After 3 Pulses
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Figure 21 shows the rise time of the pulse of the high-priority burst as 23 ms.

Figure 21. High-Priority Burst Rise Time
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Figure 22 shows the high time of the pulse of the high-priority burst is 74 ms.

Figure 22. High-Priority Burst Pulse Width

JM250ms  J(cn1/1.58V

Figure 23 shows that the frequency inside of the pulse of the high-priority burst is 260 Hz. This
corresponds to the c note.
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Figure 24 shows that the frequency inside of the pulse of the high-priority burst is 260 Hz. This
corresponds to the c note. The FFT shows several harmonics corresponding to odd multiples of the
fundamental of 260 Hz.

Figure 24. FFT High

Source WFM
On | Off

Figure 25 shows the switch selection that was used. The Default Mode setting corresponds to ccc or the
general pattern that was used. This is automatically loaded on power up.

Figure 25. Switch Selection for Medium Priority

Figure 26 shows the medium-priority burst with a duration of 2.92 seconds between the first two bursts.

Figure 26. Interburst Medium
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Figure 27 shows the width of the pulse of the medium-priority burst as 188 ms.

Figure 27. Pulse Width Medium

Figure 28 shows the rise time of the pulse of the medium-priority burst as 25 ms.

Figure 28. Rise Time Medium
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Figure 29 shows the duration between two pulses of the medium-priority burst as 188 ms.
Figure 29. Medium-Priority Burst After 3 Pulses
Pnﬂod-
Figure 30 shows the frequency of medium-priority burst as 261 Hz.
Figure 30. Frequency Medium
e aBnnnl BrammBunend sl i e Cursor 2
Period '
T T TR
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Figure 31 shows the frequency inside of the pulse of the medium-priority burst as 260 Hz. This
corresponds to the ¢ note. The FFT shows several harmonics that correspond to odd multiples of the
fundamental of 260 Hz.

Figure 31. FFT Medium

Source WFM
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Figure 32 shows the switch selection that was used. The Default Mode setting corresponds to ec or any
pattern that was used. This is automatically loaded on power up.

Figure 32. Low Priority

Figure 33 shows a duration of 1.4 seconds between low-priority bursts.

Figure 33. Interburst Low
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Figure 34 shows a duration of 146 ms between two pulses of the low-priority bursts.

Figure 34. Low-Priority Bursts After 1 Pulse
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Figure 35 shows a duration of 1.4 seconds between two low-priority bursts. This test was done only for
demonstration. Actual low-priority signals have gaps greater than 15 seconds.

Figure 35. Interburst Low
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Figure 36 shows rise time of the low-priority bursts as 24 ms.

Figure 36. Rise Time Low

Figure 37 shows the width of the pulse for low-priority bursts as 168 ms.

Figure 37. Width Low
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Figure 38 shows the second frequency of the low-priority burst as 272 Hz.
Figure 38. Frequencyl Low
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Figure 39 shows the second FFT frequency of the low-priority burst as 272 Hz.

Figure 39. FFT Low F1
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Figure 40 shows the second frequency of the low-priority burst as 345 Hz.

Figure 40. Frequency?2 Low

Figure 41 shows the waveform of the low-priority burst FFT as 345 Hz.

Figure 41. FFT2 LowF2

Waveform 2 is the peak envelope of the received microphone signal on pin 2 of U9A in Figure 7. This
waveform is received when the microphone is brought in close proximity to the speaker and the speaker is
emitting an alarm sound. In this situation, onboard LED D2 is on permanently.
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Figure 42. Coincidence 1
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With a high-priority signal, the average current at LaunchPad input was 0.1 A as read by a multimeter.
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4 Design Files
4.1 Schematics
To download the schematics, see the design files at TIDA-010040.
4.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-010040.
4.3 PCB Layout Recommendations
4.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-010040.
4.4  Altium Project
To download the Altium Designer® project files, see the design files at TIDA-010040.
4.5 Gerber Files
To download the Gerber files, see the design files at TIDA-010040.
4.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-010040.
5 Software Files
To download the software files, see the design files at TIDA-010040.
6 Related Documentation
1. Texas Instruments, MSP430FR231x Mixed-Signal Microcontrollers Data Sheet
2. Texas Instruments, TPA2005D1 1.4-W MONO Filter-Free Class-D Audio Power Amplifier Data Sheet
3. Texas Instruments, TS5A23157 Dual 10- Q SPDT Analog Switch Data Sheet
4. |EC (2012). IEC 60601-1-8: Medical electrical equipment. Geneva, Switzerland.
6.1 Trademarks
E2E, LaunchPad, Code Composer Studio are trademarks of Texas Instruments.
Altium Designer is a registered trademark of Altium LLC or its affiliated companies.
All other trademarks are the property of their respective owners.
6.2 Third-Party Products Disclaimer
TI'S PUBLICATION OF INFORMATION REGARDING THIRD-PARTY PRODUCTS OR SERVICES DOES
NOT CONSTITUTE AN ENDORSEMENT REGARDING THE SUITABILITY OF SUCH PRODUCTS OR
SERVICES OR A WARRANTY, REPRESENTATION OR ENDORSEMENT OF SUCH PRODUCTS OR
SERVICES, EITHER ALONE OR IN COMBINATION WITH ANY Tl PRODUCT OR SERVICE.
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