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ABSTRACT
Designing for high-precision temperature measurement requires careful consideration of the overall
system design. This application note provides recommendations on how to design a precise temperature
measuring system based on the TMP116 temperature sensor. By following this app note, the user should
be able to design a precise measuring system which adheres to the performance specifications of the
TMP116.
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1 Introduction
There are many system factors which can negatively affect the precision of temperature measurements
and which therefore must be addressed in order to achieve high accuracy. Below is a list of the main
parameters affecting the measurement precision with the corresponding source of its control:
• The accuracy of the temperature sensor itself as its accuracy, stability, and repeatability, are set by the

manufacturer and out of the designer’s control.
• The system engineer controls the supply voltage range and noise, the sensor conversion mode, the

system power consumption, the data sampling rate, the communication bus voltage, the I2C bus
frequency and data flow over it.

• The PCB designer controls the mounting and position of the sensor on the PCB, the temperature
resistance between the sensor and the measured object and the temperature “leakage” from the
sensor to surrounding air.

These parameters are important for precise temperature measurements and must be analyzed during the
system design. The purpose of this article is to provide recommendations to the system designer, based
on experience obtained in part characterization and device use in real applications.

After choosing TMP116 for a system there are three important moments, which must be considered by the
system designer.
• Proper part and PCB location and orientation in the system. The proper location must provide the

precise temperature measurement with minimal offset and minimal time delay.
• Proper electrical and communication mode, which minimize part self-heating and ensure

measurements stability.
• Proper PCB material, board thickness, layout and how the device is soldered to the board must

provide minimal temperature difference between sensor and the measured object and minimize sensor
response time when an object temperature is changing.

2 PCB Considerations
There are two main tasks in temperature measurements: measuring air temperature and measuring
temperature of the solid surface. (A liquid temperature measurement usually falls in one of the above,
because for liquid measurements the sensor is placed inside a metallic probe.) These two different tasks
dictate two different approaches to device mounting. However, in all cases, the following common rules
must be applied:
• To get the manufacturer ensured measurement precision, the bypass capacitor 0.1 uF must be placed

at a distance of less than 5mm from the TMP116 body.
• To avoid possible heat influence coming from the pull-up resistor on the SDA pin and the pull-up

resistor on the SCL pin (if it is present), they must be located at least 10 mm away from the device.
• If there is a risk that during PCB mounting the board may bend, all efforts to prevent mechanical

tension on the device package must be taken. Guard holes in the PCB around the part can help in this
case.

3 Mounting for Air (or Gas) Measurements
Because gases have low temperature conductivity, to get sensor fast temperature response it is important
that the TMP116 is mounted on a PCB with minimal temperature mass. These are the recommendations
for device mounting for air temperature measurements:
• In order to have minimal temperature mass, the size of PCB must be small and the board thickness

must be minimal. If the sensor has to be located on a large PCB, then holes (openings) are
recommended around the sensor to prevent heat flow from other devices on the board.

• TI recommends copper polygons around the sensor on both sides of the PCB to get better thermal
contact with air.

• When designing your system, consider using a flexible PCB to reduce the thermal mass.
• If possible, the PCB must be oriented along the airflow. Orientating the PCB vertically will yield better

air flow due to convection and minimize dust accumulation on the sensor over time.
• Avoid any coating over the sensor.

http://www.ti.com
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• If air (or gas) is expected to contain moisture or includes some corrosive components, the device pins
must be protected by a stain to avoid corrosion or moisture accumulation on the pins.

Figure 1 is an example of a PCB layout for air temperature measuring.

Figure 1. PCB Layout example for air temperature measuring. Alert pin is not used and grounded. Pull-up
resistors are located on master board.

4 Mounting for Surface Measurements
When measuring surface temperature, it is important to minimize the temperature resistance between the
measured surface and the TMP116 while maximizing the thermal resistance from the PCB to the
surrounding air. The smaller the temperature “leakage” from the sensor to the surrounding air (or smaller
the ratio between these two resistances), the more accurate the temperature measurement will be. Also,
the smaller the temperature resistance between the device and the measured surface, the shorter the
temperature response time will be when the object temperature is changing.

