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Seven-segment LCDs are very popular in ultra-low
power metering and submetering applications such as
heat cost allocators, water, and heat meters and are
typically controlled by a dedicated on-chip LCD
controller module in the MCU. This design shows an
alternative, patent-pending solution that can be used
with any TI MCU without such an on-chip module.
Using a few resistors and GPIO control software, the
LCD drive functionality has been implemented on a
CC1310 Wireless MCU. This design shows how to add
LCD functionality to any application, where LCD is
required but does not have to be always on. The LCD
itself is switched-off most of the time and only enabled
when required. The available GPIO lines of the
wireless MCU are the limiting factor for the number of
LCD segments that can be supported.
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important disclaimers and information.

All trademarks are the property of their respective owners.

Design Features

e CC1310 SimpleLink™ Wireless MCU Controls
Seven-Segment LCD Through GPIOs
(Patent Pending Solution)

e Only 4 COM, 2 Control, and 20 Segment Lines
(26 1/Os total) Needed to Drive 80 LCD Segments
(4-MUX, 1/3-Biasing)

e Sensor Controller Peripheral Senses the Capacitive
Touch PCB Area and Reads Out the LMT70A
Sensors Periodically

e Two-Layer PCB With HCA Form Factor Using a
96-Segment LCD (4-MUX) and Cap Touch Area for
LCD On/Off

e Average Current: 835 nA at 3.6 V (LCD Off);
338 pA at 3.6 V (80 LCD Segments On)

Featured Applications

¢ Any Metering and Submetering Subsystems With
Segment LCD Functionality Using TI MCUs
Without On-Chip LCD Controller

e Sub-1GHz RF Enabled Subsystems for 433- or
868-MHz Bands With TI MCUs and Seven-
Segment LCD

e Internet of Things (loT) Applications With TI MCUs
and Seven-Segment LCD

An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
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Key System Specifications
The CC1310 Wireless MCU operates from 1.8 to 3.8 V (3.9 V is the absolute maximum value allowed).

The LMT70A operates from 2.0 to 5.5 V (the matched CMOS temperature sensors with 0.1°C (max) at
30°C); a minimum of 2.1 V is required for temperatures down to 0°C while 2.0 V is sufficient for 20°C.

As heat cost allocators (HCAS) start registering at temperatures of 20°C or above, the common supply
voltage for the TIDA-00848 is from 2.0 to 3.8 V. This is a very nice fit for primary battery chemistries,
which are either 3.6 V or 3.0 V nominal.

The operating ambient temperature for CC1310 33 is T, = —40°C to 85°C while LMT70A has a wider
operating range of T, = -55°C to 150°C.

System Description

Many low-cost metering and submetering applications require seven-segment LCD functionality, due to
the very low-power, low cost and small size of these displays. All these LCD-based applications can either
have the LCD always on or can tolerate the temporarily deactivation of the LCD to save power. Water and
heat meters as well as HCAs products, which have been already deployed in the field, can be assigned to
either of these two categories.

Sometimes, based on country specific regulations, the LCD functionality may be required to be always on.
If so, then the on-chip LCD controller module in the MCU for lowest power consumption is a must have.

The alternative approach is to have a solution that enables users to read the LCD whenever they like to;
for the majority of the time, while no one reads the display, the LCD functionality will be disabled to save
power. For this latter application, the TIDA-00848 proposes an innovative and Tl patent pending solution
for software controlled GPIOs driving seven-segment LCDs.

NOTE: This patent-pending solution can only be used "free of charge" in combination with MCU
products by Texas Instruments Inc., such as the CC13xx, the CC26xx, or MSP43x product
families.

The TIDA-00848 represents a single-chip HCA design reference design for wM-Bus at 868-MHz enabled
HCAs, meeting these EN834 requirements:

e Two LMT70A temperature sensors, matched in production to 0.1°C (max) at 30°C
e (CC1310 Wireless SoC for wM-Bus at 868 MHz RF subsystem with S-, T-, and C-modes

The TIDA-00848 drives the LCD seven-segment display through a dedicated external resistor network
(see Section 9.1) and special software, provided as an open-source example. The CC1310's sensor
controller peripheral is directly connected to two LMT70A sensors, which are periodically enabled to
measure temperature; otherwise, the sensors are powered down. In parallel, the sensor controller checks
every second for a PCB touch event. If it detect an event, the LCD functionality is enabled and the LCD
will from now on periodically be enabled and disabled. When enabled, the LCD alternates between
showing the string "CC1310" and switching on all supported 80 segments.
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2.1 CC1310—Wireless MCU for Sub-1GHz RF Systems
The CC1310 Wireless MCU has an ARM® Cortex™-M3 core for application development (see Figure 1).
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Figure 1. CC1310 Functional Block Diagram

The ARM Cortex-M3 runs with up to 48 MHz, and there is also 128KB of in-system programmable Flash,
8KB of SRAM for cache (or as general-purpose RAM), and 20-KB of ultralow leakage SRAM in the device.
The sensor controller has been optimized for ultralow power and can run autonomously from the rest of
the system at 24 MHz, using only 0.4 mA + 8.2 yA/MHz.

The sensor controller has a 16-bit architecture, controls the 12-bit ADC hardware block, and has its
dedicated 2KB of ultralow leakage SRAM for code and data. The CC1310 standby current is 0.6 pA (with
RTC running and RAM and data CPU retention). The sensor controller seamlessly interfaces to and reads
the LMT70A sensors and the capacitive touch PCB area to deliver outstanding low-power consumption
with very good precision, suited for HCAs as per EN834. The CC1310 comes with two calibrations values
at room temperature for the ADC12: one for gain and one for offset.
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2.2 LMT70A—Matched Precision CMOS Temperature Sensor With Analog Output

The LMT70A is an ultra-small, high-precision, low-power CMOS analog temperature sensor with an output
enable pin. Applications for the LMT70A include virtually any type of temperature sensing where cost
effectiveness, high precision, and low power are required, such as loT sensor nodes, medical
thermometers, high-precision instrumentation, and battery-powered devices. The LMT70A is also a great
replacement for RTD and precision NTC and PTC thermistors.
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Figure 2. Block Diagram of LMT70A

The matching of two LMT70A up to 0.1°C is a unique feature, saving significant calibration effort and time
during manufacturing, thus lowering the total cost of the HCA product.
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3 System Design Theory

HCAs are expected to start measuring at temperature of 20°C or higher, the maximum supported
temperature is usually 85°C or 90°C. The analog voltage output of the LMT70A for this temperature range
will be approximately between 600 mV to 1 V, as shown in Figure 3 for the LMT70 sensor output signal
specification.

