Design Guide: TIDA-010050

Ultra-Low Power Water Flow Measurement for AMR
Reference Design

Description
This fully tested reference design demonstrates a lowpower solution for electronic measurement of water
flow through a mechanical meter and provides a
single-chip platform for flow measurement and
wireless communications. The design is ideal for water
meter Automatic Meter Reading (AMR) modules that
add wireless communications to existing mechanical
meters. The RF subsystem supports standard
protocols such as wireless M-Bus or proprietary
protocols in the Sub-1 GHz ISM bands. This reference
design offers the ability to accurately read the
mechanical rotation from longer distances, and
provides greater reliability. The ultra-low power
consumption reduces the battery requirement and
extends product lifetime.
Resources
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CSD23285F5
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Sensor Controller Studio
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Features
• Single-chip integrated solution with flow meter
metrology and RF communications subsystem
• Meets measurement accuracy requirements of
ISO4064-1:2014-11 (Class 1)
• Consumes 1.83 µA while sampling at 16 Hz with
3.3-V power supply
• Accurate measurement at up to 5.8 mm from
rotating disc
• Complete tested reference design with firmware,
design files, and test report
Applications
• Electronic AMR add-on modules
– Water meters
– Heat meters
– Gas meters
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System Description
There is an increasing demand for the development of smart water meters from all over the world in
replace of traditional mechanical meters. Compared with a full replacement of an electronic meter, using
an electronic add-on module to integrate with the mechanical meters can be a less expensive solution.
With the cost consideration and competitive performance, it can be placed in an increasingly strong
position in the market.
The TIDA-010050 uses TI's CC1312R SimpleLink™ ultra-low-power wireless MCU to implement a LCsensing subsystem to detect disc rotation with minimal cost while achieving extremely low power
consumption without compromising on performance. This single-ship solution introduces a novel approach
for flow measurement applications by integrating a true wireless AMR capability with low-cost LC sensors
to deliver a highly affordable and physically compact solution. This reference design can be implemented
with any CC13x2 and CC26x2 SimpleLink™ low-power RF wireless MCU, which integrates the same
sensor controller engine.
The TIDA-010050 is a further development to the Low-power water flow measurement with inductive
sensing reference design, which is based on the CC13x0 device. Because there are lots of improvements
tuned toward ultra-low power in the CC13x2, including a 2-MHz clock, fast wake-up, and ultra-low power
counter, the power consumption of the TIDA-010050 is significantly lower. Several modifications in
hardware and software have been validated to offer a better system performance of distance and
accuracy detection, including inductor cross-coupling effect suppression and calibration mechanism during
initialization.

1.1

Key System Specifications
Table 1. Key System Specifications
PARAMETER

2

SPECIFICATIONS

DETAILS

Input voltage

2~3.8 V (Lithium-ion primary cell: Li-SOCL2 or LiMnO2)

Section 4.2

Sensor method

Inductive (or LC sensing)

Section 2.4

Average power consumption

1.83 µA and 4.42 µA with 16-Hz and 64-HZ sampling rate at 3.3
V, respectively (without interrupts to the system CPU
application)

Section 4.2.1

Motion sensing range (distance between
disc and inductor)

Maximum 5.8 mm with Gemphil inductor GT1302-0

Section 4.2.2
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System Overview

2.1

Block Diagram
As shown in Figure 1, the TIDA-010050 is developed based on TI’s SimpleLink™ MCU platform
LAUNCHXL-CC1312R1, providing a simple platform for the evaluation of ultra-low power flow
measurement applications.
The TIDA-010050 board is constructed with two LC sensors, as the detection interface to a half-metal, half
non-metal disc in mechanical flow meters. A motor will be used to drive a rotor disc to simulate water flow.
Two kinds of inductors, including the Gemphil inductor and PCB inductor, are provided in the design for
evaluation.
Though primarily targeted at mechanical water meters, the TIDA-010050 can be used to update the
traditional mechanical heat and cooling meters or gas meters as well.
Figure 1. TIDA-010050 Block Diagram
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2.2

Highlighted Products
The TIDA-010050 contains two key devices: the CC1312R MCU and the FemtoFET CSD23285F5.

2.2.1

CC1312R
The CC1312R device is a Sub-1 GHz wireless MCU targeting wireless M-Bus, IEEE 802.15.4g, IPv6enabled smart objects (6LoWPAN), ZigBee®, KNX RF, Wi-SUN®, and proprietary systems.
The CC1312R device is a member of the CC13x2 and CC26x2 SimpleLink™ low-power RF wireless MCU
products. This reference design can be applied with all CC13x2 and CC26x2 devices. As shown in
Figure 2, the CC1312R device combines a flexible, very low-power RF transceiver with a powerful 48-MHz
Arm® Cortex®-M4F CPU in a platform supporting multiple physical layers and RF standards. A dedicated
Radio Controller (Arm® Cortex®-M0) handles low-level RF protocol commands that are stored in ROM or
RAM, thus ensuring ultra-low power and great flexibility. The low power consumption of the CC1312R
device does not come at the expense of RF performance; the C1312R device has excellent sensitivity and
robust performance.
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Figure 2. CC1312R Architecture

2.2.2

LAUNCHXL-CC1312R1
The CC1312R LaunchPad™ is part of TI’s SimpleLink MCU platform, offering a single development
environment that delivers flexible hardware, software, and tool options for customers developing wired and
wireless applications. The TIDA-010050 must combine with the CC1312R LaunchPad and connect with
the LaunchPad kit’s I/O connectors, which saves time and production cost by quickly prototyping the
inductive sensing sub-system. All software examples and hardware design files included in the SimpleLink
CC13x2 SDK support the CC1312R LaunchPad kit, making the development much easier.
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Figure 3. LAUNCHXL-CC1312R1

2.2.3

CSD23285F5
This 29-mΩ, –12-V, P-Channel FemtoFET™ MOSFET technology is designed and optimized to minimize
the footprint in many handheld and mobile applications. This technology is capable of replacing standard
small signal MOSFETs while providing a significant reduction in footprint size.

