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5 Device Comparison Table

TWO-WIRE
PRODUCT INTERFACE VOLTAGE
TMP006 3.3V
TMPO006B 18V
6 Pin Configuration and Functions
YZF Package
8-Pin DSBGA
(Top View, Not to Scale)
.
[
%) ! 1
2
8 B ESensori
[ 1
o|l@ ©@ @
1 2 3
Columns
Pin Functions
PIN
I/0 DESCRIPTION
NAME NO.
ADRO C1 Input Address select pin
ADR1 B1 Input Address select pin
AGND A2 Power Analog ground
DGND Al Power Digital ground
DRDY Cc2 Output Data ready, active low, open-drain; requires a pullup resistor to V+.
SCL B3 Input Serial clock line for two-wire interface, open-drain; requires a pullup resistor to V+.
SDA C3 Input/output | Serial data line for two-wire interface, open-drain; requires a pullup resistor to V+.
V+ A3 Power Positive supply (2.2 V to 5.5 V)

Copyright © 2011-2015, Texas Instruments Incorporated
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7 Specifications

7.1 Absolute Maximum Ratings
over operating free-air temperature range (unless otherwise noted)®

MIN MAX UNIT

Supply voltage, Vs V+ pin 7 Y,

ADRL1 pins -0.5 Vs + 0.5 \%
Input voltage — -

SDA, SCL, DRDY, ADRO pins -0.5 +7 \%
Input current 10 mA

Operating range -40 +125 °C
Temperature Junction temperature, Ty max +150 °C

Storage range, Tgy —65 +150 °C

(1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings
only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under Recommended
Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

7.2 ESD Ratings

VALUE UNIT
_ Human-body model (HBM), per ANSI/ESDA/JEDEC JS-001 () +2000
Viesn) Ei'se;gg’rzt:“c Charged-device model (CDM), per JEDEC specification JESD22-C101® +500 v
Machine model +200
(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.
7.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)
MIN NOM MAX UNIT
Supply voltage, Vs 2.5 3.3 55 \
Operating temperature range -40 +125 °C
Die temperature, Tpe 125 °C
Object temperature, Tog; See note @ °C
(1) Object temperature is application dependent.
7.4 Thermal Information
TMP006
TMP006B
THERMAL METRIC® YZF (DSBGA) UNIT
8 PINS

Rgia Junction-to-ambient thermal resistance 123.8
Rojctop) Junction-to-case (top) thermal resistance 69
Rgis Junction-to-board thermal resistance 103 CIW
WIT Junction-to-top characterization parameter 4.7
viB Junction-to-board characterization parameter 55
Roc(bot) Junction-to-case (bottom) thermal resistance N/A

(1) For more information about traditional and new thermal metrics, see the IC Package Thermal Metrics application report, SPRA953.

MR © 2011-2015, Texas Instruments Incorporated
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7.5 Electrical Characteristics

At Tpe = +25°C, V+ = 3.3 V, and conversion time = 1 second, unless otherwise specified.

PARAMETER | TEST CONDITIONS ‘ MIN TYP MAX UNIT
OUTPUT ERROR
Die temperature sensor Tpie = 0°C to +60°C, V+ =2.2 V10 5.5 V +0.5 +1 °C
Tpe = —40°C to +125°C, V+ =22V to 55V +0.5 +1.5 °C
PSRR Power-supply rejection ratio 0.1 °CIV
Calculate object temperature®) 12';:_;1?;2 t_c)lg?g"g,+3ooc +1 +3 °C
Field of view 50% responsivity 90 Degrees
TEMPERATURE MEASUREMENT
CR2=0,CR1=0,CR0O=0 0.25 Seconds
CR2=0,CR1=0,CRO0=1 0.5 Seconds
Conversion time CR2=0,CR1=1,CR0O=0 1 Seconds
CR2=0,CR1=1,CR0=1 2 Seconds
CR2=1,CR1=0,CRO0=0 4 Seconds
Resolution Die temperature sensor 0.03125 °C
Thermopile sensor resolution 156.25 nv
SMBus COMPATIBLE INTERFACE
Viy Logic input high voltage (SCL, SDA) TMPOO6 only 21 v
TMPOO06B only 1.4 \Y
Vi Logic input low voltage (SCL, SDA) TMPO06 only 08 v
TMPOO06B only 0.4 \Y
Hysteresis 100 mvV
VoL Output low voltage (SDA) lour = 6 MA 0.15 0.4 \Y
Output low sink current (SDA) 6 mA
Logic input current Forced to 0.4 V -1 +1 HA
Input capacitance (SCL, SDA, A0, Al) 3 pF
Clock frequency 0.001 34 MHz
Interface timeout 25 30 35 ms
DIGITAL OUTPUTS
VoL  Output low voltage (DRDY) lout = 4 MA 0.15 0.4 \%
lon High-level output leakage current Vout = Vbp 0.1 HA
Output low sink current (DRDY) Forced to 0.4 V 4 mA
POWER SUPPLY
Vs Specified voltage range Tpie = —40°C to +125°C 2.2 55 \Y
POR  Power-on reset Tpe = —40°C to +125°C 1.6 \
Continuous conversion; see & 7 240 325 HA
(?r‘?l;i/al bus inactive, shutdown mode, TMP006 0.5 10 WA
lo Quiescent current Serial bus inactive, shutdown mode, TMP006B 15 50 uA
only
e 400 6 s n

(1) This parameter is tested in a fully-settled setup with no transients, in front of an ideal black body, with specified layout constraints, and

after system calibration.

MY © 2011-2015, Texas Instruments Incorporated
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7.6 Typical Characteristics
At Tpe = +25°C and Vg = 3.3 V, unless otherwise noted.