TI Recommends the following for systems measuring surface temperature:
• Use a PCB with a minimal thickness.
• The PCB board side, which contacts the measuring surface, should be covered with an exposed

copper layer (and not covered with a solder mask). To prevent copper oxidation, a gold or melted
solder paste cover should be used.

• TI recommends a thermal conducting paste or sticky thermal film between the surface and the PCB.
• Placing additional vias, which connect copper layers on both sides of PCB, helps. On average, one via

has 400 times less thermal-resistance than the same area of regular PCB material. It is even better to
use filled vias, if available.

• If PCB internal layers are not used under the TMP116, TI recommends creating internal copper
polygons under it to reduce PCB side to side thermal resistance.

• To increase thermal resistance to the surrounding air, the sensor and surrounding PCB surface should
be covered with thermal-isolating foam or at least with some stain. This protection is especially
important for precise measurements when air is moving around the sensor. .

• The PCB should be located horizontally and out of any air flow to minimize the convection air
influence,.

• Soldering the device thermal pad to PCB is a good choice only for systems with calibrations. The
negative aspects of thermal pad soldering are described in the next section. If the thermal pad is
soldered, it should be connected to ground or left floating. Connecting the package thermal pad to a
voltage other than system ground can lead to permanent device damage.

http://www.ti.com
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Figure 2 shows an example of a PCB layout for surface temperature measuring.

Figure 2. PCB Layout example for surface temperature measuring. Alert pin is not used and grounded.
Pull-up resistors are located on master board.

5 Soldering to PCB
Soldering the TMP116 to a PCB can create significant package stress and can degrade the absolute
accuracy. Measuring error of a TMP116 device in an oil bath before and after soldering often shows an
increase in the error, especially on rigid PCB boards with the thermal pad soldered. This soldering shift
can be significant for precise measurements. Figure 3 shows the boards used in soldering shift tests. All
measurements were made in an oil bath.

Figure 3. PCB Boards Used

Figure 3 Board A is the socketed board used for testing loose samples prior to soldering. Board B is a
flexible PCB board and board C is a rigid PCB board, both used for testing devices after soldering.

Figure 5 shows the impact of soldering for 16 devices soldered to rigid (11 x 22 x 1.1 mm) coupon boards.
Parts were measured in an oil bath at +25ºC with 3.3-V supply before and after soldering. In this case, the
package thermal pad was also soldered to the coupon board. The average soldering shift in the example
is around 20 mC, but for device #4456, it reaches 50mC. According to our research, the soldering shift is
not predictable, can be positive or negative, and, in the worst case, can reach +/-100 mC.
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Figure 4. Soldering Shift at +25ºC and Supply 3.3 V with Thermal Pad Soldered on a Rigid PCB.

Furthermore, the soldering shift can be different for different temperatures, which makes it even less
predictable. Figure 4 shows the soldering shift for eight devices for six different temperatures. In this test,
the thermal pad was soldered to PCB.

Figure 5. 8 Devices Temperature Error Change Due to Device Soldering for 6 Different Temperatures. V =
+3.3 V.

The main reason for the soldering shift is mechanical tension coming to the silicon die through the
package from the PCB and the hardened solder. When the temperature drops in reflow oven, the solder
hardens and fixes the thermal pad and package pins location. But package material continues to contract,
and because the solder and the rigid PCB have different contraction coefficients than device package, it
creates the mechanical tension which leads to package bending and therefore creates tensions in the
silicon die. However, when the package thermal pad is not soldered, the bending forces are applied only
to the package pins, which have much less mechanical contact to the silicon die.
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Figure 6 shows the effects of soldering when the thermal pad is not soldered to the PCB. In this case, the
accuracy shift is much less and worst-case offset is only 15 mC.

