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1.2

An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

System Overview

System Description

Conventional gas-sensing approaches can entail a combination of wired gas sensor installations and
manual inspection with a handheld unit. For locations that are impractical or expensive to reach with wired
sensors, a wireless sensor installation is preferable to a periodic inspection, which requires an operator.
However, traditional gas-sensing elements include a heating element to cause a measurable chemical
reaction with the gas. These are not practical for long-term use on a system powered by a small battery
due to their power consumption and preheat time. To achieve useful battery life, another sensing method
must be employed.

Ultrasonic sensing is an attractive alternative that can be used in a duty-cycled system with low power
consumption. Ultrasonic gas leak sensors do not detect the presence of a gas; rather, they detect the
ultrasonic signature produced when a gas leaks from a pressurized pipe. Where a traditional chemical gas
leak detector requires physical contact with a concentration of a particular type of gas for some period of
time, an ultrasonic gas leak detector is not dependent on gas concentration and is capable of detecting
any type of gas. Additionally, the audio-based detection mechanism enables efficient duty-cycling due to
its instant on capability, which eliminates the preheating times of traditional sensors.

Designed as a replacement for a periodic manual inspection, this sensor wakes at a configurable interval
(default 30 seconds) to check for leaks. This configuration enables wider coverage in a low-cost sensor
that is easy to maintain. Each time the sensor wakes, it captures audio, performs a fast Fourier transform
(FFT), analyzes the resulting frequency spectrum, and employs an algorithm to determine if a leak is
present. If a leak is detected, the sensor wirelessly contacts a base station to report the leak and enable
its onboard alarm. The sensor also wakes once per day to contact the base station and report its status
and battery state.

Key System Specifications

Table 1. Key System Specifications

PARAMETER SPECIFICATIONS DETAILS
Input power source CR2477 Lithium-primary coin cell battery (3.0-V nominal voltage) Section 1.5.1

Average active-state current

consumption (V,y = 2.8 V) 4.18 mA Section 2.2

Active-state duration 119 ms Section 2.2

Average standby-state current

consumption (V,y = 2.8 V) 0.85 pA Section 2.2

Leak sense interval 30s Section 1.1

Estimated battery life Greater than three years Section 2.2

Leak detection range Upto8m Section 2.2

Form factor 2.25- x 3.45- x 1.12-in rectangular PCB (57.15- x 87.63- x 28.45-mm) Section 1.6
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Figure 1. TIDA-01236 Simplified Block Diagram

1.4 Highlighted Products

1.4.1 bq35100 Lithium Primary Battery Fuel Gauge and End-of-Service Monitor

The bg35100 Battery Fuel Gauge and End-Of-Service Monitor provides highly-configurable fuel gauging
for non-rechargeable lithium primary batteries without requiring a forced discharge of the battery. Built so
that optimization is not necessary, the patented Tl gauging algorithms support replaceable batteries and
enable accurate results with ultra-low average power consumption through host control through the
GAUGE ENABLE (GE) pin.

The fuel gauging functions use voltage, current, and temperature information to provide State-of-Health
(SoH) and End-of-Service (EOS) data. The bg35100 device only requires power for the duration of time
that it takes to gather data and make the necessary calculations to support the selected algorithm and
frequency of updates required by the system.

1.4.2 CC1310 SimpleLink™ Sub-1 GHz Ultra-Low-Power Wireless Microcontroller

The CC1310 is a member of the CC26xx and CC13xx family of cost-effective, ultra-low-power, 2.4-GHz
and sub-1 GHz RF devices. Very-low active RF and microcontroller (MCU) current consumption, in
addition to flexible low-power modes, provide excellent battery lifetime and allow long-range operation on
small coin cell batteries and in energy-harvesting applications.