2.3
2.3.1

Design Features
Ultra-Low Power Design
As smart water meters are typically battery powered, the power consumption is one of the most important
specifications, where often a battery life of at least 10 years must be ensured. Besides, it should be noted
that the add-on electronic modules are size constrained, so it will also limit the maximum available battery
capacity. In many cases, a flow meter reports the measurement rather infrequently using the RF
functionality — very often just a few times per day. Thus, it is often more challenging to keep the average
current on the metrology low because the flow must be monitored continuously and will often require the
MCU to wake up many times per second.
The Sensor Controller Engine (SCE) in the CC1312R device executes code from a dedicated ultra-lowleakage (ULL) RAM memory and can control peripherals independently of the main Arm® Cortex®-M4F
application processor. Therefore, the main processor can sleep as long as possible and only wakes up to
perform more compute-intensive tasks, like RF communication. This reduces the number of wake-ups and
saves power. Updated from the CC1310, the sensor controller in the CC1312R device supports a 2-MHz
clock conﬁguration in addition to the original 24-MHz configuration. This fast wake-up and ultra-low-power
2-MHz mode is designed for energy efficient sampling, buffering, and processing both analog and digital
sensor data.

2.3.2

Single Chip Solution
The CC13x2 SimpleLink™ low-power RF wireless MCU products are designed toward low power in both
metrology and RF communication, which means that it does not need an external RF device to implement
wireless communication capability. TI offers the CC13x2 and CC26x2 wireless MCU platform with multiple
wireless protocol stacks. The available stacks are both customer-modifiable and standard-based
protocols, such as the Wireless M-Bus Protocol Software and the TI 15.4-Stack that is available in the
SimpleLink™ CC13x2 Software Development Kit.
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LC Sensing Theory
Over time, the inductive tank (LC) sensing systems have proven their capability in industrial flow meter
application. The systems are precise, cost efficient, and do not consume much power. Also, LC sensors
can be calibrated to different environments, and the precision of the rotation measurement can meet Class
1 accuracy for water meters.
Figure 4. LC Sensor Oscillation

The LC oscillation theory has been introduced in the Low-power water flow measurement with inductive
sensing and Water meter for two LC sensors using Extended Scan Interface (ESI) reference designs. The
LC sensor is able to detect a conductive material in the proximity of the inductor. As shown in Figure 4,
after triggered by a excitation pulse, the LC oscillation is generated. The oscillation signal is fed to the
COMPA of the Sensor Controller Engine. Here the reference DAC is used as a programmable voltage
reference for the comparator. Then, with the help of a pulse counter for the digital output signal of the
comparator, the number of pulses larger than the DAC value is obtained.
The inductor of a LC circuit is placed above the rotating disc, which is half covered with a metal coating,
as shown in Figure 5. The oscillating magnetic field created in the LC sensor will induce eddy currents in
the metal half of the disc, which absorbs the energy from the inductor. When the inductor is above the
metal part, the oscillation amplitude will decay faster, so the collected number of pulses will be
substantially lower compared to the case without metal. A threshold value can be used to differentiate
between damped and undamped conditions, which correspond respectively to a metal or non-metal
material being in front of the LC sensor. The binary 1 is used to represent the undamped oscillation where
the pulse count is more than the threshold value, while 0 is for damped condition.
Figure 5. Damped and Undamped Oscillation
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One LC sensor can measure the rotation, but a second LC sensor is needed to detect the direction of the
rotation. The flow can go in both directions in water meters due to the pressure change when an open tap
is closed, so it is important to detect and calculate any flow in the reverse direction as well. The inductors
are placed in a 90° off-axis angle above the disc. When the disc rotates, the measurements produce a 2bit gray-code, where each code corresponds one quadrant of a full rotation. Figure 6 shows a simple state
machine with the digitized signal for a rotating disc using two LC sensors, giving out four states for one
turn: 00, 01, 11, and 10. The sequence of these four states provides the direction of rotation.
Figure 6. State Machine During Rotation
counter-clockwise rotation

Sensor 1

Sensor 2

a)01

b)00

c)10

d)11

a)01

b)00

clockwise rotation

TIDUEO3 – April 2019
Submit Documentation Feedback

Ultra-Low Power Water Flow Measurement for AMR Reference Design
Copyright © 2019, Texas Instruments Incorporated

7

Getting Started Hardware and Software

www.ti.com

3

Getting Started Hardware and Software

3.1

Hardware Design
In this section, key points for the TIDA-010050 board will be demonstrated. Figure 7 shows the schematic
of one LC sensor that can be divided into 4 parts: LC sensor, trigger circuit, DC bias circuit, and coupling
effect suppression circuit. To optimize the component selection, a simulation model based on
SIMetrix/SIMPLIS is provided.
Figure 7. Schematic of One LC Sensor
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3.1.1

LC Sensor Selection
Several key factors should be taken into consideration in selecting suitable component parameters for the
LC tank.
•

Power consumption

As is mentioned in the Method to select the value of LC sensor for MSP430 Extended Scan Interface
application report, the average power consumption for an LC sensor can be derived as
(1)

In Equation 1, fs is the sampling rate and Δt is the duration of excitation time. The equation shows that
larger L-values and smaller C-values can reduce the overall current consumption. However, the losses of
the copper resistance of the inductor are neglected in the presented equations, and they have to be
considered. As the inductor value increases, the copper resistance also increases. Besides, a higher
resistance leads to a fast damping of LC oscillation signal. Therefore, a suitable inductor value with a
smaller copper resistance is preferred.
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•

Oscillation frequency

Because the COMPA performance is limited to 1 MHz, the oscillation frequency of the LC tank has to be
less than that value. Alternatively, the slower the resonant frequency is, the longer the process of
measuring and evaluating the oscillation will be. This also aﬀects the energy consumption because the
sensor controller engine of the CC1312R device must be powered as long as the measurement is
ongoing.
•