3 4
25 — 22V ||
9 — 33V | 3
55V
15 H 2 [
o ! o 1 | —— =
S o - — o =
<] 2 0 — - pimp——— |
] w — = ———
w a —_— -
= oo —
—_—
-2
3 —— Tpe =20°C
Tpie =40°C
-3 -4
-40 -25 -10 5 20 35 50 65 80 95 110 125 -20 -10 0 10 20 30 40
TDIE (OC) TOBJ - TDIE (OC)
1. Typical Die Temperature Error 2. Typical Object Temperature Error
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s 60 1 ——
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Angle (°) cool Tog, Error (°C)
TOBJ = ZOOC, TDIE = ZOOC,
valid for 120° FOV and object emissivity = 0.94
3. Responsivity vs Angle 4. Noise-Limited, Object-Temperature Accuracy
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8 Detailed Description

8.1 Overview

The TMP006 and TMPO06B are digital temperature sensors that are optimal for thermal management and
thermal protection agplications where remote noncontact sensing is desired. The TMP006 and TMP0O06B use a
two-wire interface (I°C and SMBus compatible), and are specified over the die temperature range of —40°C to
+125°C. The TMP006 and TMPOO6B measure object temperatures over a range limited only by the maximum
sensor voltage (5.12 mV). The TMP006 and TMPOO6B contain registers for holding configuration information,
temperature measurement results, and sensor voltage measurement. Die temperature and sensor voltage
measurements are used to calculate the object temperature.

The TMP006 and TMPOO06B provide both die temperature and thermopile sensor voltage outputs in a small
DSBGA chip-scale package. The die temperature sensor in both the TMP006 and TMPOO6B is integrated on-
chip; the thermal path runs through the DSBGA solder balls. The low thermal resistance of the solder balls
provides the thermal path to maintain the chip at the temperature of the die environment.

The top side of the DSBGA package must face the object that is being measured with an unobstructed view in
order to accurately measure the temperature. Refer to the user guide TMP006 Layout and Assembly Guidelines
(SBOU108) for more details.

8.2 Functional Block Diagram

V+
+
DRDY
_Bi ADRO
liZB't —N| Digital |—N Two-Wire ADR1
—/ Control |—/] Interface
ADC SCL
= SDA
Sensor
Amplifier T—\
IR
Thermopile Voltage
Sensor Temperature Reference TMPOO6
TMPO0O0O6B
AGND DGND

8.3 Feature Description

The TMP006 and TMP0OO6B sense the IR radiation emitted by all objects. The spectrum of the radiation depends
only on the temperature and is given by Planck’s law, as shown in 23 1:

2hc? 1
B, (T.1)= | he watts /cm? / pm

Ak T
e B _—1

* h=Planck’s constant

e ¢ = speed of light

¢ kg = Boltzmann’s constant

e A =wavelength in microns (2)

8 MY © 2011-2015, Texas Instruments Incorporated
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Feature Description (3T )

The intensity of radiation from the object is determined by the emisivity (g), a material-dependent property that
scales the spectral response so that 0 < ¢ < 1. For an ideal black body, the radiation is at a maximum for a given
temperature and ¢ = 1. The temperature is measured on the kelvin scale where 0 K is absolute zero, or
—273.15°C. Room temperature (25°C) is approximately 298.13 K. The emission spectra for objects at or near
room temperature are shown in 5. For these temperatures, the majority of the radiation emitted is in the
wavelength range of 3 um to 20 pm.

0.025 750K
! 400 K
| 350 K
0.020 i 300 K
250 K
| T
|
0.015 }
Zum '/ ¢ 16um

0.010

or| Y

0.000

Spectral Radiant Exitance (W/cm?2/um)

AN
o

20

i
it

0 5 10 1
Wavelength (um)

5. Black Body Emission Spectrum and Response

8.3.1 Spectral Responsivity

The TMPO006 and TMPOO6B are optimized to sense IR radiation emitted by objects from approximately 250 K
(=23°C) to 400 K (127°C), with maximum sensitivity from approximately 4 um to 16 um. The relative spectral
response of the TMP006 and TMPOO06B is shown in & 6.

1.2

MJ\\//\/\ ,
/

o
~

Relative Response
¢ o o
[<2) [o2)

©
)

0.0

4.0 8.0 12.0 16.0
Wavelength (um)

6. Relative Spectral Response vs Wavelength
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Feature Description (3T )
8.3.2 Field of View and Angular Response

The TMP006 and TMPOO06B sense all radiation within a defined field of view (FOV). The FOV (or full-angle of 6)
is defined as 2®. These devices contain no optical elements, and thus sense all radiation within the hemisphere
to the front of the device. ® 3 shows the angular dependence of the sensor response and the relative power for
a circular object that subtends a half angle of phi (®). B 7 defines the angle ® in terms of object diameter and
distance. B 7 assumes that the object is well approximated as a plane that is perpendicular to the sensor axis.

Sensor

7. FOV Geometry Definition

In this case, the maximum contribution is from the portion of the object directly in front of the TMPOO06 or
TMPOO06B (@ = 0); with the sensitivity per solid angle, dR/d® decreases as @ increases. Approximately 50% of
the energy sensed by the TMP006 and TMPOOGEB is within a FOV (0) = 90°.

This discussion is for illustrative purposes only; in practice the angular response (dR/d®) of the TMP006 and
TMPOOG6B to the object is affected by the object orientation, the nhumber of objects, and the precise placement
relative to the TMP0O06 or TMPOO6B. & 8 shows the thermopile sensor dimensions.

1.6 mm

A
A 4

TMPO006

j r— 0.165 mm
1

1
J—l Sensor ! 0.33 mm 1.6 mm

NOTE: Thermopile sensor is centered in the device.

8. Thermopile Sensor Dimensions

10 MY © 2011-2015, Texas Instruments Incorporated
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Feature Description (3T )
8.3.3 Thermopile Principles and Operation

The TMP006 and TMPOO06B sense radiation by absorbing the radiation on a hot junction. The thermopile then
generates a voltage proportional to the temperature difference between the hot junction, T, and the cold
junction, T.yg-

Thermopile

4
Enor & Toie

L

4
Eosy & Tog;

Heat Absorbor Cold Junction

9. Principle of Thermopile Operation

The cold junction is thermally grounded to the die, and is effectively Tpg, the die temperature. In thermal
equilibrium, the hot junction is determined by the object temperature, Tpg;. The energy emitted by the object,
Eogs, Minus the energy radiated by the die, Epe, determines the temperature of the hot junction. The output
voltage, Vgour, is therefore determined by the relationship shown in 23 2:

Vout = Vsensor = C*(Thot — TeoLp) = (Tops4 — Toie4)

where
« Cis a constant depending on the design of the sensing element. 2

Note that the sensor voltage is related to both the object temperature and the die temperature. A fundamental
characteristic of all thermopiles is that they measure temperature differentials, not absolute temperatures. The
TMPO006 and TMPOO6B contain a highly-accurate, internal temperature sensing element to measure Tp.
Estimate Tpg; by using Vgensor and Tpe. For each 250-ms conversion cycle, the TMP006 and TMPO0O6B
measure a value for Vgensor @and for Tp e, which are then placed in their respective registers.