The CC1310 device is the first device in a sub-1 GHz family of cost-effective, ultra-low-power wireless
MCUs. The CC1310 device combines a flexible, very-low-power RF transceiver with a powerful 48-MHz
Cortex®-M3 microcontroller in a platform which supports multiple physical layers and RF standards. A
dedicated radio controller (Cortex®-MO0) handles low-level RF protocol commands which are stored in
ROM or RAM, thus ensuring ultra-low power and flexibility. The low-power consumption of the CC1310
device does not come at the expense of RF performance; the CC1310 device has excellent sensitivity and
robustness (selectivity and blocking) performance.
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1.4.6

The CC1310 device is a highly-integrated, true single-chip solution incorporating a complete RF system
and an on-chip DC-DC converter. Sensors can be handled in a very low-power manner by a dedicated
autonomous ultra-low-power MCU, which can be configured to handle analog and digital sensors; thus the
main MCU (Cortex-M3) can maximize the sleep time.

The CC1310 power and clock management and radio systems require specific configuration and handling
by software to operate correctly, which has been implemented in the TI-RTOS (TI real-time operating
system for MCUSs). Tl recommends using this software framework for all application development on the
device. The complete TI-RTOS and device drivers are offered in source code free of charge.

TLV320AIC3256 Very-Low-Power Stereo Codec With miniDSP and DirectPath™ Stereo
Headphone Amplifier

The TLV320AIC3256 (also called the AIC3256) is a flexible, low-power, low-voltage stereo audio codec
with programmable inputs and outputs, PowerTune™ capabilities, fully-programmable miniDSP, fixed
predefined and parameterizable signal processing blocks, integrated phase-locked loop (PLL), and flexible
digital interfaces.

In this application, the TLV320AIC3256 captures audio from a digital microphone, performs decimation,
and transfers the data to the host processor over an I°S interface. This approach offloads computationally-
intensive decimation from the processor to the codec, which can perform this task much more efficiently.
The TLV320AIC3256 supports multiple channels and integrates an audio amplifier. Using this same
device, the designer can construct a more complex sensor architecture with multiple microphones to
provide advanced filtering and directional information. The output channels can be used to generate a
specific tone or play a recording for the alarm to differentiate from other sensors.

TPS61070 Adjustable, 600-mA Switch, 90% Efficient PFM and PWM Boost Converter in Thin
SOT-23

The TPS6107x devices provide a power supply solution for products powered by either a one-cell, two-
cell, or three-cell alkaline, NiCd or NiMH, or one-cell Li-ion or Li-polymer battery. The boost converter is
based on a fixed frequency, pulse-width-modulation (PWM) controller using a synchronous rectifier to
obtain the maximum efficiency. At low load currents, the TPS61070 and TPS61073 enter the power-save
mode to maintain a high efficiency over a wide load current range. The maximum peak current in the
boost switch is typically limited to a value of 600 mA.

An external resistor divider programs the TPS6107x output voltage. The converter can be disabled to
minimize battery drain. During shutdown, the load is completely disconnected from the battery. The device
is packaged in a 6-pin thin SOT-23 package (DDC).

TPS731 Cap-Free, NMOS, 150-mA Low Dropout Regulator With Reverse Current Protection

The TPS731xx family of low-dropout (LDO) linear voltage regulators uses a new topology: an NMOS pass
element in a voltage-follower configuration. This topology is stable using output capacitors with low
equivalent series resistance (ESR) and even allows operation without a capacitor. The device also
provides high reverse blockage (low reverse current) and ground pin current that is nearly constant over
all values of output current.

The TPS731xx uses an advanced BiCMOS process to yield high precision while delivering very-low
dropout voltages and low ground pin current. Current consumption, when not enabled, is less than 1 pA
and ideal for portable applications. These devices are protected by thermal shutdown and foldback current
limit.

CSD13201W10 N-Channel NexFET™ Power MOSFET

This 12-V, 26-mQ, N-Channel device is designed to deliver the lowest on resistance and gate charge in
the smallest outline possible with excellent thermal characteristics in an ultra-low profile. The 0.8-V Vg
voltage of the device can be easily interfaced to logic level 10s. In this application, the host processor
directly controls the CSD13201W10 device to enable and disable the alarm.
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1.5 Design Considerations
151 Power Management

1511 Battery Management

A 3-V 1000-mAh CR2477 LiMnO, coin cell powers the sensor. For reasons of efficiency, the system
should run as long as possible before the user replaces the battery; however, it is more important that the
system does not experience unexpected outages due to battery depletion. One approach is to measure
the worst-case current consumption, calculate the runtime, and replace the battery with enough time in
advance to avoid service interruptions. However, this approach leaves a significant portion of battery
capacity unused after replacing the cell. Additionally, calculating the runtime is not a straightforward task
in a complex system such as this, where the current consumption varies depending on the cell voltage,
distance from the base station, temperature, leak detection interval, and many other factors.