For RF-enabled subsystems, an MCU + RF transmitter (or transceiver) is required or an integrated RF
capable device such as the CC1310 SimpleLink Wireless MCU. As the CC1310 has no on-chip LCD
controller module, the Tl patent-pending solution presented here has been developed and tested.

3.1 Wireless MCU CC1310

The CC1310's 12-bit ADC has two references: a scaled input for a scaled reference of 4.3 V or an
unscaled input using a 1.44-V internal voltage reference. The 1.44-V reference was selected here due to
its higher resolution coverage of the full range of approximately 1360 mV at —-55°C down to 300 mV at
150°C of the LMT70A sensors.

In this Tl Design, the sensor controller periodically reads out both the room and heater sensors through
sampling the ADC12 input signals and converting the two LMT70A voltages measured into temperature
values. The readout period is software configurable by the user; the provided firmware example project for
the sensor controller sets a read-out every four seconds for each LMT70A sensor (as described in detail in
the TIDA-00646 design guide [3]).

The sensor controller example project additionally supports a second concurrent task, which checks the
PCB capacitive touch area every second (this period is also software configurable by the user). A round
PCB area to detect capacitive touch has been integrated onto the TIDA-00848 PCB and is connected to
the sensor controller of the CC1310. The CC1310 runs the main application under Tl RTOS.

3.2 LMT70A—Precision Analog Temperature Sensor
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Figure 3. LMT70 Output Transfer Function

Output Voltage (mV)

The LMT70A output voltage across the temperature range is documented in the device’s datasheet
(SNIS187) and shown in Figure 3. As the maximum output voltage is always below 1.4 V, it is necessary
to disable the voltage scaling inside the ADC12 to achieve higher resolution when sampling the LMT70A
analog voltage.
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3.3 4-MUX 1/3 Biasing Seven-Segment LCD With 96 Segments

The LCD BTL002 with 96 segments and 4-MUX capability was chosen due to its small physical
dimensions and low-power consumption.

The specification of the LCD is given in Figure 4:
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Figure 4. BTL002 Specification (96-Segment LCD)
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3.4 Seven-Segment LCD GPIO Solution Description (Tl Patent Pending)

The biasing value of any LCD defines how many intermediate voltage levels the LCD supply voltage (V,cp)
is divided into. For example, the 1/3 biasing of the BTL002 display means there are four different voltage
levels: 0 V cp; 1/3 V cp; 2/3 V ¢p; and 3/3 V . These four levels correspond to V5, V4, V2, and V1 in
Figure 5.
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Figure 5. COM0/COM1 and SEGO/SEG1 Example Waveforms for Any 4-MUX LCD

3.5 Generating Square LCD Waveforms Through GPIOs (Tl Patent Pending)

Problem: How can one generate a square wave signal, toggling between 2/3 V, ., and 1/3 V¢, by only
using logic signals, which toggle between V, ., and GND?

The TI patent-pending solution provides an intelligent way to generate the intermediate LCD voltage levels
of 1/3 V,p and 2/3 V,p by using a resistive network, a single inverter and the superposition of the COM
signals with an auxiliary clock signal, BASE_PWM. The second option of the Tl patent pending solution
defines that the inverter function is replaced thru another GPIO signal, called BASE_PWM_N.

In contrary to a PWM-based GPIO approach, existing today, the number of external components of the Tl
solution is less. Only resistors and the optional single inverter are required. On the firmware side, no high-
speed complex signals are required. Just a simple timer tick based switching of 10s at a rate of 1/8 of the
LCD frame frequency is needed. This reduces the necessary resources on the MCU and thus also the
current consumption significantly, compared to a PWM-based GPIO LCD solution.
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351

COM Lines Generation

The square waveforms in Figure 5 can be generated using one additional signal, called BASE_PWM, and
its inverted version, named BASE_PWM _N, with the help of resistor divider networks, see R30-R38, with
100 kQ and 200 kQ, respectively. In addition, the R28 and R29 resistor divider again uses this 1/3-to-2/3
ratio, but the resistor values are 33.2 kQ and 66.5 kQ. The reason is that the current flowing through the
SEG_BASE_COMMON will at worst be shared by the 20 segment lines, when all 80 LCD segments are
on.

While the operation of the SN74AHC inverter has been tested successfully, a significant drawback of
continuous extra current flowing through the resistor network R28 and R29 was identified. Thus, the final
implementation (optimized for lower power consumption) removed the inverter and repurposed the DIO_9
pin of the CC1310 as the BASE_PWM_N signal, which is simply the inverted version of the BASE_PWM.
By setting the DIO_9 or BASE_PWM _N to output low state while the LCD is inactive, the current through
R28 and R29 is eliminated.

The COM and segment electrodes form at their intersection a capacitor, with the liquid crystal as dielectric
matter in between them. In a 4-MUX display, one LCD segment pin is internally connected to 4 (or fewer)
segments: pin segment 1 (S1) of the BTLO02 connects to the 1A, 1B, 1C, and T1 segments on the
display—see the left column for Pinl in Figure 4. Note that and each of these segments connects to a
different COM plane (COM line) to enable a time multiplexing control of each segment.

The required voltage to drive a segment LCD device has to be DC free in respect to 0 V,p, thus after
driving the common plane (COM signal) a second phase is needed with the reversed polarity, see
Technical Information and Application Notes [10].

Thus for the BTL0O02 display, there must be 4 COM x 2 = 8 sub-divisions in every single frame sent to the
LCD. This is shown in Figure 5 for the COMO line with the f;,,. period; the frame rate is commonly
selected between 30 frames per second (fps) for flicker-free LCD viewing and maximum of 60 to 90 Hz to
keep current consumption at a reasonable value.

In the TIDA-00848 source code project, the following definitions have been made:
 Two BASE_PWMx and four COMy lines to generate the proper waveforms with minimum MCU effort

» Eight subphases (one for driving the COM plane and segments; the next is a reversed polarity for DC
free control of the LCD)

» Segment lines need to be dynamically tri-stated, or set to output HIGH or LOW for each subphase
Based on the schematics and the BTL002 specification in Figure 4:

Table 1. Output Signals for COM1_1 Through COM1_4, BASE_PWM, and BASE_PWM_N at CC1310

SIGNAL GPIO NUMBER HEX VALUE (BIT 31 TO BIT 0)
Base_PWM_N DIO 9 0000 0000 0000 0000 0000 00XO0 0000 0000
Base_PWM DIO_26 0000 0X00 0000 0000 0000 0000 0000 0000
COM1_1 DIO_22 0000 0000 0X00 0000 0000 0000 0000 0000
com2_1 DIO_23 0000 0000 X000 0000 0000 0000 0000 0000
CcoM3_1 DIO_24 0000 000X 0000 0000 0000 0000 0000 0000
COoM4_1 DIO_25 0000 00X0 0000 0000 0000 0000 0000 0000

Definitions:

» The two BASE_PWMXx lines and the four COMy lines are always configured as the output. The
COM1_1, COM2_1, COM3_1, and COM4_1 lines use the same waveform for each f;,.. period This
basic waveform gets delayed by two subphases for the next COM line - Figure 5 shows this for COM1
and COM2 (COMO starts at 0 V, COM1 is at 0 V after two subphases).

e BASE_PWM is actually a simple 0, 1, 0, 1...(HIGH-LOW) periodic pulse signal; BASE_PWM_N is the
opposite (or 180 degrees delayed version) of BASE_PWM.
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The eight subphases are numbered with the State0 through Statel4 (even numbers); thus, the name of
first subphase is lcdCOMStateO.