Figure 6. Soldering Shift for TMP116 Without the Thermal Pad Soldered to the PCB. +25ºC, V = +3.3 V

The reasonable question is: when the thermal pad is not soldered, by how much the thermal resistance
between sensor and PCB going to increase? In our experiments, the device was soldered to a rigid
coupon board 11 x 22 x 1.1 mm size with no vias under the part and a copper radiator was attached to the
opposite side of PCB. (The silicon thermal conductive paste between the copper radiator and PCB back
side was applied.)

The measurements showed that not soldering the package thermal pad increased the thermal resistance
from 75 to 140 C/Wt. By knowing the thermal resistance and device thermal mass Mt = 5.1 mJ/C, it is
possible to calculate the sensor thermal response time.

Tr = Mt x Rt (1)

Where the Tr is the thermal response time constant and Rt is the thermal resistance. Our calculated
values are 0.39 and 0.72 sec and measured response time matched the calculated values. Because the
device package thermal mass is extremely small, the thermal response time is also very small and even
the 0.72 sec value, when the thermal pad is not soldered, satisfies most users applications.

Below are recommendations for minimizing the soldering shift in TMP116 parts:
• If user wants to keep manufacturer precision and is not planning to do system calibrations, it is highly

recommended not to solder the package thermal pad to avoid soldering shift.
• The standard reflow oven soldering process with maximal temperature up to +250ºC for one minute

must be used.
• Manual soldering is not acceptable, it can create more stress to the device package and the soldering

shift can reach +/-150 mC
• Using a flexible PCB with thickness less than 6 mil (0.15 mm) creates minimal mechanical tensions

and minimal soldering shift even in case when the thermal pad is soldered.
• The flexible PCB with thickness higher than 6 mil should have not soldered thermal pad. The flexible

PCB also minimizes the thermal mass and thermal resistance which improves measurements precision

6 Self-Heating
For the best measurements precision the TMP116 part is specially designed to dissipate minimal power
and minimize the part temperature change due to self-heating. In typical condition (supply voltage 3.3-V, 8
samples average, one data sample per second) the TMP116 dissipated 53 uWt at +25ºC. If, however, the
TMP116 is operating with a high supply voltage and continuously taking measurements, the power
dissipation can increase to almost 1 mWt. Figure 7 shows the power dissipation as a function of the
supply voltage at different device temperatures.
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Figure 7. TMP116 Device Consumption Power vs Supply Voltage and Part Temperature in Continuous
Conversion Mode. No Pauses Between Conversions, No I2C Bus Activity.

The power consumption in user measurements is usually significantly less, but in order to make the most
accurate measurement and reduce any influence of self-heating, all efforts to reduce the dissipation power
must be taken. Below are recommendations for reducing the device power consumption:
• Use the minimal supply voltage acceptable for the system. This is especially important when device is

in continuous conversion mode without the pauses.
• Use one shot conversion mode or use a conversion cycle mode where the device goes into stand-by

after a conversion.
• Use pullup resistors larger than 5 kΩ on SDA (SCL) and ALERT pins. Place resistors at least 10 mm

from the TMP116 to reduce any influence from the resistor heat dissipation.
• Ensure that the SCL and SDA signal levels are below 10% and above 90% of the device supply

voltage. The closer the SCL, SDA and ADD0 pins input voltages are to ground or device supply levels,
the less is digital pin input cell through current and less is chance that device will be heated by it. See
Figure 8. The useful device feature is that the I2C bus voltage can go up to 6V and is not limited by
part real supply voltage.

• Avoid heavy bypass traffic on the I2C bus. The intensive communication to other devices on the same
bus increases the TMP116 supply current even if the device is in shut down mode. See Figure 9

• Use the highest available communication speed. To increase SCL and SDA rising edges speed, use
bus pull-up voltage higher than the device supply voltage.