For each conversion cycle, the device generates an analog-to-digital converter (ADC) value for Tpg and Vsensor-
Bits CR2 to CRO determine the number of T,z and sensor ADC results to average before they are loaded into
the respective registers for readout.

After power-on reset (POR), the TMP006 and TMPOO6B start in four conversions per second (CR[2:0] = 010). In
general, for a mode with N conversions, the local temperature, Ty, result is updated at the end of the Nth ADC
conversion with the value shown in A3 3:

N
Toe = 1 Z Local Temp Conversiony
e @3
Similarly, the sensor voltage result is updated at the end of the Nth sensor ADC conversion with the value shown
in A% 4:
1 N
Vsensor == 2, Sensor Conversiony
e @)

The total conversion time and averages per conversion can be optimized to select the best combination of
update rate versus noise for an application. Additionally, low-power conversion mode is available. In CR settings
101, 110, and 111, the device inserts a standby time before the beginning of the next conversion or conversions.

The method and requirements for estimating Tog; are described in the next section.

MR © 2011-2015, Texas Instruments Incorporated 11
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Feature Description (3T )
8.3.4 Object Temperature Calculation

The TMP006 and TMPOO6B generate a sensor voltage, Vsensor, iN register 00h that is representative of the
energy radiated by the object. In an ideal situation, the Stefan-Boltzman law relates the energy radiated by an
object to its temperature by the relationship shown in 2% 5:

4
Energyraq = €0Tog,

where
+ ¢ = Stefan-Boltzman constant = 5.7 x 1012 W/cm?/K*
* ¢ =Emissivity, 0 < ¢ < 1, an object dependent factor, ¢ = 1 for a perfect black body 5)

A similar relationship holds for the sensing element itself that radiates heat at a rate determined by Tpe. The net
energy absorbed by the sensor is then given by the energy absorbed from the object minus the energy radiated
by the sensor, as shown in A3, 6:

4 4
VSENSOR oc EABSORBED - EF\’ADIATED =€0 (TOBJ - TDIE)

(6)
In an ideal situation, the sensor voltage relates to object temperature as shown in 23 7:
44 Vsensor
Topy=4ToE+— >
€C %)
4 f{Vosy
4 OBJ
Toss = ,/TDiE J{T]
where

e Sis a system-dependent parameter incorporating the object emissivity (g), FOV, and sensor characteristics.
The parameters SO, Al, and A2 are used in determining S.

«  f(Vogy) is a function that compensates for heat flow other than radiation, such as convection and conduction,
from nearby objects. The parameters B0, B1, and B2 are used to tune this function to a particular system and
environment. (8)

The coefficients affect object temperature measurement as described in 3% 1.

3% 1. Calibration Coefficient Definitions

COEFFICIENT PURPOSE CALIBRATION COMMENT
SO FOV and emissivity of object | Application and object Default values based on black body with ¢ = 0.95, and
dependent 110° FOV
Al, A2 Device properties Factory set Default values based on typical sensor characteristics
C Device properties Factory set Default values based on typical sensor characteristics
BO, B1, B2 Corrects for energy sources Environment dependent Calibrate in end-application environment

12 MY © 2011-2015, Texas Instruments Incorporated
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8.3.5 Calibration

The TMP006 and TMP0O06B default coefficients are calibrated with a black body of emissivity, ¢ = 0.95, and an
FOV (0) = 110°. Use these coefficients for applications where the object emissivity and geometry satisfy these
conditions. For applications with different object emissivity or geometry, calibrate the TMP006 or TMP0OO6B to
accurately reflect the object temperature and system geometry. Accuracy is affected by device-to-device or
object-to-object variation. For the most demanding applications, calibrate each device individually.

As an overview the calibration procedure includes:

1. Defining the environmental variation range (die and object temperature range, supply voltage, temperature
change speed, sampling rate and so on).

2. Making the die temperature measurements and IR sensor voltage measurements over the environmental
range.

3. Generate an optimal set of coefficients based on the collected data set.

The best temperature precision is available if every device is calibrated individually. Alternatively, if all the units in
the application use the same coefficients, then calibrate a statistically significant number of devices.
Recalibration may be required under any or all of the following conditions:

Board layout is changed.

Object or objects in the field of view changed.

Object distance changed.

Angle between device surface and direction to the object changed.

Object and local temperature range changed outside the environmental calibration range.
Object and local temperature transients significantly changed.

Supply voltage changed more than 1 V.

Air convection or conduction near the device.

© No gkwDdBE

For further information and methods for calibration, refer to user guide SBOU142, TMPO0O07 Calibration Guide
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8.3.6 Sensor Voltage Format

The TMPO006 and TMPOO6B provide 16 bits of data in binary twos complement format. The positive full-scale
input produces an output code of 7FFFh and the negative full-scale input produces an output code of 8000h. The
output clips at these codes for signals that exceed full-scale. & 2 summarizes the ideal output codes for different
input signals. B 10 illustrates code transitions versus input voltage. Full-scale is a 5.12-mV signal. The LSB size
is 156.25 nV.

% 2. Input Signal Versus Ideal Output Code®

SENSOR SIGNAL OUTPUT CODE
FS (2% — 1)/21% (5.12 mV) 7FFFh
+FS/215 (156.25 nV) 0001h
0 0
—FS/2'5 (—-156.25 nV) FFFFh
—FS (-5.12 mV) 8000h

(1) FS = Full-scale value.

7FFFh
7FFEh

0001h
0000h
FFFFh

Output Code

8001h
8000h

_FS cee Qe FS

Sensor Voltage (AINp — AINy)

2% 1 2
FS

-FS
215

10. Code Transition Diagram
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8.3.7 Temperature Format

The temperature register data format of the TMP006 and TMPOO6B is reported in a binary twos complement
signed integer format, as & 3 shows, with 1 LSB = 1/ 32°C = 0.03125.