To fully utilize the capacity of the battery and ensure predictable maintenance windows, this system
utilizes the bq35100 battery fuel gauge for measurements and SoH predictions. The advanced gauging
algorithm of the bq35100 device accounts for temperature variation, battery voltage, cell impedance, load
current, and more in its determinations. Because the SoH is measured on a regular basis, the system can
safely use more of the battery before it requires replacement. The system could also self-diagnose
potential problems if the battery drains much faster than expected.

The extended runtime and SoH information provided by the gauge comes with virtually no increase to the
system power consumption because the gauge can be so heavily duty-cycled. In this application, the
gauge is enabled once per week for a few seconds to measure and recalculate the SoH. The expected
system runtime is more than three years, so one week is well below 1% of the lifetime of the battery. Also,
because the bg35100 reports the SoH in 1% increments, waking more than once per week is
unnecessary. The designer can wirelessly change this interval during operation, if desired. See

Section 2.2 for more details on power consumption.

Ensure that the battery is in a relaxed state when the bq35100 performs a measurement, as this step is
important to prevent any recent significant discharge from affecting the battery voltage. LiMnO, batteries
have a high internal impedance and a long time constant on transient effects. When a load is applied, the
cell voltage drops due to its internal impedance. When the discharge ends, the battery voltage slowly
recovers back to its open-circuit voltage level. For ideal results, the battery voltage must be at a stable,
settled level when the gauge is enabled for measurement. Accomplish this stability by enabling the gauge
after the longest OFF period of a duty-cycled system.

15.1.2 Alarm

The buzzer for this alarm has an integrated tone generator which emits sound whenever powered. The
minimum 4-V operating voltage of this buzzer requires the use of a boost converter because the battery
voltage range is 2 V to 3 V. The TPS61070 boost converter is chosen for its efficiency at light loads. To
enable other components to share the output of the boost, this design uses the CSD12301W10 field-effect
transistor (FET) to enable and disable the alarm. The 0.8-V Vg of the FET is advantageous because it
enables the general-purpose input and output (GPIO) from a CC1310 processor to directly control the
alarm.

The boost converter also powers the bq35100 fuel gauge. The bq35100 REGIN and GE (gauge enable)
pins are connected to the output of the boost converter and power the gauge whenever the boost
converter is activated. In this scheme, the system can enable and disable the gauge using the lower-
voltage boost enable signal.

1.5.1.3 Audio Codec

The TLV320AIC3256 audio codec requires a 1.8-V supply voltage, which the TPS731 LDO provides. The
host processor disables this LDO when the codec is not in use to save power. Its dropout voltage is

30 mV at a 150-mA load, which is a much larger load than the codec will produce in this application. This
low dropout voltage is an important factor because this system is designed to operate down to a 2-V
battery level.
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15.1.4 Firmware Considerations

The main processor and radio (CC1310) integrates a DC/DC converter to reduce its power consumption.
The battery directly powers this converter because the CC1310 device is responsible for controlling the
system timing and can put itself in shutdown mode when the battery is nearly depleted. The standby
current of the CC1310 with a timer enabled is less than 1 pA. The use of TI-RTOS in application firmware
greatly simplifies power management; when properly configured, standby mode is automatically entered
when all tasks are blocked and peripherals are not in use. The application firmware does not have to
explicitly manage its own power states except when entering shutdown mode.

Because of the use of switching converters in this system, the overall current consumption increases as
the battery voltage decreases. Managing this effect requires some care because LiMnO, coin cell batteries
have a relatively high output impedance with a long time constant on transients. The firmware must avoid
stacking these transient effects to minimize the worst-case transient load. For example, the boost
converter causes a current spike when it powers on, which causes a voltage drop on the cell terminals.
The firmware must also avoid doing a radio transmission during this time until the battery voltage recovers
to prevent an early brownout.