Beginning with COM1_1 at 0 VLCD (equals COMO in Figure 5) in the first subphase: the BASE_PWM
signal has to be 0, because according to Figure 5 this is 0 V (outmost left or first subphase for COMO).
The combination of COM1_1 and BASE_PWM signals delivers the signal for COM1, which is then applied
to the BTLO0O2 LCD device.

As BASE_PWM is 0, then BASE_PWM_N is by definition 1 (inverted BASE_PWM). The COM2_1,
COM3_1, and COM4_1 lines are then 1. The State2 then inverts all BASE_PWMx and COMy signals in
State 0.

In State 4, the COM2_1 (equals COML1 in Figure 5) should be 0 together with BASE_PWM while
COM1_1, COM3_1, and COM4_1 are non-zero, means 1. State 6 is then inverting of all BASE_PWMx
and COMy signals in State4.

In State 8, the COM3_1 is set to 0 together with BASE_PWM while COM1_1, COM2_1, and COM4_1 are
non-zero, means 1. State 10 reverses the polarity of the relevant bits.

Finally in State 12, the COM4_1 is set to 0 together with BASE_PWM while COM1_1, COM2_1, and
COM3_1 are non-zero, means 1. State 14 reverses the polarity of the relevant bits.

Due to these considerations, the resulting values for the COMy and BASE_PWMx lines are:

Table 2. Output Signals for COM1_1 Through COM1_4, BASE_PWM, and BASE_PWM_N

LINE | VALUE
lcdCOMState0 = 0000 0011 1000 0000 0000 0010 0000 0000 = 0x0380 0200
lcdCOMState2 = 0000 0100 0100 0000 0000 0000 0000 0000 = 0x0440 0000
(reversing polarity of lcdCOMState0 of COMy and Base_PWMx lines for DC free)
lcdCOMState4 = 0000 0011 0100 0000 0000 0010 0000 0000 = 0x0340 0200
lcdCOMState6 = 0000 0100 1000 0000 0000 0000 0000 0000 = 0x0480 0000
(reversing polarity of lcdCOMState4 of COMy and Base_PWMx lines for DC free)
lcdCOMState8 = 0000 0010 1100 0000 0000 0010 0000 0000 = 0x02CO 0200
lcdCOMState10 = 0000 0101 0000 0000 0000 0000 0000 0000 = 0x0500 0000
(reversing polarity of lcdCOMState8 of COMy and Base_PWMx lines for DC free)
lcdCOMStatel12 = 0000 0001 1100 0000 0000 0010 0000 0000 = 0x01CO 0200
lcdCOMState14 = 0000 0110 0000 0000 0000 0000 0000 0000 = 0x0600 0000
(reversing polarity of lcdCOMState12 of COMy and Base_PWMx lines for DC free)

The hex values in Table 2 are the ones programmed in the source code LCD HeartBeatFxn() function for
each subphase for the COMy and BASE_PWMx signals.

3.5.1.1 Segment Lines

In TIDA-00848, the segment lines between CC1310 and BTL002 correspond to DIO_1 (DIO_0 is not
available) through DIO_21, or in hex value these GPIO bits are equal to OXO03FFFFE.

The DIO_9 line is in fact no more a segment signal but to keep things common regardless if external
Inverter is used or not, this value can stay as is. The port functions in the CC1310 will apply the values
automatically only to the GPIOs that are allocated.

In the example source code, DIO_9 is assigned to the BASE_PWM_N and is not controlled by the
segments structure.
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3.5.2

Segment Line Generation

To generate the appropriate segment line waveforms for the LCD one has to set the corresponding MCU
GPIO pins either in tri-state (for "segment off"), or in the two output states HIGH/LOW, in case of
"segment on". The full amplitude is the result of the differential voltage between segment and COM lines
at the LCD pins.

To enable the generation of these segment waveforms, a common support signal, named
SEG_BASE_COM signal has been defined. This SEG_BASE_COM signal delivers a simple pulse
sequence with the same eight subphase timing and switching between the values of 1/3 and 2/3 VLCD.

With that, now one can calculate the segment values for the desired LCD display string; here, the
character string "CC1310" is analyzed.

For simplification, only the first "C" character is explained. The top-left column in Table 3 shows the
"CC1310" characters to display in the BTL002 digits 2, 3, 4, 5, 6, and 7. Then, the first "C" (highlighted in
red) will be in BTLOO2 digit 2 and requires segments 2A, 2F, 2E, and 2D to be enabled for the character
"C" to become visible on the LCD.

For the second "C", segments 3A, 3F, 3E, and 3D have to be enabled; this also applies for the characters
"1, "3", "1", and "0".

Table 3. Displaying the String “CC1310” With All Signals Required (COMx and SEGy)

CHARACTER SEGMENT SIGNAL
C 2A, 2F, 2E, 2D com1 COM2
C 3A, 3F, 3E, 3D 0x0000 4000 2A 0x0000 0080 4B
1 4B, 4C 0x0020 0000 2F 0x0000 0400 5B
3 5A, 5B, 5C, 5D, 5G 0x0010 0000 3A 0x0000 0100 5G
1 6B, 6C 0x0004 0000 3F 0x0000 0040 6B
0 7A, 7B, 7C, 7D, 7TE, 7F 0x0000 0400 5A 0x0000 0010 7B
0x0000 0010 A
x00000 0004 7F
0x0034 4414 0x0000 05D0
COM3 COmM4
0x0020 0000 2E 0x0020 0000 2D
0x0004 0000 3E 0x0004 0000 3D
0x0000 0080 4C 0x0000 0100 5D
0x0000 0400 5C 0x0000 0004 7D
0x0000 0010 7C
0x0000 0040 7E
0x0000 0040 6C
0x0024 04D4 0x0024 0104

COML1 is connected to 2A and 2F (on digit 2), 3A and 3F (on digit 3), 5A (on digit 50), and 7A and 7F (on
digit 7). The bit positions are derived from the schematics connection for the GPIO of the MCU and the
segment lines (S1 to S24) of the BTL002.