#z 3. Temperature Data Format

TEMPERATURE (°C) DIGITAL OUTPUT (BINARY) SHIFTED HEX
150 0100 1011 0000 0000 12C0
125 0011 1110 1000 0000 OFAOQ
100 0011 0010 0000 0000 0C80
80 0010 1000 0000 0000 0AO0
75 0010 0101 1000 0000 0960
50 0001 1001 0000 0000 0640
25 0000 1100 1000 0000 0320

0.03125 0000 0000 0000 0100 0001
0 0000 0000 0000 0000 0000
-0.03125 111111111111 1100 FFFF
—0.0625 111111111111 1000 FFFE
-25 1111 0011 0111 0000 FCDC
—40 11101011 1111 1100 FAFF
-55 1110 0100 0111 1100 FO1F

Converting the integer temperature result of the TMP006 and TMPOO06B to physical temperature is done by right-
shifting the last two LSBs followed by a divide-by-32 of Ty, to obtain the physical temperature result in degrees
Celsius. Tpe is the 14-bit signed integer contained in the corresponding register. The sign of the temperature is
the same as the sign of the integer read from the TMP006 and TMPOO6B. In twos complement notation, the MSB
is the sign bit. If the MSB is 1, the integer is negative and the absolute value can be obtained by inverting all bits
and adding 1. An alternative method of calculating the absolute value of negative integers is abs(i) = i xor FFFFh

+ 1.

8.3.8 Serial Interface

The TMPO006 and TMPOOG6EB initially start up with typical settings consisting of a conversion rate of one
conversion per second (as specified in the Electrical Characteristics). The internal structure of the digital interface

is shown in B 11.

Pointer

Register
Result
Registers ScL
/0
Control
, ; Interface
Configuration o

Registers SDA

R

ADRO ADR1 DRDY

11. Internal Structure
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The TMP006 and TMPOO6B operate only as a slave device on the two-wire bus. Connections to either bus are
made via the open-drain I/O lines, SDA, and SCL. The SDA and SCL pins feature integrated spike-suppression
filters and Schmitt triggers to minimize the effects of input spikes and bus noise. The TMP006 and TMP006B
support the transmission protocol for fast (1 kHz to 400 kHz) and high-speed (1 kHz to 3.4 MHz) modes. All data
bytes are transmitted MSB first.

8.3.8.1 Serial Bus Address

To communicate with the TMP006 or TMP006B, the master must first address slave devices via a slave address
byte. The slave address byte consists of seven address bits and a direction bit that indicates the intent to
execute a read or write operation.

The TMP006 and TMPOO6B feature two address pins to allow up to eight devices to be addressed on a single
bus. ¥ 4 describes the pin logic levels used to properly connect up to eight devices. The state of the ADRO and
ADR1 pins is sampled on every bus communication and should be set before any activity on the interface
occurs.

& 4. TMP006 and TMP006B Address Pins and Slave Addresses

ADR1 ADRO SMBus Address
0 0 1000000
0 1 1000001
0 SDA 1000010
0 SCL 1000011
1 0 1000100
1 1 1000101
1 SDA 1000110
1 SCL 1000111

8.3.8.2 Read and Write Operations

Access a particular register on the TMP006 and TMPOO06B by writing the appropriate value to the pointer register.
The pointer value is the first byte transferred after the slave address byte with the R/W bit low. Every write
operation to the TMP006 and TMPOO6B requires a value for the pointer (see 12). When reading from the
TMPOO06 or TMPOO6B, the last value stored in the pointer by a write operation is used to determine which register
is read by a read operation. To change the register pointer for a read operation, a new value must be written to
the pointer. This transaction is accomplished by issuing a slave address byte with the R/W bit low, followed by
the pointer byte. No additional data are required. The master can then generate a START condition and send the
slave address byte with the R/W bit high to initiate the read command. If repeated reads from the same register
are desired, it is not necessary to continually send the pointer bytes because the TMP006 and TMPOO06B retain
the pointer value until it is changed by the next write operation. Note that register bytes are sent MSB first,
followed by the LSB.

16 MY © 2011-2015, Texas Instruments Incorporated
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8.3.8.3 Two-Wire Timing Diagrams

The TMP006 and TMPOO06B use a two-wire interface (1°C and SMBus-compatible). B 12 and B 13 illustrate the
timing for the various operations on the TMP006 and TMP0O06B. Parameters for B 12 are defined in & 5. Bus
definitions are given below.

#k 5. Two-Wire Timing Diagram Definitions

FAST MODE HIGH-SPEED MODE

PARAMETER TEST CONDITIONS MIN MAX MIN MAX UNIT
fscL SCL operating frequency, Vg > 1.7 V 0.001 0.4 0.001 3.4 MHz
fscL SCL operating frequency, Vg < 1.7 V 0.001 0.4 0.001 2.75 MHz
taur Bus free time be(t:v(\)/ﬁgir:iosr;l'OP and START 600 160 ns

Hold time after repeated START condition.
tHDsTA After this period, the first clock is 100 100 ns
generated.
tsusTA Repeated START condition setup time 100 100 ns
tsusto STOP condition setup time 100 100 ns
tHDDAT Data hold time o 0@ ns
tSUDAT Data setup time 100 10 ns
tLow SCL clock low period, Vg > 1.7 V 1300 160 ns
tLow SCL clock low period, Vg < 1.7 V 1300 200 ns
tHIGH SCL clock high period 600 60 ns
te Clock/data fall time 300 ns
tr Clock/data rise time 300 160 ns
tr Clock/data rise time for SCLK < 100 kHz 1000 ns
(1) For cases with fall time of SCL less than 20 ns and/or the rise or fall time of SDA less than 20 ns, the hold time should be greater than
2) Fzzgrn§éses with a fall time of SCL less than 10 ns and/or the rise or fall time of SDA less than 10 ns, the hold time should be greater than
10 ns.

Bus Idle: Both SDA and SCL lines remain high.

Start Data Transfer: A change in the state of the SDA line from high to low while the SCL line is high defines a
START condition. Each data transfer is initiated with a START condition.

Stop Data Transfer: A change in the state of the SDA line from low to high while the SCL line is high defines a
STOP condition. Each data transfer terminates with a STOP or a repeated START condition.

Data Transfer: The number of data bytes transferred between a START and a STOP condition is not limited and
is determined by the master device. The receiver acknowledges the transfer of data.

Acknowledge: Each receiving device, when addressed, is obliged to generate an Acknowledge bhit. A device
that acknowledges must pull down the SDA line during the Acknowledge clock pulse in such a way that the SDA
line is stable low during the high period of the Acknowledge clock pulse. Setup and hold times must be taken into
account. On a master receive, data transfer termination can be signaled by the master generating a Not-
Acknowledge on the last byte that has been transmitted by the slave.