Size and form

The physical size of the capacitor is small. However, the inductor is much bigger. It is challenging when
choosing an inductor of higher value. The inductor size is limited by the targeted rotation disc of the water
meter, which is generally small. Figure 8 shows a common rotation disc in actual application, which is also
used in the TIDA-010050. The diameter is measured as 11 mm.
Figure 8. Rotation Disc

The detection performance, like distance and accuracy, is related to the area of the rotor plate covered
with the magnetic field generated from the inductor. If the effective covering area is not enough, the
magnetic energy absorption rate of inductor through the eddy current on the metal portion of the rotor
plate is reduced. In this case, 11 mm means that the inductors used for the LC sensors can not be much
wider than 5 to 6 mm in diameter.
Alternatively, the form of the inductor also plays an important role in detection performance. The
dampening effect should be as large as possible to correctly differentiate between damped and undamped
conditions. Thus, the electromagnetic field projected should be far and strong enough to cover the metal
area of the rotation disc. In this case, shield-type inductors are not suitable in this application. In the TIDA010050, the inductor from Gemphil, GT1302-0, is implemented, and Figure 9 shows its model. The
inductor has a T-shaped cross-section with windings around the center.
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Figure 9. Model of Gemphil Inductor

3.1.2

Trigger Circuit
As shown in Figure 7, the CSD23285F5 P-Channel FemtoFET™ is used as a switch to charge the LC
sensor circuitry when receiving an LC excitation pulse. The most important consideration here is to ensure
that the LC circuit is enabled long enough to get fully charged. The required length of the trigger time
depends on various factors such as the effective capacitance of the LC sensor and the supply voltage
used. The LC excitation pulse is generated from the NAND gate, triggered by the digital IO pin of the
CC1312R device and RC circuit. In the Low-power water flow measurement with inductive sensing
reference design, the trigger signal was directly provided from the IO pin of the CC1310, and the trigger
time of 250 ns was used. For one trigger event, the trigger pin should be driven HIGH for a single
processing unit and then released. Because the sensor controller in the CC1312R device uses a 2-MHz
clock for low power mode, the duration for the HIGH state is 1 µs (each CPU instruction takes 2 clock
cycles). Therefore, the RC circuit here is used to provide a shorter trigger time. Different RC parameters
can be implemented for different trigger time requirements.

3.1.3

DC Bias Circuit
In this design, the DC bias circuit is used to level shift the common-mode level of the oscillating signal
from the flow meter from GND to VDDS/2 to limit the signal within the maximum and minimum allowed
input voltage on the IO pins of the CC1312R device. The DC bias circuit also plays an important role in
providing a stable and predictable signal to the on chip comparator, as shown in Figure 7.
The capacitor C9 in this case is used to decouple the DC oﬀset of the oscillation signal. The two resistors
generate a specific oﬀset. Generally, as a simple voltage divider, the resistor value can be selected as
high as possible to reduce the leakage current for the power consumption concern. However, since
FLOW_BIAS voltage is only provided in such a short time during measurement for the power consumption
concern, smaller leakage current will cause longer settling time to make the common-mode voltage level
stable. At the same time, the leakage current will also affect the oscillation signal amplitude that bigger
current will increase the damp effect. Thus, a trade off needs to achieve on both oscillation amplitude and
common-mode settling time, and it is not recommended to use a resistor value less than 1 MΩ in this
case.

3.1.4

Coupling Effect Suppression Circuit
In actual application, the rotation disc in the flow meter is generally small. Thus, to achieve a better
detection performance with a fully covered sensing dimension, it is necessary to have two inductors
installed in close proximity to each other. Therefore, there will be an issue in that the inductive coupling
will distort the oscillation severely. Figure 10 shows the oscillation result of the inductive coupling eﬀect.
Although the inductor is triggered one after another, the energy will charge back and forth from this sensor
to the other one mounted next to it. The worst case is that the oscillations will be distorted too much to be
able to correctly detect whether the oscillation is damped or not.
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Figure 10. Oscillation Result of the Inductive Coupling Effect

It is possible to select different resonant frequencies for two LC sensor circuits, which can reduce the
coupling effect to some extent. However, two different sensors generally will cause different detection
capabilities, which may need additional tune effort to achieve optimal performance. Otherwise, the
detection distance and accuracy will be limited.
In the TIDA-010050, another solution is proposed and has been validated. Both terminals of the inductor
will be forced to the same potential while the other inductor is oscillating, which can inhibit the undesired
oscillation to a large extent with no current ﬂowing. Thus, two IO pins of FORCE_LOW and FLOW_OUT
signal will change to a low level simultaneously after the present oscillation is finished. Figure 4 has shown
the oscillation result with coupling effect suppression circuit enabled.
3.1.5

Optional PCB Inductor
As showin in Section 3.1.1, the inductor without shield from the Gemphil is implemented in the TIDA010050. There is another possibility to provide an inductor for the LC sensor, where the inductor coils are
directly fabricated onto the system PCB itself. By default, the Gemphil inductors are mounted in the board
with 0-Ω resistors R11 and R12 installed. If using the PCB inductor for the evaluation, R13 and R14 must
be mounted instead.
Figure 11 shows an example of the geometry of a PCB coil, where din represents the inner diameter of the
coil, dout represents the outer diameter of the coil, W represents the trace width of the coil, and S
represents the spacing between the traces used in the coils.
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Figure 11. PCB Coil Geometry