For COM1 and 2A segment, Pin 3 or signhal S4 in the schematics has to be active. S4 is in fact DIO_14 of
the CC1310 device, so Bit 14 or 0x0000 4000 is set.

For COM1 and 2F segment, Pin 4 or signal S6 in the schematics has to be active. S6 is in fact DIO_21 of
the CC1310 device, so Bit 21 or 0x0020 0000 is set.

The same is done for all other segments that are controlled by COM1, and then the bits are ORed
together, resulting into the hex value 0x0034 4414.

Then, the same procedure is followed to complete all values for COM2, COM3, and COM4 lines shown in
Table 3.

10
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Now the proper GPIO settings for the segment signals have to be combined with the COM hex values for
each subphase (out of eight). As seen in Figure 5 for COMO and COM1, the relevant COM and SEG
signals have to be in the opposite polarity and also have the full voltage swing (0 V versus V,cp) to make
the segment visible.

Thus, for each subphase due where the COM voltage is either 0 V or V,p, the SEG signal must have the
opposite voltage level. The eight subphases are handled in a switch {} statement; The following is the
example code project for the first and second subphases for the COM and segment GPIOs.

The first subphase for all COM lines and segment lines to display the "CC1310" string is the "case 0"

switch(LCD_stat) {
case 0: // 1st phase P1
LCD_stat = 2; // go to next state
PIN_setPortOutputValue(lcdCOMPinHandle, lcdCOMState®);

PIN_setPortOutputValue(lcdSegPinHandle, LcdSegXCOM1ActState®);
// push Segment Pin output values into port output

PIN_setPortOutputEnable(lcdSegPinHandle, lcdSegXCOM1NActState®);
// switch Output buffers on/off according to desired Segment activity
break;

whereas already calculated:

lcdCOMStated = 0x03800200; // COM Port State for phase ©
LcdSegXCOM1ActStateo = Ox003FFFFE; // Seg Pins Active state for phase ©
lcdSegXCOMINActState@ = ©x00000000; // Seg OutputEnable state for phase @

The second subphase for COM1 is the "case 2" block inside the switch {} statement:

case 2: // 2nd phase P2
LCD_stat = 4; // go to next state
PIN_setPortOutputValue(lcdCOMPinHandle, lcdCOMState2);
// push COM + Base_PWM values into port output
PIN_setPortOutputValue(lcdSegPinHandle, lcdSegXCOM1lActState2);
// push Segment Pin output values into port output
PIN_setPortOutputEnable(lcdSegPinHandle, lcdSegXCOM1NActState2);
// switch Output buffers on/off according to desired Segment activity
break;

whereas already calculated:
lcdCOMState2 = 0x04400000; // COM Port State for phase 2
LcdSegXCOMi1ActState2 = 0x00000000; // Seg Pins Active state for phase 2
1cdSegXCOMINActState2 = 0x00000000; // Seg OutputEnable state for phase 2

The other six subphases follow the same procedure—see the heartBeatFxn(UArg arg0, UArg argl) in
"rfPacketTx.c" for the exact values. The parameter LCDFrameCntr is used to adapt the LCD refresh rate.
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3.5.3 Porting the GPIO Software Solution to Other 4-MUX, 1/3 Bias LCDs
Obviously, not every application will have the BTL002 display, so porting the code to a customer display is
necessary. Before doing this, consider the following:
» The LCD specification (similar to Figure 4) will drive the assignment of COM and SEG lines.

* A detailed map of the COM and SEG lines based on the application schematic has to be created (as
shown in Figure 4 and explained for the segment lines).

» The eight subphases for the COMy and BASE_PWMXx can be copied "as is", as their waveform is
fixed.

» The segment lines for each eight subphases have to be adjusted, based on the characters, that must
be displayed on the LCD.

» Precise timing for the LCD GPIO waveforms must be guaranteed—otherwise, DC-free operation is not
possible and can damage the LCD.

NOTE: The source code example for the TIDA-00848 is based on the TI RTOS operating system
and has been developed to show the software GPIO functionality only. No exact timings
have been tested and the correctness of the timings used is not implied.

It is the user's responsibility to ensure that the LCD control in his or her application delivers
the correct waveform timing and a DC-free voltage for the LCD, even if other tasks are
running on the Cortex-M3 main MCU.
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Figure 6. Block Diagram of TIDA-00848

Y

Highlighted Products

The TIDA-00848 (see Figure 3) has only two main components: the two matched LMT70A temperature
sensors and the CC1310 Wireless MCU device with an on-chip sensor controller, RTC module, and
30 GPIO signals.

CC1310—Wireless MCU for Sub-1GHz RF Systems With Sensor Controller

The CC1310 contains an ARM Cortex-M3 processor and provides a high-performance, low-cost platform
that meets the system requirements of minimal memory implementation and low-power consumption while
delivering outstanding computational performance and exceptional system response to interrupts.

The sensor controller contains circuitry that can be selectively enabled in standby mode. The peripherals
in this domain can be controlled by the sensor controller engine, which is a proprietary power-optimized
CPU. This CPU can read and monitor sensors or perform other tasks autonomously; thereby significantly
reducing power consumption and offloading the main Cortex-M3 CPU.

One of the peripherals in the sensor controller is the SAR ADC module. The ADC is a 12-bit, 200k
samples per second ADC with eight inputs and a built-in voltage reference. The ADC can be triggered by
many different sources including timers, 1/O pins, software, the analog comparator, and the RTC. The
analog modules connect to up to eight different GPIOs. The peripherals in the sensor controller can also
be controlled from the main application processor.

LMT70A—Precision Analog Temperature Sensor

The LMT70A is an ultra-small, high-precision, low-power CMOS analog temperature sensor with an output
enable pin. Applications for the LMT70 include virtually any type of temperature sensing where cost
effectiveness, high precision, and low power are required, such as loT sensor nodes, medical
thermometers, high-precision instrumentation, and battery-powered devices. The LMT70 is also a great
replacement for RTD and precision NTC and PTC thermistors with accuracy specified as:

*  +0.2°C (max) from —20°C to 90°C
* 10.23°C (max) from 90°C to 110°C

The LMT70A is the matched version of the LMT70 and provides unparalleled temperature matching
performance of 0.1°C (max) for two adjacent LMT70A devices picked from the same tape and reel.
Dissipating less than 36 yW, the LMT70A has ultralow self-heating supporting its high precision over a
wide temperature range. Due to its production precision matching, the LMT70A is an ideal solution for
sub-metering applications such as HCAs.
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5

5.1

Getting Started Hardware

The TIDA-00848 hardware can be programmed and debugged using the J4 connector, which is the
2x5-pin ARM JTAG connector. A 10-pin flat ribbon cable interfaces J4 to a SmartRFO6EB board, which
includes the XDS100v3 Debugger for programming the CC1310.