In order for the two-wire bus to operate at frequencies above 400 kHz, the master device must issue a High-
speed mode (Hs-mode) master code (0000100X) as the first byte after a START condition to switch the bus to
high-speed operation. The TMP006 and TMPO06B do not acknowledge this byte, but switch the input filters on
SDA and SCL and the output filter on SDA to operate in Hs-mode, allowing transfers at up to 3.4 MHz. After the
Hs-mode master code has been issued, the master transmits a two-wire slave address to initiate a data transfer
operation. The bus continues to operate in Hs-mode until a STOP condition occurs on the bus. Upon receiving
the STOP condition, the TMP006 and TMP0O06B switch the input and output filter back to fast-mode operation.
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SCL

VAERRRE T IC © ¢ 0000V

Start By ACK By ACK By
Master Device Device

}47 Frame 1 Two-Wire Slave Address Byte 4+7 Frame 2 Pointer Register Byte 4>{

1 9 1 9

SCL
(Continued)
[ [ [ [ [ [ [ [ [ ; [ [ [ 1 1 [ [ [ [ [ 1
SDA [ I L I
onnied)  CXEXLNN) AKX
ACK By ACK By Stop By
Device Device Master

}47 Frame 3 MSB 4%47 Frame 4 LSB 4%

(1) Slave address 1000000 shown. Slave address changes for the TMP006 and TMP0O0O6B depend on the ADR1 and ADRO pin connection.
See ik 4 for more details.

12. Two-Wire Timing Diagram For Write Word Format

SCL

SVAURRERETIVO OO SOOI
h

ACK By ACK By
Device Device

Frame 1 Two-Wire Slave Address Byte 4%47 Frame 2 Pointer Register Byte 4%

9 1 9

SCL
(Continued)

SAVAVIEERE/AWO 0000000

Start By ACK By From ACK By
Master Device Device Master
}47 Frame 3 Two-Wire Slave Address Byte H47 Frame 4 MSB 4%
1 9

SCL

DO OO DN

From NACK By Stop By
Device (2 Master

SD.

>

Master
‘47 Frame 5 LSB

(1) Slave address 1000000 shown.
(2) Master must leave SDA high to terminate a two-byte read operation.

13. Two-Wire Timing Diagram For Two-Byte Read Format
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8.4 Device Functional Modes

The TMP006 and TMPOO6B operate in two modes: continuous and shutdown. A software reset function is also
available. Selecting the desired operating mode is done by writing to the configuration register conversion mode
select bits MOD[2:0]. The duration of the analog-to-digital (A/D) conversion is determined by the conversion rate
bits CR[2:0] and is listed in & 7. Continuous mode, on the other hand, performs an A/D conversion followed by a
low-power delay in order to reduce the average power consumption. Multiple options for the conversion time and
delay time are available in order to select the desired power and noise performance. Initiating power-down has
an immediate effect; it aborts the current conversion and puts the device into a low-power shutdown mode. RST,
or software reset, is also immediate and initializes all memory locations with the respective reset values.

8.5 Register Maps

The TMP006 and TMP0OO6B contain data registers that hold configuration information, temperature measurement
results, and status information.

% 6. Register Map

POINTER
(HEX) REGISTER D15 D14 D13 D12 D11 D10 D9 D8 D7 D6 D5 D4 D3 D2 D1 DO
00h Sensor voltage V15 V14 V13 V12 V1l V10 V9 V8 V7 V6 V5 V4 V3 V2 Vil VO
01h Local temperature T13 T12 T11 T10 T9 T8 T7 T6 T5 T4 T3 T2 T1 TO 0 0
02h Configuration RST | MOD3 | MOD2 | MOD1 | CR3 | CR2 | CR1 EN | DRDY 0 0 0 0 0 0 0
FEh Manufacturer 1D ID15 | ID14 | ID13 | ID12 | ID11 | ID10 D9 D8 ID7 D6 ID5 D4 ID3 ID2 D1 IDO
FFh Device ID ID15 | ID14 | ID13 | ID12 | ID11 | ID10 D9 D8 ID7 D6 ID5 D4 ID3 ID2 D1 IDO

8.5.1 Sensor Voltage Result (Vsensor) Register (address = 00h) [reset = 0000000000000000]

The sensor voltage register is a 16-bit result register in binary twos complement format. One least significant bit
(LSB) is 156.25 nV. The full-scale value is a +5.12 mV signal. Data from this register (B 14) are used in
conjunction with data from the Temperature register to calculate the object temperature. 14 summarizes the
Sensor Voltage register. The equation for the resultant object temperature is discussed in the TMP006 User
Guide (SBOU107).

14. Sensor Voltage Result (Vsgnsor) Register

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
vis | via | viz [ viz [ vir [ vio | vo | v8 | vi | ve | vs | va [ va | v2 | vi | vo
ROh ROh R-Oh R-Oh ROh RoOh ROh ROh ROh R-Oh ROh ROh ROh ROh R-Oh R-Oh
LEGEND: R/W = Read/Write; R = Read only; -n = value after reset

8.5.2 Temperature (Tpe) Register (address = 01h) [reset = 0000000000000000]

The temperature register of the TMP006 and TMPOO6B is configured as a 14-bit, read-only register (as shown in
15) that stores the result of the most recent conversion for the die temperature, Tpe. Following power-up or a
software reset, the Temperature Register reads 0°C (0000h) until the first conversion is complete.