In the TIDA-010050, the Coil Designer tool, a WEBENCH tool originally used for the LDC0851 solution, is
used to facilitate PCB coil design. This tool was developed initially to create a reference and sense coil
design, which can be exported to CAD files, as an initial version for this design. Figure 12 shows one
example of setting the page for the coil design. Because the size of the coil is limited by the detection
area, dout is set to 7.5 mm. The final inductance value depends on factors such as diameter of the coil, the
number of turns of the coil, the number of coil layers, as well as the distance between the coil layers. To
increase the inductance, more turns and layers with smaller trace width (W) is preferred. However, W
should be adjusted to consider the minimum trace width supported by the PCB manufacturer for the
design. 4 mils is chosen in this design.
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Figure 12. Coil Design Setting Page

4 layers are implemented for the PCB inductor. However, the inductors outputted from the Coil Designer
tool are 2 independent inductors with 2 layers, respectively. Thus, further modification is needed to
combine the inductors into one, and the physical construction of a 4-layer inductor has been demonstrated
in the TIDA-00828, as shown in Figure 13. To increase the mutual coupling between inductors, the circular
coil should use the same current flowing direction through it in every layer. Figure 14 shows the
connection process of coils on 4 different layers. Coils on the signal 2 layer and bottom layer should be
exchanged first, due to the current flowing direction requirement.
On the TIDA-010050 board, there are 3 PCB inductors, where the third one generally works as a back up
inductor in case one of them is damaged. In this design, the value of the PCB inductor is measured as 15
µH, with a high resistor value of 4.7 Ω. With a fast decay speed for the oscillation, the measurement can
not be well supported. Thus, further design effort and evaluation is recommended to optimize the solution
with PCB inductor.
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Figure 13. 4-Layer Inductor Physical Construction

Figure 14. Connection Process of Coils on 4 Different Layers

3.1.6

Simulation Model
A simulation model is provided based on SIMetrix/SIMPLIS, which is an easy-to-use professional tool for
analog circuit design. The model is fast, accurate, and has reliable convergence. With the multi-step
analysis function, it is very convenient to tune different parameters to achieve better system performance.
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Figure 15. Simulation Model for One LC Sensor

Figure 15 shows the simulation model for one LC sensor. In the simulation model, the Trigger_Pulse is
used for the trigger signal with an excitation time of 1 µs. A capacitor of 10 pF is added towards GND on
the Flow_Out2 to simulate the capacitance induced by routing and the input capacitance within the
CC1312R device, like ESD diodes. Because there is no simulation model for the MCU chip, the decoupled
capacitors are not presented in the simulation model due to the model integrity check.
A simulation example is given for the influence of different parameters of R5 in the trigger circuit. Here, a
multi-step analysis function will be used. The steps are shown in Figure 16. Firstly, double click on R5 and
enter the value R5. Then click Simulator, Enable multi-step, Setup Multi-step, Define List, and OK. Finally,
the simulation result with different parameter steps of R5 can be obtained, as shown in Figure 17. The
effective trigger time is measured by the time of VGS > VGS(th) (typically –0.65 V) of the CSD23285F5.
With cursors toggle On/Off tool, the trigger time can be measured as 51 ns, 139 ns, and 227 ns for R5 = 1
kΩ, 3 kΩ, and 5kΩ, respectively.
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Figure 16. Simulation Steps of Multi-step Analysis Function

Figure 17. Simulation Result With Different Parameter Steps of R5
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3.2

Software
The released software projects for the TIDA-010050 include two parts. The first is a Sensor Controller
Studio (SCS) code for controlling the two LC sensors. The second is a complete CCS source code, which
builds upon TI-RTOS and incorporates the SCS code portion. The development tools of SCS version 2.4.0
or later and Code Composer Studio (CCS) version 8.2.0 or later are available for free on product pages.
Because the design is developed based on the SimpleLink platform, it is necessary to download and
install SIMPLELINK-CC13X2-26X2-SDK as the source files for the previously mentioned software
projects.
Both firmware code projects for SCS and CCS are provided as a single-source code deliverable on the
TIDA-010050 tool folder. The CCS source code project contains the SCE project, found in the install path
/TIDA-010050_SW/sce/ and named LC_sensor.scp which handles the LC sensing part. Ensure that the
sensor controller output project in SCS is saved to the CCS project folder in the Code Generator Panel.
How to integrate a sensor controller project into an application can be found in the CC13x2 SimpleLink
Academy training or SCS Getting Started Guide.
In SCS, it is possible to run the LC sensing project with run-time logging (debug mode), which provides a
generic, easy-to-use environment for evaluating and optimizing performance of tasks while these run at
full speed. After that, CCS code is needed to integrate the task into a fully standalone application and
flashed into the chip.
In the TIDA-010050 CCS firmware, the system CPU will wake up for the alert from the sensor controller
task. Whenever the rotation count or error count changes, the CPU will be alerted to indicate the related
information by blinking LEDs.
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Figure 18. Flowchart for LC Sensing Control in SCE
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Figure 18 shows the flowchart for LC sensing task in SCE. In the Constants and Data Structures Panel in
SCS, there are user-defined parameters which can be tuned for the performance evaluation and
optimization, as listed in Table 2.
Table 2. Parameters for LC Sensing Task
PARAMETER

DESCRIPTION

REFDAC_OFFSET

Offset added to reference DAC calibration result during
initialization.

CAL_MIN_MAX_DIFF

Least required difference between minimum and maximum pulse
count. Higher value represents stronger robust for the detection
accuracy.

execInterval

Belong to cfg data structure, to decide the sampling rate.