Set the bg35100 max load parameter with the measured maximum system load at the system cutoff
voltage. This step is important to enable the bg35100 device to correctly account for the internal voltage
drop of the cell in SoH estimates at the end of the cell's life, where the lower voltage results in increased
current consumption.

1.5.1.5 Diagnostic Mode

The bg35100 saves power in SoH mode by initially performing all the required measurements and then
completing the calculations afterwards. The bg35100 device can also be operated in an accumulator
mode where, when enabled, it continuously measures and integrates current through a sense resistor. In
this mode, the gauge must be enabled during system loads so that it can accurately track passed charge.
Although the bg35100 is not designed to switch modes in the field, this system includes a diagnostic
command for development use that switches the gauge into accumulation mode and enables current
measurements. This mode is used to characterize the current consumption of various power modes for
the sensor and quickly evaluate the impact of firmware changes on current consumption. A 1-Q sense
resistor is used to provide increased resolution in this mode. In a production setting, a sense resistor is not
required for the bq35100 SoH mode, so the designer can replace this component with a 0-Q resistor or a
short.

6
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Data Acquisition

As an ultrasonic gas leak sensor, this system requires some means of capturing ultrasonic audio. This
design uses a digital microelectromechanical systems (MEMS) microphone with an 80-kHz bandwidth.
The output of the microphone is a pulse-density modulated (PDM) stream that must be decimated for
analysis. The TLV320AIC3256 audio codec supports digital microphones and is used to capture audio,
digitally filter and downsample the signal to lower the sampling rate multi-bit data, and transmit the data
back to the CC1310 processor over a digital I°S interface.

Care must be taken to ensure that the audio captured by the codec does not lose its ultrasonic
information. Although the codec supports frequencies up to 192 kHz, its filters are designed for audio
applications and have a 20-kHz bandwidth. The divider settings of the codec must be configured such that
it increases the bandwidth of the filter. For a detailed description of the divider settings, see
TLV320AIC3256 Application Reference Guide. This application implements the following scheme:

The PRB_7 codec processing block is used to select the decimation filter, which requires an
oversampling rate (AOSR) of 64; thus, a MADC divider of 2 or higher is required. To
accomplish this, a 24-MHz 1°S MCLK is used as the main clock of the codec. The codec
then samples from the digital microphone at a 12-MHz rate. However, the maximum clock
frequency of the digital microphone is 4.8 MHz. Using the digital microphone clock output of
the codec would violate the microphone specifications. To avoid this violation, a separate
clock (CLKOUT) is generated by the codec from the 24-MHz MCLK with a divider of 8. This
resulting 3-MHz clock is routed to the PDM clock input of the microphone. In this
configuration, the codec will effectively zero-order hold the input data from the microphone
until new data is available. Because the codec samples the microphone PDM stream faster
than it is output, care must be taken to ensure the microphone data is not corrupted. The
PDM format requires the microphone to tri-state its data signal when the clock level
corresponds to the other channel. The design must ensure that the data driven by the
microphone remains valid during the OFF period of the clock so that the codec reads this
data correctly. After the microphone data has been captured, filtered, and downsampled by
the codec, the resulting output is transmitted to the CC1310 as 16-bit, 187.5-kHz data.

Leak Detection

Pressurized gas leaks produce wideband ultrasonic noise that can be picked up by an ultrasonic
microphone. This system uses a 1024-sample fixed-point FFT to analyze the frequency spectrum. The
leak detection algorithm assumes that the background ultrasonic noise level remains stable. This
assumption is based on measured results in the test environment. During initialization, the sensor
captures the baseline ultrasonic noise level for each frequency bin by averaging multiple samples. The
assumption is that no leaks are present when the sensor first powers on. A command to reset the baseline
levels by re-measuring is included in the device firmware to enable adjustment if the background noise
levels drift.