15. Temperature (Tp) Register

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
113 | 112 | tia [ 10| 19 | 18 | 17 | 6 | 15 | T4 | 3 [ T2 | 11| 10 | — | —
ROh ROh R-Oh R-Oh ROh RoOh ROh ROh ROh R-Oh ROh ROh ROh ROh R-Oh R-Oh

LEGEND: R/W = Read/Write; R = Read only; -n = value after reset

8.5.3 Configuration Register (address = 02h) [reset = 0111010000000000]

16 describes the configuration register. This register determines the operational modes, conversion rate,
DRDY control, initiates a single conversion, performs a software reset, or puts the device into shutdown mode.
This register is read/write, and the pointer address is 02h.
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16. Configuration Register

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
RST |Mop2 [ mob1i|[mopo| crz | cr1 [ cro | EN [DROY| — | — | — | — | — | — [ —
RW- RMW- RMW- RMW- RMW- RMW- RMW- RW- RMW- RMW- RMW- RMW- RMW- RW- RW- RMW-
oh 1h 1h 1h Oh 1h Oh Oh Oh O Oh O O _Oh _Oh _ Oh

LEGEND: R/W = Read/Write; R = Read only; -n = value after reset

Bit [15] RST: Software reset bit
0 = Normal operation, this bit self clears
1 = Software reset
Bits [14:12] MOD[2:0]: Mode of operation
000 = Power-down
111 = Sensor and die continuous conversion (MOD)
Bits [11:9] CR[2:0]: ADC conversion rate
See & 7.
Bit [8] EN: DRDY enable bit
0 = DRDY pin disabled
1 = DRDY pin enabled
Bit [7] DRDY: Data ready bit
0 = Conversion in progress
1 = Object voltage and ambient temperature results are ready to read. A temperature or sensor voltage read or a write to
the Configuration Register is required to clear the condition.
Bits [6:0] Unused [6:0]
# 7. Conversion Rate
TOTAL NUMBER OF PEAK-PEAK NOISE
CONVERSION RATE AVERAGED AVERAGE lg OF THE Tpg; RESULT
CR2 CR1 CRO (conversions/sec) SAMPLES (nA) (°C)
0 0 0 4 1 240 0.5
0 0 1 2 2 240 0.35
0 1 0 1 4 240 0.25 (default)
0 1 1 0.5 8 240 0.18
1 0 0 0.25 16 240 0.125

8.5.4 Manufacturer and Device ID Registers

The TMPO006 and TMPOO06B have two identification registers: manufacturer ID (address FEh) shown in 17,
and device ID (address FFh) shown in [ 18. The manufacturer ID reads 5449h and the device ID is 0067h.

8.5.4.1 Manufacturer ID Register (address = FEh) [reset = 0101010001001001]

17. Manufacturer ID Register

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
D15 | D14 | D13 | 012 | 011 | 1010 | D9 [ b8 | 7 | b6 | s | b4 | b3 [ b2 | b1 | IDO
ROh R1h ROh R1lh ROh Rlh ROh ROh ROh R1lh ROh ROh Rlh ROh ROh R-lh
LEGEND: R/W = Read/Write; R = Read only; -n = value after reset
8.5.4.2 Device ID Register (address = FFh) [reset = 0000000001100111]
18. Device ID Register
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
D15 | D14 | D13 | 012 | 011 | 1010 [ Do [ b8 | b7 | b6 | b5 | b4 | b3 [ b2 | b1 | DO
ROh ROh R-Oh R-Oh ROhW ROh ROh ROh ROh R1lh Rlh ROh ROh R1h R1h R-lh

LEGEND: R/W = Read/Write; R = Read only; -n = value after reset

20
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9 Application and Implementation

x

/:

Information in the following applications sections is not part of the TI component
specification, and Tl does not warrant its accuracy or completeness. TI's customers are
responsible for determining suitability of components for their purposes. Customers should
validate and test their design implementation to confirm system functionality.

9.1 Application Information

The TMPO006 and TMPOO06B are a complete IR thermopile sensor system on a chip that includes the sensing
element, signal conditioner, and ADC. These devices are ideal for applications where the object cannot be
placed in thermal contact with a conventional temperature sensor. Common reasons for noncontact temperature
sensing are:

» Distance; the object is too far away, or in an inconvenient location for wired connections.
» The object is in motion.

» Direct contact of the object is inconvenient or uncomfortable (for example, skin).

» The object is a fluid (that is, liquid or gas).

» The object is hazardous (for example, acid or flammable).

» The object is in a hazardous state (for example, high voltage).

9.2 Typical Application

9.2.1 Wide-Range Calibration Example: Tgg; = 0°C to 60°C, Common vs Unit Calibration

25Vto55V
o
V+
I ?
0.01 pF I _
A3
10 kQ 10 kQ glo kQ
V+
B3
SCL
B1 C3 ;
ADR1 TMPOOG SDA Two-Wire
C1 Controller
ADRO
— |Cc2
DRDY
AGND DGND
lAZ Al

19. Typical Application Circuit
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Typical Application (3ETR)
9.2.1.1 Design Requirements

For this application, the system must operate over the environment described in 3% 8.

#z 8. Wide-Range Parameters

DESIGN PARAMETER EXAMPLE VALUE COMMENT
N 32 Number of devices in calibration set
Minimum Tpe 0°C Minimum expected die temperature
Maximum Tpe 60°C Maximum expected die temperature
Minimum Togj 0°C Minimum expected objected temperature
Maximum Togj 60°C Maximum expected object temperature
€ 0.95 Object emissivity
Field of view 110° Field of view subtended by object
Conversion rate 1 sample/second

Select a set of values for Tpe and Tog; to generate the calibration set. At a minimum, include the four extreme
points of the temperature ranges desired. In practice, it is best to include a number of intermediate points as well.
This example uses the values shown in & 9, with an X marking the values chosen for measurement.

£ 9. Wide-Range Measurement Values

Toig
Tosy 0°C 20°C 40°C 60°C
0°C X X X X
20°C X X X X
40°C X X X X
60°C X X X X

9.2.1.2 Detailed Design Procedure

Before attempting to calibrate the system, it is necessary to establish the stability of the system. Noise is a
measure of precision, which is the random deviation from the mean of the distribution. For a Gaussian (or
normal) distribution, the precision is typically characterized by the standard deviation (sensor noise), c.

9.2.1.2.1 Wide-Range Calibration

To begin calibration, select an object temperature (Tog;) and a value for the die temperature (Tpe). With these
system temperatures stable, take a statistically significant number of samples of Vggnsor (results shown in register
00h).

In this example, 64 samples were taken.