When programming the CC1310, disconnecting the jumper J12, which supplies the battery voltage from
the battery holder on the back of the PCB, is recommended. J12 can be also used to connect a multimeter
device for measuring the approximate average current. Note that due to the very short peaks of the power
supply, dedicated equipment such as Agilent N6781A is required for precise current consumption
measurements.

To avoid power supply problems between the XDS100v3 Debugger and the battery voltage, use only
either of those at the same time or just remove the 2AA battery while debugging the CC1310 code.

LMT70A Connection to PCB

The TIDA-00848 PCB does not contain the LMT70A sensors because in an HCA application, one
temperature sensor should measure the heater body (or heater sensor), and the second sensor should
capture the room temperature (or room sensor). Any HCA device is mounted firmly onto the heater body,
and the heater temperature sensor should have thermal contact with the heater body. In contrast, the
room temperature sensor is orientated into the opposite direction to the room or away from the heater
body. The two sensors approach used in this Tl Design is described in the DIN EN834 as the "two-sensor
measurement method".

Therefore, the required physical placement of these two sensors makes it impractical to solder the
LMT70A devices onto the PCB. Instead, this device uses two jumpers (J9 and J11) with the proper signal
vias for contacting the two sensors, placed on the small PCB. The LMT70A uses a 4-pin DSBGA package,
where the supply pin VCC and the output enable pin can be wired together, which saves one 1/O pin for
each sensor used. Another 1/O pin is saved by using LMT_ON (DIO_28) to enable and power on both
LMT70A sensors at the same time.

Figure 7. "Small" PCB Layout for LMT70A [5]

Thus, only three pins are required for interfacing to the two LMT70A sensors; each sensor has its own
TAO analog output line (LMT1_AIN and LMT2_AIN) connected to an input line of the ADC12. This small
PCB (see the application report SNIA021 for full details [5]) has board dimensions of just 2.9 x 2.16 mm.
Figure 7 shows the layout of this PCB: the top-left via is GND, the next via is TAO, and the bottom-left via
is for both VDD and output enable pins, wired together. The LMT70A is soldered on the back side of the
PCB. The required signals for the temperature sensing are:

+ DIO_28 =LMT_ON
* DIO_27 = LMT1_AIN (analog input from the first LMT70A sensor)
* DIO_29 = LMT2_AIN (analog input from the second LMT70A sensor)
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5.2

5.3

5.4

Capacitive Touch Area on the PCB

The TIDA-00848 PCB integrates a round area next to the SMA antenna connector for detecting a touch
event, based on capacitive sensing approach.

The DIO_30 signal is connected internally to the COMPA module and to this PCB is used to detect the
time difference between charging the PCB area (capacitor) without a human finger next to it and with a
human finger touching the PCB.

LCD Connections to CC1310—TI Patent Pending Solution

The CC1310 has in total 30 GPIOs, all accessible to the Cortex-M3 main MCU core. The sensor controller
controls 15 of those 1/O signals, but only 4 of those are used here, as described in Section 5.1.

All remaining 26 1/O lines are connected to the LCD through a resistor network, as shown in the
schematics. The number of required GPIOs with this patent-pending solution is defined by the formula:
(a) GPIOs needed = 4 + 1 for COMO through COM3 + 1/4 x (required LCD segments)

If INV device is used (main disadvantage is an additional current drawn through the resistor divider
33 kQ/66.5 kQ at the INV output).
(b) GPIOs needed = 4 + 2 for COM0-COM3 + 1/4 x (required LCD segments)

If no INV device is used (lower current and no inverter required at the cost of additional GPIO line). To
drive 80 LCD segments in the TIDA-00848:

* GPIOs needed =4 + 1 + 1/4 (80) = 25GPIOs (if a) or 26 GPIOs (if b)
The final solution here is using 26 GPIO lines and the INV on the schematics has been removed.

Battery Power

The TIDA-00848 has been developed with the goal of supporting both primary cell voltages of 3.0 V
(LIMnO2) and 3.6 V (LiSoClI2). These chemistries have significant differences in their behavior, especially
under pulse load and ambient temperature. In short, using 3.6-V batteries requires the addition of a buffer
capacitor after the battery; here, a Wirth device WCAP-ATLI with 1200 pF / 10 V has been selected.

If 3-V batteries from type FDK CR14250SE or the higher capacity FDK CR¥%26LHT are used [7], then it is
possible to completely remove the buffer capacitor of 1200 uF as these batteries can sustain the periodic
peak current of 20 mA for 10 ms without lifetime degradation. To properly dimension the buffer capacitor,
contact the selected battery manufacturer and provide the current profile of the application as precisely as
possible.
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6 Getting Started Firmware
A full version of the TI CCS Version: 6.1.2.00015 together with the TI RTOS installation
"tirtos_simplelink_2_16_00_08" is required to compile and debug the TIDA-00848 firmware. In addition,
Sensor Controller Studio (SCS) 1.2.0.40562—a Tl-provided tool chain—is needed to generate the binary
code for the sensor controller; SCS can be downloaded at http://www.ti.com/tool/sensor-controller-studio
[2]. The firmware code projects for SCS and CCS are provided as a single source code deliverable (TIDA-
00848 _firmware.zip).
There is one CCS source code project provided, which includes a SCS sub-project, found in the install
path /TIDA-00848 RTOS/sce and named "HCA.scp".
6.1 SCS Code Project
To ease developing the program code running on the sensor controller, Tl provides a complete tool chain
for writing software for the controller, SCS, which is a fully integrated tool consisting of an IDE, compiler,
assembler, and linker.
Two tasks have been defined: one for the touch event and the other one for the LMT70A readout.
6.1.1 SCS Task CapTouchButton
The CapTouchButton task uses the COMPA, the TDC, and the ISRC blocks to implement the "touch"
event detection.
The PCB area is connected to COMPA input through the DIO_30, while the COMPA reference is the
DCOUPL signal, which is nominally at 1.27 V.
The TDC counts the time ticks (in 96-MHz ticks) needed to charge the PCB area (which represents a
capacitor between top and bottom layers) to 1.27 V, such that the COMPA changes it output to high.
4 Sensor Controller Studio 1.2.0.40562 - Texas Instruments
Ble Edit \iew Help
CapTouchButton - Initialization Code
Figure 8. SCS Project for CC1310: CapTouchButton Task (Initialization Code Portion)
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The execution code portion for the task is shown in Figure 9:

4 Sensor Controller Studio 1.2.0.40562 - Texas Instruments
Fle Edit Miew Help

(] Stan Page
5 HCACapTouch*
4 CapTeuchBution
§ Initialization Code
ode

{ Iitialization Code

§ Execution Code

§ Tesmination Code
KX /0 Mapping

4 Code Generator

4l Task Testing

efg

S cutput
baselingValue
pTdcvaluefilt
pTdcValueRaw

state
filslnitDone

output.pTdcValueFilt == out TdcValueFilt »»> 27
output.pTdcValueFilt += cutput.pTdcValueRaw >» 2:

pasternDietected
theeshoid

see ooe

Bl state.filtInitDone = 1;
i + cutput.baselinevalue;
ic Raw > a) |

TART_ASTN
o, P T T——
compaDisable
compaEnable
compaEnableWithCapTouchRef
tonlal); compaGetOutput

. tdcvaluel); //tdcValuel should be large enough with 16-bits to cover full range compaSelectGpioingut

ab | compaSeleciGpioRel
tInterrapti) ; compaselectintRet
state.patternbetected = 1: twicquirePeripheral

3 twDelaylls

} fwGenAlertinterrupt
twGenQuickAlertinternupt

t execution twleleaseFeripheral
twicheduleTask

Figure 9. SCS Project for CC1310: CapTouchButton Task (Execution Code Portion)

The variable "threshold" sets the delta between non-touch and touch events (if necessary, the value of 20
can be adjusted). If such delta has been detected, then a second measurement cycle of 90 us is started to
confirm that this is indeed a touch event (and not just an external noise).

If both measurements deliver a delta value above the threshold, then an interrupt to the Cortex-M3 core is
raised using the fwGenAlertinterrupt() function. The CapTouchTask is rescheduled to run in one 1 RTOS
tick later, where the RTOS tick has been set to 1 second.
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SCS Task LMT70
The task LMT70 is defined in the execution code, as shown in Figure 10:

4 Sensor Controller Studio 1.2.0.40562 - Texas Instruments

File Edit View Help
|

. r

LMT70 - Execution Code

£/ Power up temp. sensor and wait
Mlgpiosetoutput (AUXIO_C_LMT ON); //DIO 258

E] Start Page
3 HCACapTouch
= 1] CapTouchButton
4 Initialization Code
J Execution Code
4 Termination Code
= 1 LMT70
45 Initialization Code
ecution Code

for it to get ready

/fWait for Ims till LMT70 settles

ai
wDelayUs (1000, FW_DELAY RANGE_1 MS);

/Disable scaling to use internal BG reference of 1.44V
dcDisableInputScaling();

&% XD5100v3 (D6EB122026934) adcSelectGpiolnput (RUXIO_A LMT1 AIN); //DIO_23
Bl adcGenManualTrigger () ;

dcReadFifo (output.adcVall);

/ Sample the LMT70 temp senscor 2
dcSelectGpioInput (AUXIO A LMT2_AIN); //DIO 26
docGenManualTrigger ()

adcReadFifo (output.adcval2);

dcDisable(); //re-enables ADC input Sceling automatically!!!

/ Power down the LMT70 sensors

gpioClearoutput (AUXIO_O_LMT_ON):

'/ Trigger output on UART
weenhlercInterrupt();

EM// Schedule the next execution in § x lsec (later is defined in
project)
el fwscheduleTask (4) 7

&J Termination Code W // Enable the ADC
it yo Mapping adcEnableSync (ADC_REF_FIXED, ADC_SRMPLE_TIME_42FP6_US, ADC_TRIGGER_MANUAL) :
<) Code Generator
24 Task Testing [connected] BN/ Sample the LMT70 temp sensor 1

the

( nts
ADC_INPUT_DCOUPL
ADC_INPUT_VDDS
ADC_INPUT_VSS
ADC_REF_FIXED
ADC_REF_VDDS_REL
ADC_SAMPLE_TIME_10P6_US 5
ADC_SAMPLE_TIME_10P9_MS 15
ADC_SAMPLE_TIME_170_U¢
ADC_SAMPLE_TIME_1P37_MS 12

output
adcVall
adcVal2

adcDisable
adeDisablelnputScaling
adcEnableAsync
adcEnableSync
adcFlushFifo
adcGenManualTrigger
adcGetFifoStatus
adcReadFifo
adeSelectGpialnput

IAR

Figure 10. SCS Project for CC1310: LMT70 Task (Execution Code Portion)

The signal LMT_ON is set active, thus both enabling and powering on the two LMT70A sensors. A timeout
of 1 ms is required for the output of the LMT70A to settle, so the task waits for that period before disabling
the internal ADC scaling. Next, the ADC12 module is enabled and the sampling time is set to 42.6 us. The

two LMT70A sensors are sampled one after the other. The ADC12 is then disabled, and the LMT_ON

signal is set to low (inactive) to save power.

The task raises an interrupt to the M3 core and schedules itself to run in four RTOS ticks (here equal to

4 seconds).

18 Reference Design for Segment LCD Control Using GPIO Pins to Increase
System Flexibility

Copyright © 2016, Texas Instruments Incorporated

TIDUBQ7A-April 2016—Revised June 2016
Submit Documentation Feedback


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUBQ7A

13 TEXAS
INSTRUMENTS

www.ti.com

Getting Started Firmware

6.2 CCS Code Project

The sensor controller code has been integrated inside the /sce folder within the TIDA-00848 firmware. The
/wmbus folder contains the functionality to generate valid wM-Bus data packets, for the S-, T-, and C-
modes in transmit direction and has been functionally tested. The receive operation of wM-Bus packets
has not been considered in the TIDA-00848.