The LC sensing task consists of two task code blocks: Initialization Code and Event Handler Code. The
Initialization Code runs one time when the task is started, and the Event Handler Code is triggered after a
specified delay. Further demonstration for the detailed code functions is given in the following sections.
3.2.1

DAC Calibration
During initialization, the reference DAC value is obtained before the LC tank oscillation is triggered. As
shown in the following code, after the DC bias circuit is powered up, a DAC value that corresponds to the
bias voltage is decided. Then, the reference DAC value is equal to the value derived from COMPA plus a
user-defined REFDAC_OFFSET value. A suitable REFDAC_OFFSET value should be carefully selected
to differentiate pulse count between damp and undamped conditions. With a smaller REFDAC_OFFSET
value, more pulse count can be obtained, while an unstable pulse count might be seen if
REFDAC_OFFSET is too small.
// Power up external circuitry and peripheral modules
gpioSetOutput(AUXIO_XS_FLOW_POWER);
refdacEnable(REFDAC_PWRMODE_ANY, REFDAC_REF_VDDS);
compaEnable(COMPA_PWRMODE_ANY);
refdacStartOutputOnCompaRef(1);
// Find the Reference DAC output value for each channel
U16 auxioFlowOutput = AUXIO_AXD_FLOW_OUTPUT_1;
for (U16 n = 0; n < CHANNEL_COUNT; n++) {
// Release the COMPA input node
gpioSetOutput(auxioFlowOutput);
compaSelectGpioInput(auxioFlowOutput);
fwDelayUs(1000);
// Until the COMPA output goes high ...
U16 refdacOutput = 0;
do {
// Increase reference DAC output by 1
refdacOutput += 1;
refdacChangeOutputValue(refdacOutput);
fwDelayUs(100);
// Check the COMPA output
U16 compaValue;
compaGetOutput(compaValue);
} while (compaValue != 0);
// Save the result
state.pRefdacOutput[n] = refdacOutput + REFDAC_OFFSET;
// Clamp the COMPA input node
gpioClearOutput(auxioFlowOutput);
auxioFlowOutput = AUXIO_AXD_FLOW_OUTPUT_2;
}
// Power down external circuitry and peripheral modules
gpioClearOutput(AUXIO_XS_FLOW_POWER);
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Pulse Count Threshold Calibration
After initialization, the rotation detection starts to run, and the threshold pulse counts should be decided to
differentiate the damped and undamped conditions. Thus, during the two first rotations, the minimum and
maximum pulse counts are updated and the threshold is set to the middle value. As mentioned previously,
CAL_MIN_MAX_DIFF is used to make sure the enough difference for the pulse count obtained during
damped and undamped conditions. In the test, CAL_MIN_MAX_DIFF=3 is selected to achieve the
maximum detection distance with acceptable accuracy. Initially, output.pCalState is set to 4 for the
calibration iteration to also confirm that the selected threshold value is the correct one. The rotation count
will not update until the calibration process is completed.
// For each channel ...
for (U16 n = 0; n < CHANNEL_COUNT; n++) {
if (output.pCalState[n] != CAL_STATE_DONE) {
U16 meas = output.pMeasPulseCount[n];
U16 min = state.pMinPulseCount[n];
U16 max = state.pMaxPulseCount[n];
if (meas < min) {
min = meas;
state.pMinPulseCount[n] = meas;
}
if (meas > max) {
max = meas;
state.pMaxPulseCount[n] = meas;
}
// If the difference between minimum and maximum is sufficient ...
output.diff[n]= max - min;
// U16 diff = max - min;
// if (diff >= CAL_MIN_MAX_DIFF) {
if (output.diff[n] >= CAL_MIN_MAX_DIFF) {
// Require the measured value to be above and below thresholds around the
// mid-point two times. Each time, decrement calState
if (output.pCalState[n] & 0x01) {
U16 thres = ((max + min) >> 1) - (CAL_MIN_MAX_DIFF >> 1);
if (meas < thres) {
output.pCalState[n] -= 1;
}
} else {
U16 thres = ((max + min) >> 1) + (CAL_MIN_MAX_DIFF >> 1);
if (meas > thres) {
output.pCalState[n] -= 1;
}
}
}
}
}

3.2.3

Trigger and Sampling
The following code shows the trigger and sampling mechanism for the first LC tank. After powering up the
DC bias circuit and peripheral modules, the oscillation is triggered by releasing the trigger IO pin for a
single processing unit and driving the pin low for a single processing unit. A delay is expected to wait for
the DC bias voltage to be stable, shown as fwDelayUs(10). After oscillation occurs, the pulse counter is
used to count the number of oscillations on the COMPA input, which is larger than the reference DAC
value. Thus, with the expected pulse count, 2-bit gray-coded rotation state named rotationState can be
updated by comparison with the threshold value. Finally, both Flow_Output and Force_Low pins will be
driven low, to suppress the inductive coupling effect and wait until the next trigger is enabled.
// Power up external circuitry and peripheral modules
gpioSetOutput(AUXIO_XS_FLOW_POWER);
compaEnable(COMPA_PWRMODE_ANY);
refdacEnable(REFDAC_PWRMODE_ANY, REFDAC_REF_VDDS);
// CHANNEL 1
// Release the flow output node and connect it to COMPA
gpioSetOutput(AUXIO_AXD_FORCE_LOW_1);
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gpioSetOutput(AUXIO_AXD_FLOW_OUTPUT_1);
compaSelectGpioInput(AUXIO_AXD_FLOW_OUTPUT_1);
// Start the COMPA reference, and wait for it to stabilize
refdacStartOutputOnCompaRef(state.pRefdacOutput[CHANNEL_1]);
refdacWaitForStableOutput();
fwDelayUs(10);
// Enable the pulse counter and generate the trigger
pcntEnable(PCNT_INPUT_COMPA);
gpioSetOutput(AUXIO_O_FLOW_TRIGGER_1);
gpioClearOutput(AUXIO_O_FLOW_TRIGGER_1);
// Count pulses until no new pulses have occurred for 10 us
fwDelayUs(10);
pulseCount = 0;
do {
fwDelayUs(10);
prevPulseCount = pulseCount;
pcntGetValue(pulseCount);
} while (pulseCount != prevPulseCount);

// Save the result and convert to rotation state
output.pMeasPulseCount[CHANNEL_1] = pulseCount;
output.threshold[CHANNEL_1] = (state.pMinPulseCount[CHANNEL_1]+state.pMaxPulseCount[CHANNEL_1])>>
1;
if (pulseCount > output.threshold[CHANNEL_1]) {
rotationState |= 0x1;
}
// Clamp the Flow_Output and Force_Low node
gpioClearOutput(AUXIO_AXD_FLOW_OUTPUT_1);
gpioClearOutput(AUXIO_AXD_FORCE_LOW_1);