To compensate for first order drift in system temperatures, it is often useful to normalize the data set. For this
purpose, for each temperature set, the sensor voltage data (given in register 00h) is normalized by first finding
the best fit line of the form shown in 23 9:

Sensor (mV)=ax SampleNo +b 9)

The normalized data for each data set is then calculated as shown in A= 10:
Sensoryorm (MV) = Sensonyeas — (@ x SampleNo + b) (10)

The normalized data, Vsensor norm» 1S Ce€Ntered on zero mean, and is first-order corrected for long-term drift. The
standard deviation for each data set is then calculated to estimate the sensor noise, c. Verify that the data are
limited by white noise and no other effects. For a sensor-noise-limited data set, Vsensor © IS typically < 1 pV, and
preferably < 0.5 pV after first-order correction for drift, as described previously. If this condition is not satisfied,
then the calibration accuracy is limited by external system factors (for example, convection or conduction).
Repeat this process for each combination of Tog; and Tpe for which the calibration is to be performed. The
normalized data are used only for evaluating the suitability of the data set for calibration, and not for the actual
calibration itself.

22 MY © 2011-2015, Texas Instruments Incorporated


http://www.ti.com.cn/product/cn/tmp006?qgpn=tmp006
http://www.ti.com.cn/product/cn/tmp006b?qgpn=tmp006b
http://www.ti.com.cn

13 TEXAS
INSTRUMENTS
TMPO006, TMP0O06B

www.ti.com.cn ZHCS246E —MAY 2011 —-REVISED APRIL 2015

For calibration, the mean value, <Vgensor™, iS calculated for each combination of Togy and Tpe, as shown in &

10. Using the mean value minimizes error introduced by random noise. Based on the means, a set of
coefficients is generated based on a user-selected optimization criteria for 243 7. Common criteria are
minimizing the maximum error, minimizing the average error, and so on. For a detailed discussion of optimization
methods, see user guide SBOU142, TMPOO07 Calibration Guide.

& 10. Mean Values

Toie
TogJ 0°C 20°C 40°C 60°C
0°C <Vsensor™ <Vsensor™ <Vsensor™ <Vsensor™
20°C <Vsensor™ <Vsensor™ <Vsensor™ <Vsensor™
40°C <Vsensor™ <Vsensor™ <Vsensor™ <Vsensor™
60°C <Vsensor> <Vsensor> <Vsensor> <Vsensor>

9.2.1.2.2 Verifying the Calibration

The next step is to use the generated coefficients to verify the calibration, and determine the accuracy of the
system. For common calibration (C) , the same coefficients are used for all devices; in unit calibration (U) the
coefficients are calculated for each device. Common calibration includes device-to-device variation, and thus is
less accurate, but much easier to implement. Unit calibration is more accurate, and eliminates device variation,
but requires more effort to implement. The choice depends on the application requirements for accuracy versus
implementation effort.

Mean calibration error at each point is defined as shown in 23 11:
1N
Emean = NZ1 (Togy_prebicT — ToBJ_ACTUAL)

where
*  Togj prenict is the temperature based on the calibration coefficients.
*  Togjy actuaL is the known object temperature, measured independently.
e N is the number of devices in the calibration set. (12)

The mean error graph (see B 20) provides an efficient method of understanding how the systematic errors vary
across the temperature ranges of interest. This graph also provides a means of weighing the benefits and efforts
of common versus unit calibration for a particular application.

Note that calibration does not affect the temporal random noise observed, as shown in 21. The standard
deviation of the temperature error is independent of the calibration if the random error is dominated by the sensor
noise and not external system factors, such as convection and conduction. For common calibration, the total
standard deviation increases because of the effects of device-to-device variation. This standard deviation is
calculated in the usual way, by substituting Tog; prepicT fOr the mean in the standard deviation formula.

The accuracy is then defined as the mean calibration error plus the random errors from all sources. For this
example application, use the criteria shown in 23 12:

Accuracy = Mean Calibration Error + 3 Standard Deviations (12)
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9.2.1.3 Application Curves
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20. Mean Calibration Error, Wide Range Over Tpg 21. Noise in Temperature Measurement, Wide Range
Over Tpe

9.3 System Examples

9.3.1 Use of NEP, NETD, and Responsivity in Estimating System Performance

It is often necessary to estimate system performance as part of the design process. A key system parameter is
temperature accuracy for a given set of parameters. & 11 lists example parameters for estimating system
performance.

F 11. Estimating System Performance Parameters

DESIGN PARAMETER EXAMPLE VALUE COMMENT
Object distance 10 mm Distance to object
Object diameter 15 mm Object size and geometry
€ 0.95 Object emissivity
Toie 23°C Die temperature
Tors 30°C Maximum expected object temperature
FOV 110° Field of view subtended by object
Responsivity (Rg) 10.8 VIW Responsivity for Tpg = 25°C, 6 = 0°
Responsivity (R) 9 VIW Responsivity for 110° FOV
Sensor rms noise 0.20 pv RMS sensor noise at Tpe = 25°C
NEP 30 nW Thermal power equivalent to rms sensor noise
Conversion rate 1SPS SPS = samples per second

The system accuracy is a function of Tpgj, Tpie, € and radiation transfer.

The radiation transfer factor is system dependent, and is affected by the object distance and geometry (for
example, planar versus curved surfaces, or presence of lenses). For an planar object perpendicular to the
detector axis (see B 7), the radiation transfer follows the well-known sin?(8) result. This expression can be used
with a radiation transfer function responsivity value of 9 V/W to estimate system performance.

Because of the angular dependence of the TMP006 and TMPOO6B detector response, a more accurate
representation for the same radiative transfer function geometry is shown in 23 13:

%(1 - cos39)Ro

where

* Ry is the responsivity of the detector to a point source at an angle normal to the detector (6 = 0 in ® 7. Ry has
a value of ~10.8 V/W at 25°C. (13)

The responsivity value of 9 V/W is based on a system with a 110° FOV.

24 MY © 2011-2015, Texas Instruments Incorporated


http://www.ti.com.cn/product/cn/tmp006?qgpn=tmp006
http://www.ti.com.cn/product/cn/tmp006b?qgpn=tmp006b
http://www.ti.com.cn

13 TEXAS
INSTRUMENTS
TMPO006, TMP0O06B

www.ti.com.cn ZHCS246E —MAY 2011 —-REVISED APRIL 2015

Using the device-specific radiation transfer expression and RO, the detector response is shown in 23 14:
_2 4 4 3
Vsensor = 3 5081%8 (TOBJ - TDIE)Adet(l_ cos IR,

where
* gog; is the emissivity of the object (0.95).
+ B is the Stefan-Boltzmann constant (5.67 x 1072 W/cm, /K*).
e Tog; is the object temperature (273 K + 30°C).
* Tpe is the detector temperature (273 K + 23°C).
e Ay is the detector active area (1.09 x 10° cm?)
* 0 is the half-angle subtended by the object as viewed from the detector.