8/rfP
File Edit View MNavigate Project Run Scripts Window Help

Al RiRvitpridAvilivOr Quick Access | i | [ CCS Edit| % CCS Debug
b Project Explorer 52 =5 % T T O[] readment [ WMBusc (g rfPacketTuc i [T PINA = O & Outline 2 ]
4 [ rfPacketTx_CC1l310DK_7XD_TIC « 52#include "sce/scif_osal_tirtos.h" - SR W ek T

" Binaries i#include "scefscif.h" i o sdlibh -

& Includes >4 ) = o wde/stdh =

(= Debug 55 #define BV(n) (1 << (n)) U xde/runtime/System.h

& sce 57#define DISABLE_LOW_POWER @ = "'f‘?Sh:'WB[C';-“

= smartrf_settings 58 o tifsysbios/knl/Taskh

= targetConfigs 50 #include <ti/drivers/UART.h> o tifdrivers/rf/RF.h

(&= wmbus 60 #include <ti/drivers/uart/UARTCC26XX.h> o tifdrivers/PINK

[ Board.h &1 #include "string.h” o Boardh
62 #include "stdio.h” . ;

[€ CC1310DK_7XDc N . R . . R o smartrf_settings/smartrf_settings
=L .h> f/for ADC calibration operation )

& CC1310DK_7XD.cmd I 0 include <driverlib/aux_adec.h> g rati perations o sceecif frameworkh

% CC1310DK_7XDh 65 #include "wmbus/mbus_packet.h" ® scefscif_osal_tirtos.h

[ ccfge [ o scefscifh

& rfPacketTu.c 67 // UART driver objects # BVD

& s G8UART Handle uHandle; E # DISABLE LOW POWER =

makefile.defs ! . L s i

[ rfPacketTy_readme.tet B Consale = TE O "0 merog. @ T 0 [ Probl. | Advice 2 @ Inte.. +'Sear.. 3*Call [ Prop..

A rfPacketTx.cfg [TI-RTOS - No conseles to display at this time. % ~

d i ; Mo operations to disp 0 items
& Available Products =0 Description
Shows modules on the package path of a
RTSC project. This view is currently empty e = 3

Writable Smart Insert 6040 Full License

Figure 11. CCS Project for TIDA-00848:

Combines wM-Bus TX Example With Sensor Controller Tasks
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7 Test Setup

Two different test setups have been used to develop and test the TIDA-00848: one for the wM-Bus at
868-MHz RF functionality and one to evaluate the current consumption.

®
w
-«
o
(=3
o
]
o
(=
-
o

Figure 12. PCB Area for CapTouch (Red Circle) for Implementing LCD On/Off Functionality

The wM-Bus functionality, or the packet data contents of the transmission, has been verified using two
different hardware kits as receivers. A Radiocrafts RC1180MBUS Kit [8] with an S- and T-mode Packet
Sniffer GUI (included in the RCTools MBUS setup [9]) captured and checked the wM-Bus data packets in
S- and T-mode, transmitted by the TIDA-00848.

For testing both T- and C-mode reception, a CC1310EM and SRFO6EB board with a dedicated XML
configuration file (also included) was used. Note that the XML files for the SmartRF7 Studio tool for proper
packet reception of S-, T-, and C-modes are provided in the TIDA-00848 firmware package named
tidec91.zip (TIDCC91).
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8 Test Data

The TIDA-00848 hardware is tested in several steps, focusing on three areas:
» LCD with sufficient contrast on all 80 segments

» Sensor controller tasks (CapTouch event detection)

* RF transmissions

8.1 Sensor Controller Task for CapTouch Detection

The "pattern detected" variable at the bottom graph is representing the touch event; the
output.pTdcValueRaw and output.pTdcValueFilt show the number of 96-MHz ticks measured (Raw) and
after some simple filtering (Filt).

4 Sensor Controller Studio 1.2.0.40562 - Texas Instruments
File View TaskTesting Help

L I B Task Testing i e

] Start Page Setup Graph
3 HCACapTouch a
= 1] CapTouchButton
4 Initialization Code
J Execution Code
4 Termination Code
=1 LtMT70

output.pTdcValueFilt

O pAuxioAxdPcbButton
[mR ] 0
= output

45 Initialization Code O baselineValue 2099
J Execution Code [ pTdcValueFilt 2180
& Termination Code ¥ pTdcValueRaw 2195
iz 1/O Mappin = state
] Coa: Genefapto? O fildnitDone 1
conne @ patternDetected 1
O threshold o

output.pTdcValueRaw

state.pattemDetected

Figure 13. Task Testing Under SCS: Touch Events are the Peaks in the Two Upper Graphs

NOTE: The second task LMT70 has been reused from the TIDA-00636 and no further testing has

been done.
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8.2

8.3

8.4

wM-Bus Transmission Packets in S-, T-, and C-Modes

Proper transmit operation of the TIDA-00848 has been documented in the screenshot in Figure 14. The
HEX content of the data is based on the example data packet of EN13757-4, here modified with the Texas
Instruments vendor identifier of "51 33" (displayed in LSB first format).

Eile  jettings Mww Evaluation Board Help

Comnn View [ RF Parameters

Tasget Configuration W Show s

RF design based on: [CCAIEM-D-TTS3 ~| @ Radio Operstion Comma Valib

b CMD_FS
» CMD_PROP_TX
Typical Setings b CMD_PROP_RADIO_

¥ Setings for 779 . 930 MHz band
m.z&sncz.m' on
625 bps. Lang ranga mode
4.8 kbps, OOK, 40 kiz RX BW

RF Parsmeten

863 95000 MHz 109 00000

R Filter BWW

| B3 ] i

Expected packet count: 100 | || Infieste

Viawing format Hexadecimal = |

Lemgth conty ] = | Lengat | 48

Syne Word (55555434 | Sync wond length (32 Bits ~ | [No address check |
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Figure 14. C-Mode Telegrams Received With CC1310DK Using "T-Mode" SRF7 Studio XML File

LCD

Two different values for the inverted BASE_PWM_N line and the serial resistors for the segment lines
have been tested. The serial resistors R1 through R4, R7 through R10, R13 through R17, R19 through
R22, R5 through R27, with 3 MQ and 10 MQ have been tested; the latter value delivered lower average
current while the LCD contrast did not change or deteriorate visibly.

Also the R28 with 11 kQ and R29 with 22 kQ initially, have been increased to 33.2 kQ and 66.5 kQ to
better fit the 10-MQ serial resistors.

TIDA-00848 Current Consumption

The power consumption of the TIDA-00848 was measured with an Agilent N6781A two-quadrant source
or measure unit for battery drain analysis. Figure 15 shows an 835-nA average current at a 3.6-V supply
voltage when the sensor controller is running periodically the CapTouchTask only and LCD functionality is

off. There is a period of 8 seconds between LCD activities, and this is indicated by the two markers in
Figure 15.

For comparison, the same activity (LCD off) was measured using a 3-V supply and showed a 1.064-pA
average current. When the LCD is enabled, current consumption is significantly higher, as shown in
Figure 16. The value is 337.79 pA at 3.6 V, due to the periodic (approximately 1 ms) wake-up of the
Cortex-M3 MCU through the TI RTOS. After each wake-up, all eight subphases of the f;,.. are executed.