3.2.4

Rotation State Decoding
During initialization, a look-up table of rotation state machine is defined by one 16-bit word for each
rotation state.
state.pRotationFsm[0]
state.pRotationFsm[1]
state.pRotationFsm[2]
state.pRotationFsm[3]

=
=
=
=

0x4010;
0x0402;
0x0040;
0x0004;

//
//
//
//

Decrement: 00->01, Error: 00->11
Increment: 01->00, Error: 01->10
Error: 10->01
Error: 11->00

During the rotation detection operation, the rotation counter is updated based on the new rotation state
and last rotation state. In the code, bvRotationUpdate is derived for the new rotation state based on the
previous rotation state. The rotation counter has 3 effective values: 0x1, 0x2, and 0x4, representing
decrement, increment, and all possible errors, respectively. Table 3 shows the relationship between
rotation state and bvRotationUpdate. Therefore, it can be concluded that increment and decrement is only
decided by 01->00 and 00->01, respectively, during one rotation turn. The following code shows that the
task in the sensor controller core will wake up the CPU every time the event of increment, decrement, or if
an error occurs. How to interface with the CPU can be modified according to different custom applications.
// Update the rotation and error counters
U16 n = state.lastRotationState;
state.lastRotationState = rotationState;
U16 bvRotationUpdate = (state.pRotationFsm[n] >> (rotationState << 2)) & 0xF;
if (bvRotationUpdate == 0x1) {
output.rotationCount -= 1;
fwGenAlertInterrupt();
} else if (bvRotationUpdate == 0x2) {
output.rotationCount += 1;
fwGenAlertInterrupt();
} else if (bvRotationUpdate == 0x4) {
output.errorCount += 1;
fwGenAlertInterrupt();
}
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Table 3. Relationship Between Rotation State and bvRotationUpdate
LAST ROTATION STATE

NEW ROTATION STATE

bvRotationUpdate

MEASUREMENT RESULT

00

01

0x1

Decrement

10

0x0

-

11

0x4

Error

00

0x2

Increment

10

0x4

Error

11

0x0

-

00

0x0

-

01

0x4

Error

11

0x0

-

00

0x4

Error

01

0x0

-

10

0x0

-

01

10

11

Figure 19 shows a complete view of a run-time logging session with both calibration and normal operation.
The sampling rate is 100 Hz by default, and it can be changed by cfg.execInterval mentioned in Table 2.
The sampling rate is decided by the specified delay in AUX Timer 1 to trigger execution of the Event
Handler code. Because the timer runs off of 4-kHz ticks generated by the RTC, the sampling rate of 100
Hz is derived with the cfg.execInterval equal to 40.
Figure 19. Run-Time Logging With Both Calibration and Normal Operation
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4

Testing and Results

4.1

Test Setup

4.1.1

Rotation Measurements Setup
Figure 20. Test Platform Setup

Figure 20 shows the test platform for the TIDA-010050. An off-the-shelf stepper motor based on the
DRV8846EVM is used to simulate various speeds for the rotating disc, which is glued to the motor shaft.
The motor can be configured with 200 steps per full turn with a fully controlled rotation speed. The motor
is fixed to the white elevation table. The TIDA-010050 board is connected together with the CC1312R
LaunchPad kept in a fixed position, where two inductors are positioned exactly below the rotating disc.
The setup was carefully created as it has to achieve a reproducible distance between the disc and the LC
sensors, which can be precisely measured. This is achieved by the combination of an elevation table,
whose height above the workbench can be continuously adjusted with a turning knob. A digimatic indicator
of the Mitutoyo device is set to 0 mm when the disc touches the inductors and indicates the distance
between the disc and inductors when the table is elevated to the desired testing distance. The resolution
of the digimatic indicator is 1 µm, which is more than sufficient as this distance in mechanical meters will
often have a tolerance of 0.1 mm or greater.
The XY-placement of the two inductors against the rotating disc will have a great influence on the
measurement performance. Some fine-tuning is needed to find the best position for the disc and inductors.
In a real application, this issue is mitigated because the electronic add-on module can be easily designed
to fit exactly above the disc.
4.1.2

Board Configuration
The recommended evaluation step is to run the example first in the run-time logging panel in SCS and
check that it works as expected with the rotating disc. The rotation measurement accuracy can be
evaluated. After that, the board can be tested without an on-board XDS debugger using a USB connector,
with external power supply instead, to obtain the power consumption data accurately. Thus, there are
three different board configuration options during the test.
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Test With Run-Time Logging Powered by USB

The LaunchPad LAUNCHXL-CC1312R1 is designed to be powered from a USB-compliant power source
by default. A LDO powered from the USB VBUS supply supplies 3.3 V to the XDS debugger, the
CC1312R device and associated circuitry. If using this test mode, before starting any run-time logging
sessions, it is important to confirm the following hardware setup for jumpers on the LaunchPad, as shown
in Figure 21:
• 3V3, RXD, TXD, RESET, TMS, and TCK are mounted. Remove the other jumpers in the main jumper
block P4.
• A jumper is mounted in the position marked XDS110 power in P10.
Figure 21. Hardware Setup for Jumpers on the LaunchPad

Use the following steps in SCS, as shown in Figure 22.
• Navigate to the run-time logging page.
• Select the sensor controller project in the installed path/ TIDA_010050_SW/sce/LC_sensor.scp.
• Conﬁgure the connection settings: verify that the COM port corresponds to your device's application
and user UART port.
• Click the connect button when all setting have been properly configured.
• Start run-time logging by clicking the start button.
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Figure 22. Run-Time Logging Setting