* Ry is the responsivity (~10.8 V/W for the specified temperatures). (14)
The value of cos 0 is shown in A3 15:
2r
cosd = ———— =0.800
Jar? + D2

where

* ris the distance between the detector and the object (10 mm).

e D is the diameter of the object (15 mm). (15)

Differentiating with respect to object temperature, a small change in temperature creates a small change in the
measured voltage given by 23 16:
3 3
AVout = 8 €08108TOBIA det (1- cos® 9)Ry ATog; (16)
Substituting values for the parameters yields 2= 17:
1\
AV =23—xT,
SENSOR K OBJ 17)
The sensor rms noise at Tpe = 25°C is ~0.25 pV; thus, the rms variation in temperature measurement is as
shown in A= 18:
Sensohyspoise  0.25 pV

The peak-to-peak noise is approximately six times the rms noise; therefore, estimate an accuracy of
approximately +0.33°C.

This estimate can also be made using the noise-equivalent power (NEP), noting that NEP is the ratio of noise to
responsivity, as shown in 23 19:

AV, nwW
NEP = % = %SOBJUBTSBJAdet (1_ COS3Q)ATOBJ = (213T)ATOBJ (19)
0
Assuming the system is sensor-noise limited, the NEP is ~30 nW at 25°C, as shown in 2% 20:
ATogy = —2W_ 140 mK
213 nW/K (20)

Again, the peak-to-peak noise is approximately 6X the rms noise; therefore estimate an accuracy of
approximately +0.42°C.

The different results from these two techniques is because of estimated values used for some parameters. The
purpose of these techniques is not to obtain exact answers, but rather to quickly estimate the feasibility of a
system implementation based on basic system parameters. These examples are intended only as guidelines; the
specific values for the parameters depend on the specific system details.
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10 Power-Supply Recommendations

The TMP006 and TMPOO6EB are designed to operate with a power supply voltage (Vs) of between 2.5 V and 5.5
V. This input supply must be well regulated. The die temperature measurement (Tpg) dependence on supply
voltage is typically 20 m°C/V for Tpg > 0°C. The power-on reset (POR) has a nominal value of 1.9 V at Tpg =
25°C. The POR increases with decreasing die temperature. Place the decoupling capacitor (0.01 pF
recommended) as close as possible to the device without obstructing the field of view.

26 MY © 2011-2015, Texas Instruments Incorporated
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11 Layout

11.1 Layout Guidelines

The IR thermopile sensor in the TMP006 and TMPOO6B is as susceptible to conducted and radiant IR energy
from below the sensor on the PCB as it is to the IR energy from objects in its forward-looking field of view. When
the area of PCB below the TMP006 or TMPOO6B is at the same temperature as the die or substrate of the
TMPO0O06 or TMPOO6B, heat is not transferred between the IR sensor and the PCB. However, temperature
changes on a closely-placed target object or other events that lead to changes in system temperature can cause
the PCB temperature and the TMP006 or TMPOO6B temperature to drift apart from each other. This drift in
temperatures can cause a heat transfer between the IR sensor and the PCB to occur. Because of the small
distance between the PCB and the bottom of the sensor, this heat energy will be conducted (as opposed to
radiated) through the thin layer of air between the IR sensor and the PCB below it. This heat conduction causes
offsets in the IR sensor voltage readings and ultimately leads to temperature calculation errors. To prevent and
minimize these errors, the TMP006 and TMPOO06B layouts must address critical factors:

Thermally isolate the TMP006 and TMP0O0O6B from the rest of the PCB and any heat sources on it. Provide a
stable thermal environment to reduce the noise in the measurement readings

22 illustrates the concept of thermally isolating the TMP006 and TMPOO06B from the PCB and external heat
sources such as other components, air currents, and so on.

Target Object

Field of View

|(BOARD

TMPO006
’ IR Sensor
, 2

Thermally
Isolated
Electrically
Connected

kSENSOR_PCB

- PCB Copper Ground

Empty FR-4 Material

22. Principle of TMP006 and TMPO06B Thermal Isolation
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11.2 Layout Examples

For more detailed information, refer to SBOU108 — TMP006 Layout and Assembly Guidelines.

8x 6mil
Traces

: 8x Vias
TMPOOG6 30mil Diameter
15mil Hole

—g% U Decoupling
OAMEC

23. Top Layer

28
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Layout Examples (3#TF )

Copper Fill
15milx15mil
L

24. Enlarged View

Use a 12-mil pad and 15-mil solder balls for A1, A2, A3, B1, B3, C1, C2 and C3.
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Layout Examples (3#TF )

25. Bottom Layer
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PACKAGING INFORMATION

Orderable Device Status Package Type Package Pins Package Eco Plan Lead finish/ MSL Peak Temp Op Temp (°C) Device Marking Samples
@ Drawing Qty @ Ball material ® (415)
(6)
TMPOO6BIYZFR OBSOLETE DSBGA YZF 8 TBD Call Tl Call T TO06B
TMPOO6BIYZFT OBSOLETE DSBGA YZF 8 TBD Call Tl Call TI TO06B

@ The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.

NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ RoHS: TI defines "RoHS" to mean semiconductor products that are compliant with the current EU RoHS requirements for all 10 RoHS substances, including the requirement that RoHS substance
do not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, "RoHS" products are suitable for use in specified lead-free processes. Tl may
reference these types of products as "Pb-Free".

RoHS Exempt: Tl defines "RoHS Exempt" to mean products that contain lead but are compliant with EU RoHS pursuant to a specific EU RoHS exemption.

Green: Tl defines "Green" to mean the content of Chlorine (Cl) and Bromine (Br) based flame retardants meet JS709B low halogen requirements of <=1000ppm threshold. Antimony trioxide based
flame retardants must also meet the <=1000ppm threshold requirement.

® MSL, Peak Temp. - The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.
@ There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.

® Multiple Device Markings will be inside parentheses. Only one Device Marking contained in parentheses and separated by a "~" will appear on a device. If a line is indented then it is a continuation
of the previous line and the two combined represent the entire Device Marking for that device.

© ead finish/Ball material - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead finish/Ball material values may wrap to two
lines if the finish value exceeds the maximum column width.

Important Information and Disclaimer: The information provided on this page represents Tl's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
Tl and TI suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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