During operation, the sensor subtracts this baseline from the FFT samples to calculate a change in
intensity. The change in intensity is then integrated across the 35-kHz to 65-kHz region and the result is
compared against a threshold. If three consecutive samples are larger than the threshold, the sensor
detects a leak. More elaborate filtering and detection algorithms can be developed using the same
platform.
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Wireless Communication

The system minimizes power consumption by transmitting its status only once a day during normal
conditions. When a leak is detected or stops being detected, the system immediately sends a natification
to the base station. The radio is powered down for the remainder of the time, which means that the sensor
cannot be used to retransmit packets in a mesh network. A star network topology with a single base
station is used because it does not require the radio to stay on and requires the development of only one
other node to use as a base station.

Whenever a sensor node sends a packet to the host, the node provides a window for the host to respond.
The node retries a configurable amount of times before returning to normal operation to ensure that the
host can receive the command if it is available. The host response signals the node to either return to
normal operation or to await further commands. Although the host cannot communicate with the sensor
during its OFF period, it will have an opportunity to communicate bidirectionally once per day or whenever
a leak occurs. The user can configure a shorter communication rate, if necessary.

Firmware Design

The system firmware has been developed, built, and programmed using Tl's Code Composer Studio™
(CCS) software. The firmware uses TI-RTOS and leverages Tl's CC1310 drivers whenever possible. A
single task is able to efficiently meet the sensor requirements, so other tasks are not created. This single
task maintains timers to control sensing, gauging, and RF communications.

To enable reuse and maintainability, sensor functionality is compartmentalized into modules. The
individual subsystems are abstracted as devices such that the main code is not dependent on the
hardware, operating system, or even physical implementation of the system. For example, the host
communication system is implemented with packets transferred over a serial link. This serial link is
supported by a wireless protocol but can be replaced by a serial port or other communication interface in
another project. Similarly, each subsystem is supported by portable device drivers. These drivers
implement communication to and control of hardware that fulfill subsystem functions. In turn, these drivers
are built upon a set of CC1310 peripheral drivers. The application program interfaces (APIs) to these
drivers can be implemented for another device if porting is required.

Figure 2 shows the architecture of the sensor firmware.
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Figure 2. Firmware Architecture
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1.6 PCB Design

The printed-circuit board (PCB) dimensions are 2.25 x 3.45 x 1.12 in (57.15 x 87.63 x 28.45 mm), which
is primarily due to the decision to keep all components on the top side and to place the alarm buzzer on
the board. This layout simplifies assembly and does not require external casing to hold the buzzer.
Figure 3 shows a diagram of the PCB component locations.

The large size of the buzzer, battery holder, and PCB antenna drives the overall shape of the board; other
components are located around these. In a system where the buzzer is mounted to an enclosure and size
is a concern, the designer can make the PCB smaller by moving the battery holder to the bottom side,
using test points instead of the J1 debug header, and providing only connection points for the buzzer. With
the space cleared by removing these components, the designer can then place the PCB antenna closer to
the corner of the PCB.

® For avaluation only; not FCC approved for resa
® o TIDA-01236_Rev-F
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Figure 3. PCB Component Locations
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2 Testing and Results

System testing is separated into two categories: power consumption and leak detection. Because the
sensor is duty-cycled with configurable intervals, the power consumption is measured for each of the
sensor operational modes to enable accurate calculation of the overall power consumption and to enable
the user to make informed decisions regarding the configuration settings.

2.1 Test Setup

A test leak apparatus was constructed as a stimulus for leak detection system testing (see Figure 4). This
apparatus consists of a small pipe fitted with a pressure regulator, pressure gauge, ball valve, and a set of
caps for the end of the pipe. A small hole was drilled in the end of each cap to simulate a repeatable leak
(see Figure 5). This apparatus was then connected to a compressed air system. Given the directional
nature of the simulated leak, all testing was performed with the leak directed toward the sensor.

The data was collected in a quiet room using the sensor in a diagnostic mode where it transmitted the raw
audio, FFT output, and measured intensity to a PC for analysis. To filter out noise, ten audio samples
were collected for each distance, pressure, and hole size. The average leak intensity of these ten samples
was used in the following analysis.