4.1.2.2

Test With Run-Time Logging Powered by External Supply

In this mode, it is possible to validate the performance with different voltage supplies, since the detection
accuracy can be observed with run-time logging. Ensure that the voltage applied stays within the supply
range of the CC1312R device (1.8~3.8 V). The following hardware setup for jumpers on the LaunchPad is
required:
• RXD, TXD, RESET, TMS and TCK are mounted. Remove the other jumpers, especially 3.3 V, in the
main jumper block P4.
• Move the jumper to the position marked Extern. Pwr in P10, and connect the external supply to the
3V3 pin on P1.
4.1.2.3

Test With Standalone Mode Powered by External Supply

After the CC1312R device is successfully flashed with CCS project combined with SCE project, an
external supply can be provided at the 3V3 pin on P1, without the USB connector. It is necessary to test
with this mode to obtain the power consumption data accurately.
Before downloading the code into the chip, make sure the latest SCE project has been saved to the CCS
project folder. It can be confirmed with clicking View output directory in the Code Generator panel in SCS.
For the hardware setup, all the corresponding jumpers on the main jumper block P4 near to XDS110
debugger must be removed, and the P10 jumper should be in the XDS110 power position or removed.

4.2
4.2.1

Test Results
Power Consumption Measurements
In many cases, a flow meter reports the measurement rather infrequently using the RF functionality —
often just a few times per day. However, it is often more challenging to achieve the low average current on
the measurement. In this section, the power consumption for the TIDA-010050 has been investigated with
the hardware setting shown in Section 4.1.2.3.
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Because the CC1312R device is running with low power mode, periodic recharge of the VDDR will bring
current spikes, which are challenging to capture with common multimeter equipment. The N6705B DC
power analyzer is used to measure the current precisely. To measure the power purely with the metrology
process, the CPU will not be waken up because the disc is not rotating during measurement, while the
disc should position with the metal part faced to only one inductor. The obtained value can represent the
result of average scenario for 4 rotation states during normal operation. In this test, the Gemphil inductor
GT1302-0 of 150 µH with LC tank capacitor of 390 pF are used.
Figure 23. Result Captured by N6705B DC Power Analyzer

Figure 23 shows the result captured by the N6705B DC power analyzer with a 16-Hz sampling rate, where
3 recharge pulses are included within 1.55 s measurement time, and the average current of 1.83 µA is
obtained. Further test results of different sampling rates are given with 3.3-V power supply, shown in
Figure 24. Different sampling rates are needed for different maximum flow rates depending on the
mechanical construction and the pipe diameter of the water meter. It is also common to use two different
sampling rates in the water meter for zero flow condition and maximum flow rate, generally with 16 Hz and
64 Hz or greater, respectively. Compared to the power consumption results in the TIDA-01228 with the
CC1310 device, it has been validated that the TIDA-010050 with the CC1312R device can save power to
a larger extent.
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Figure 24. Power Consumption With Different Sampling Rates

Because smart meters are commonly powered by a battery, like Li-SOCL2 or LiMnO2, the battery voltage
will change with discharging throughout its lifetime. Generally, LiMnO2 cells start with up to 3.2-V open
circuit voltage and have a typical cut-off voltage at 2 V, whereas LiSoCl2 start at approximately 3.8 V open
circuit voltage and get discharged down to 3.2 or 3.1 V over the lifetime.
Therefore, further tests with the supply voltage ranging from 2 to 3.8 V have been conducted. Table 4
shows the results with different voltages using sampling rate of 64 Hz. Thus, it can be concluded that the
current value is almost constant in the range of 2 to 3.8 V, so lower power consumption can be achieved
at lower supply voltage, which helps extend the battery lifetime.
Table 4. Power Consumption With Different Voltages

4.2.2

Voltage (V)

2

2.1

2.2

2.5

3

3.3

3.5

3.8

Current (µA)

4.52

4.63

4.76

4.27

4.43

4.42

4.53

4.8

Power (µW)

9.04

9.72

10.47

10.67

13.29

14.59

15.86

18.24

Distance Between Inductors and Rotating Disc
Because the rotating disc is normally behind a glass or plastic cover, the LC sensor inductors will always
be a few millimeters away. It is much more convenient with larger distances for the installation with
different types of mechanical meters. Thus, maximizing this distance is in general one of the most
important design goals and the most difficult design challenges to overcome.
In this design, the maximum distance of 5.8 mm has been achieved between disc and inductors using the
Gemphil inductor GT1302-0 of 150 µH and the LC tank capacitor of 390 pF. Considering the voltage
changing with battery discharging throughout its lifetime, it is necessary to measure the detection distance
under different voltage supplies, ranging from 2~3.8 V. Figure 25 shows the results of maximum distance
under different voltages. In this test, the disc is configured with a rotation speed of 4 Hz, where the
sampling rate is 32 Hz. As shown in Figure 25, the maximum distance of 5.8 mm covers the wide range
from 2.4 to 3.8 V. There will be a slight decrement for the maximum distance when the supply voltage
goes down to 2.3 V or lower, with 5.5 mm at 2 V.
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Figure 25. Results of Detection Distance Under Different Voltages With the Gemphil Inductor

According to the oscillation result shown in Figure 26, with a supply voltage of 2 V, the oscillation
amplitude for the first LC tank has decreased compared to the second one. The reason is that when the
voltage drops down, it takes more time to power up the DC bias circuit, so more delay is needed before
triggering the first channel to wait until the bias voltage becomes stable. Except for this decrease, the
maximum detection distance performance is stable along with the full voltage range of both Li-SOCL2 and
LiMnO2 battery. Therefore, the solution has an excellent detection distance margin because the distance
requirement of 3~5 mm is common for water meters.
Figure 26. Oscillation Result With 2-V Voltage Supply