During this LCD on/off testing, no RF task was enabled—just a minimalistic firmware IAR project has been
used.
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Figure 15. Current Average at 3.6 V (LCD is Off, Sensor Controller With CapTouch Task Only)

o

ome Fdit Tools
e :
AV2| .
= :

W st L oor |\ A

Bo7 Joi3
4

F1-ATL | RS BN NN

8315 7272 6228 -5.187 4144 1[:1101 -2059 1016 0.027 1.069 2112
< < # s >
G | Markers & Measurements () Ranges.  ALTO SCALE "32 @
Y Time
et
it AL
=
A-V3
AV
FL-A-TL -91.06 pA 337.793 pA 3.532424 mA 718.124 pA 3.623483 mA
10435/ ~  Offset:Os Points 2048 =  Period: 05 Trigger ScopeRunBution ~ Mode: Auto =  Slope: & Level —
| 108 measurement 3 6y X

- Scope Arb
fo= | woe | v | e @
.mmﬁo B

Figure 16. Current Average at 3.6 V (LCD is On, Sensor Controller With CapTouch Task Only)
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9 Design Files
9.1 Schematics
To download the schematics, see the design files at TIDA-00848.
9.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-00848.
9.3 PCB Layout Recommendations
The TIDA-00848 is a two-layer PCB with approximately 1-mm overall thickness; the two layers are for the
lowest cost while the 1-mm thickness increases the mechanical stability of the PCB. The layout closely
follows the CC1310 reference design in [4] but has been modified on the top layer copper to achieve 50-Q
strip-line impedance of the RF line to the SMA antenna connector.
9.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-00848.
9.4 Altium Project
To download the Altium project files, see the design files at TIDA-00848.
9.5 Gerber Files
To download the Gerber files, see the design files at TIDA-00848.
9.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-00848.
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10  Software Files
To download the software files, see the design files at TIDA-00848.

11 References

1. Beuth, Heat cost allocators for the determination of the consumption of room heating radiators -
Appliances with electrical energy supply, DIN EN 834:2013-12 (www.beuth.de)

2. Texas Instruments, Sensor Controller Studio (http://www.ti.com/tool/sensor-controller-studio)

3. Texas Instruments, Matched Precision Temperature Sensing for Heat Cost Allocators, TIDA-00646
Design Guide (TIDUB32)

4. Texas Instruments, TI-RTOS Wiki: (http://processors.wiki.ti.com/index.php/TI-RTOS_Support)

5. Texas Instruments, Wearable Temperature Sensing Layout Considerations Optimized for Thermal
Response, Application Report (SNIA021)

6. Saft Batteries, LS, LSH (http://www.saft-batteries.com/battery-search/ls-Ish)

7. FDK, High Capacity Cylindrical Type Primary Lithium Batteries
(http:/iwww.fdk.com/battery/lithium_e/lithium_cylindrical.html)

8. Radiocrafts, Wireless M-Bus and KNX RF Demo Kits
(http://www.radiocrafts.com/index.php?sidelD=354)

9. Radiocrafts, RCTools MBUS Setup (http://www.radiocrafts.com/uploads/rctools-mbus_setup_1 94.exe)

10. Pacific Display Devices, Technical Information and Application Notes
(http://www.pacificdisplay.com/technical.htm)

12  Terminology

Heat cost allocators (HCAs)—Battery-powered electronic devices, used to capture the proportionate
thermal output of radiators in consumer units

Heater sensor—Temperature sensor, attached to the radiator (or heating element)
Room sensor—Temperature sensor for monitoring the room or ambient air temperature

wM-Bus— The European RF metering standard, providing solutions for the 169-, 433-, and 868-MHz
bands

LCD— Liquid crystal display
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated (‘TI") reference designs are solely intended to assist designers (“Designer(s)”) who are developing systems
that incorporate Tl products. Tl has not conducted any testing other than that specifically described in the published documentation for a
particular reference design.

TI's provision of reference designs and any other technical, applications or design advice, quality characterization, reliability data or other
information or services does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl products, and
no additional obligations or liabilities arise from TI providing such reference designs or other items.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its reference designs and other items.

Designer understands and agrees that Designer remains responsible for using its independent analysis, evaluation and judgment in
designing Designer’s systems and products, and has full and exclusive responsibility to assure the safety of its products and compliance of
its products (and of all Tl products used in or for such Designer’s products) with all applicable regulations, laws and other applicable
requirements. Designer represents that, with respect to its applications, it has all the necessary expertise to create and implement
safeguards that (1) anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the
likelihood of failures that might cause harm and take appropriate actions. Designer agrees that prior to using or distributing any systems
that include TI products, Designer will thoroughly test such systems and the functionality of such TI products as used in such systems.
Designer may not use any TI products in life-critical medical equipment unless authorized officers of the parties have executed a special
contract specifically governing such use. Life-critical medical equipment is medical equipment where failure of such equipment would cause
serious bodily injury or death (e.g., life support, pacemakers, defibrillators, heart pumps, neurostimulators, and implantables). Such
equipment includes, without limitation, all medical devices identified by the U.S. Food and Drug Administration as Class Il devices and
equivalent classifications outside the U.S.

Designers are authorized to use, copy and modify any individual TI reference design only in connection with the development of end
products that include the TI product(s) identified in that reference design. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY
ESTOPPEL OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR
INTELLECTUAL PROPERTY RIGHT OF Tl OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right,
copyright, mask work right, or other intellectual property right relating to any combination, machine, or process in which Tl products or
services are used. Information published by Tl regarding third-party products or services does not constitute a license to use such products
or services, or a warranty or endorsement thereof. Use of the reference design or other items described above may require a license from a
third party under the patents or other intellectual property of the third party, or a license from TI under the patents or other intellectual
property of TI.

TI REFERENCE DESIGNS AND OTHER ITEMS DESCRIBED ABOVE ARE PROVIDED “AS IS” AND WITH ALL FAULTS. TI DISCLAIMS
ALL OTHER WARRANTIES OR REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING THE REFERENCE DESIGNS OR USE OF
THE REFERENCE DESIGNS, INCLUDING BUT NOT LIMITED TO ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE
WARRANTY AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-
INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY DESIGNERS AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS AS
DESCRIBED IN A TI REFERENCE DESIGN OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT,
SPECIAL, COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH
OR ARISING OUT OF THE REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, AND REGARDLESS OF WHETHER TI
HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

TI's standard terms of sale for semiconductor products (http://www.ti.com/sc/docs/stdterms.htm) apply to the sale of packaged integrated
circuit products. Additional terms may apply to the use or sale of other types of Tl products and services.

Designer will fully indemnify TI and its representatives against any damages, costs, losses, and/or liabilities arising out of Designer’s non-
compliance with the terms and provisions of this Notice.
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