Figure 4. Test Leak Apparatus Figure 5. Cap With Hole for Test Leak Apparatus

Based on these results, the leak detection threshold was set at a relative leak intensity level of 500. Next,
the detection range for the sensor at three different pressures was measured. This test was conducted in
a large room in a lab with moderate background noise and various equipment in operation. A cap with a
0.53-mm diameter hole was connected to the test apparatus. After the sensor was powered on and had
established a baseline for ambient noise, the test leak was activated. The sensor was then slowly moved
away from the test apparatus until it no longer detected the leak and the distance was recorded. This test
was repeated at three different pressures.

To measure system power consumption, the sensor firmware includes diagnostic commands to force it to
enter specific operational modes for extended periods of time. These commands were used to cycle
through the modes while measuring current consumption with a multimeter. Current consumption was
measured at two different voltages. To enable average current calculations, the duration for each
operation was also measured.
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2.2 Test Results

Figure 6, Figure 7, and Figure 8 show the average leak intensity as recorded by the sensor with varied
pressure, leak size, and distance from the sensor, respectively. Figure 9 shows the maximum leak
detection distance with various air pressures at the test apparatus.
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Figure 8. Relative Leak Intensity versus Distance Figure 9. Maximum Leak Detection Distance versus
Pressure

The active-mode current consumption (l,crve) Was measured at a 2.8- and 1.8-V system input voltage
(V\n). Table 2 lists the duration and frequency of these operations along with the resulting calculated
average current.

Table 2. Current Consumption

POWER
MODE lactive (Vin = 2.8 V) lactive (Vin = 1.8 V) DURATION FREQUENCY laverace (Vin = 2.8 V) Iaverace (Vin = 1.8 V)
Audio capture 6.70 mA 5.85 mA 36 ms 30s 8.04 pA 7.02 pA
FFT calculation 3.09 mA 5.01 mA 83 ms 30s 3.71 pA 6.02 pA
Radio RX 6.55 mA 10.73 mA 100 ms 1wk 1.08 nA 1.77 nA
Radio TX 13.23 mA 21.71 mA 40 ms 1wk 0.875 nA 1.44 nA
Gauge and
boost on 123 pA 140 pA 2100 ms 1wk <1nA <1nA
Sleep 0.85 pA 1.30 pA — — 0.85 pA 1.30 pA
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3.1

3.2

3.3

3.3.1

3.4

3.5

3.6

5.1

Design Files

Schematics
To download the schematics, see the design files at TIDA-01236.

Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01236.

PCB Layout Recommendations

Care should be taken to follow the layout guidelines of each individual component. This design uses four
ground planes to minimize noise into sensitive parts of the system. The microphone and codec are each
located on their own respective planes to minimize noise into the audio signal. The boost converter is kept
on its own plane to keep its noise out of the rest of the system. The boost layout uses short traces
wherever possible to minimize electromagnetic interference (EMI) from switching. The gauge is also on its
own plane to keep its measurements clean even when other parts of the system are active. The traces to
the sense resistor are routed as a differential pair to minimize noise. Tl recommends a filter network for
the sense resistor in applications where accurate current measurements are more critical. For more
details, see bg35100 Lithium Primary Battery Fuel Gauge and End-Of-Service Monitor.

Layout Prints
To download the layer plots, see the design files at TIDA-01236.

Altium Project
To download the Altium project files, see the design files at TIDA-01236.

Gerber Files
To download the Gerber files, see the design files at TIDA-01236.

Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01236.

Software Files
To download the software files, see the design files at TIDA-01236.

Related Documentation

Texas Instruments, bg35100 Technical Reference Manual
Texas Instruments, TLV320AIC3256 Application Reference Guide
Texas Instruments, CC13x0, CC26x0 SimpleLink™ Wireless MCU Technical Reference Manual

Texas Instruments, CC26x0, CC13x0 SimpleLink™ Wireless MCU Power Management Software
Development Reference Guide

pwbdPR

Trademarks

SimpleLink, DirectPath, PowerTune, NexFET, Code Composer Studio are trademarks of Texas
Instruments.

Cortex is a registered trademark of Arm Limited.

All other trademarks are the property of their respective owners.
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