With the voltage going down, the optimal threshold pulse count might slightly change, so TI suggests
running the calibration when the voltage changes. The battery monitor function in the CC1312R makes it
possible to detect the battery voltage during operation and to trigger the recalibration if needed.
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As mentioned in Section 3.1.1, different types of inductors will have different detection performance. In this
test, another Murata inductor of 470 µH is also tested, with an LC tank capacitor of 220 pF, using the
same sampling rate of 32 Hz. Figure 27 shows the results of maximum detection distance under different
voltages with the Murata inductor. In this case, the maximum distance of 5 mm has been achieved, while
the performance during lower voltages decreases to a larger extent, with 3.8 mm at 2 V. It can be
improved with increasing the delay time (fwDelayUs) before triggering the first LC tank mentioned in
Section 3.2.3, but it may cause higher power consumption due to longer power up time of the DC bias
circuit.
Figure 27. Results of Detection Distance Under Different Voltages With Murata Inductor

4.2.3

Rotation Measurement Accuracy
Using the DRV8846EVM and a standard stepper motor with 200 steps per full rotation, it is possible to test
different turning speeds from 1 turn to 10 turns per second (1 Hz~10 Hz) to simulate the disc rotation of
flow meters. To detect the rotation number under different rotational frequencies, the LC sensor should
adjust the sampling rate accordingly. Meanwhile, as mentioned previously, an increasing sampling rate will
cause higher power consumption, so a minimum sampling rate should be derived.
According to EN ISO 4064-1:2014-11 – 1/3, a water meter shall be designed with the ratio of highest and
lowest flow rate, which is selected in the defined list, generally 40, 80, 100, and so forth. Thus, with the
flow rate varies in different water usage conditions, the measurement accuracy should meet the
requirement at highest flow rate with the required minimum sampling rate.
Use the following equation for the minimum sampling rate calculation of a system with two sensors and a
180° covered plate:
(2)

In Equation 2, θ represents the angle between the two sensors (in this case, 90°). The parameter 2
represents oversample to guarantee the accuracy.
In the test, using run-time logging mode with SCS, different sampling rates can be configured and rotation
measurement results can be observed. As the DRV8846 GUI control settings support only 16-bit values,
the maximum steps possible are 65k. For the tests, 60k steps were used resulting in 300 full turns with
different speed settings. The rotation measurement results are shown in Table 5, where the supply voltage
is 3.3 V with 5.8-mm detection distance, using the Gemphil inductor GT1302-0, LC tank capacitor of 390
pF. For each test with different disc rotation speeds, the disc is controlled to start and stop after 300 turns
at the same position, where the inductors are faced to non-metal part of the disc, with rotation state of 11,
and the tested disc rotation speeds cover many types of mechanical water meters. The results indicate
that this solution can achieve Class 1 measurement accuracy requirements (error<1%) of ISO40641:2014-11, using the minimum sampling rates for different rotation speeds.
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Table 5. Rotation Measurement Results (Targeted 300 turns)
ROTATION SPEED (Hz)

SAMPLING RATE (Hz)

MEASUREMENT RESULT
(turns)

ERROR

4

32

300

0

6

48

300

0

8

64

300

0

10

80

300

0

It is important to ensure the distance between the two inductors and their mechanical position is stable. In
the TIDA-010050 design, this is achieved through the soldering of the Gemphil inductors to the PCB. If
stranded wire inductors are used, such as the Gemphil inductor GT1301-0, then these inductors must be
somehow mechanically fixed either through plastic enclosure or some other means, which keep them
firmly fixed above the rotating disc.
4.2.4

RF Functionality Demonstration
The LC-sensor metrology is implemented completely in the ultra-low-power Sensor Controller Engine of
the CC1312R Wireless MCU, leaving both the RF-core and Cortex®-M4F core fully available for host
applications and RF communications. Although the RF connectivity solution itself is not part of this
reference design, the CC1312R device can be used for adding RF protocol support in the Sub-1 GHz or
2.4-GHz band or even both bands if either the CC1352R or CC1352P dual-band RF device is used.
Multiple RF protocol stacks like wM-Bus, 6LoWPAN or BLE can be integrated to achieve a single-chip
AMR module for mechanical flow meters. See the SimpleLink MCU Platform for more details.
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5

Design Files

5.1

Schematics
To download the schematics, see the design files at TIDA-010050.

5.2

Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-010050.

5.3

PCB Layout Recommendations
There are no strict layout requirements to be considered. To use for custom applications, both hardware
designs of TIDA-010050 and LAUNCHXL-CC1312R1 should be for reference. If using normal inductors for
the solution, the hardware part of PCB inductor can be ignored.

5.3.1

Layout Prints
To download the layer plots, see the design files at TIDA-010050.

5.4

Altium Project
To download the Altium Designer® project files, see the design files at TIDA-010050.

5.5

Gerber Files
To download the Gerber files, see the design files at TIDA-010050.

5.6

Assembly Drawings
To download the assembly drawings, see the design files at TIDA-010050.

5.7

Simulation Model
To download the assembly drawings, see the design files at TIDA-010050.

6

Software Files
To download the software files, see the design files at TIDA-010050.
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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 TI PRODUCT OR SERVICE.

8

Terminology
Water meter — Mechanical water meters with impeller and a rotating disc in their dial, which can be
sensed to measure its rotation speed and direction (thus the water flow)
Inductive or LC sensing — Using an LC tank oscillation to detect a nearby metal plate (mounted on the
rotating disc) through dampened oscillations due to induced eddy currents
Rotating disc — Small circular disc, with a half-round metal plate, often used as 1 liter dialindicator, found
in many mechanical flow meters in the world
Class 1 or Class 2 — Precision categories for water meters defined in DIN EN ISO 4064-1:2014-11. In
Europe, water meters are designed according to the EN ISO 4064 specifications, which are closely related
to OIML R-49 documents, used in other regions of the world as well. The measurement error defines if the
Meter is either Class 1 with ±1% maximum error or Class 2 with ±2% error from 0.1°C to 30°C. For the
temperatures above 30°C, the maximum permissible error is increased to ±2% or ±3% for Class 1 or 2
respectively.
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