Figure 8. Supply Current vs Pin Input Voltage and Device Supply Voltage For Any Digital Pin Input Cell.
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Figure 9. Device Supply Current Versus I2C Bus Clocking Frequency And Supply Voltage. Part Is In Shut
Down Mode But SCL, SDA and ADD0 Pins Are Under Constant I2C Data Flow.

7 Self-Heating Estimation Example
The self-heating impact can be calculated by the simple formula below:

Tsh = P x Rt (2)

Where Tsh is a temperature offset due to sensor self-heating, P is an averaged power dissipated by the
sensor, and Rt is a combined temperature resistance to the environment. This implies that another way to
reduce the self-heating,- reduce the thermal resistance to measured object. On the contrary, the larger the
thermal resistance between the sensor and measured object, the larger the self-heating influence on
measurement precision. Below are listened cases when the self-heating effect can be ignored:
• The desired measurement precision is worse than +/-0.2C.
• The system calibration takes care of self-heating and all other effects.
• The device average consumption power is less than 0.1 mWt.
• The thermo-resistance between the sensor and measured object is small.

In this list, the most difficult parameter to estimate is a thermal-resistance between the TMP116 and the
environment. The estimation is difficult because it depends on many poorly controlled factors. Here is a
recommendation how to estimate the device - object thermal resistance in real application environment
and then calculate a possible self-heating temperature raise for a worst-case scenario. The idea is to
measure the self-heating for some fixed supply voltage and fixed environment temperature, and then
extrapolate results over an entire voltage and temperature range.

Figure 10 shows an example of the self-heating effect of a mentioned before coupon boards located
horizontally in a “still air box”, with a TMP116 on top of the board. At time zero the device is switched from
shut down mode to continuous conversion mode with 64 sampling averaging and no pauses between
conversions. There is no heating from the I2C bus activity because data reading happens only once per
second. The temperature change on Figure 10 happens only due to device dissipated power and following
self-heating. Let calculate the thermal resistance between the part and its environment.
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Figure 10. TMP116 Coupon Board Self-Heating Effect vs. Time And Supply Voltage In Still +25ºC Air.

For example, assume the customer test was done with 3 V supply and air temperature +25ºC. We see the
device temperature stabilized after 90 seconds with 40 mC self-heating value. According to Figure 9 for 3-
V supply, the consumption power for this mode is 0.36mWt. So, the thermal-resistance between the
device and surrounding air is Rt = 40mC / 0.36mWt = 111C/Wt. Now, knowing the thermal resistance, it is
possible to calculate the self-heating offset for other situations. For example, it air temperature +125ºC
and a supply voltage 4-V according the Figure 9 the dissipated power would be 0.65mWt and self-heating
temperature offset would be Tsh = 111C/Wt x 0.65mWt = 72mC. The 80 seconds long settling time here is
associated with stabilization time of air convection process in the “still air box”. If box will have different
sizes, the self-heating will have different final values and different stabilization time.

As a reminder, this example above is a worst-case scenario where the thermal-resistance between the
device and environment is high and device is continuously converting. But it does demonstrate that self-
heating can occur and needs to be considered when trying to achieve the best precision. If repeat this
experiment with moving air, the self-heating offset will be much smaller and could become negligible. But
in all cases the recommendation is the same: minimize the device dissipated power, where the easiest
way is to limit the rate at which the temperature is sampled. If in the example above, we used device
default mode (8 sample averaging with sampling rate 1Hz) the average supply current would be 16 uA,
the dissipated power would be only 48uWt and the self-heating will be only 5.3mC, which is less than
sensor resolution and is negligible.

8 Data Averaging
The TMP116 can be configured to take multiple measurements and provide the resultant average as the
result. Figure 11 and Figure 12 below shows the output temperature distribution with no averaging for 3
temperatures and no averaging for different supply voltages. In all these cases the standard deviation of
readings is about 1 LSB and data distribution covers an area approximately of six neighboring codes,
which match the +/-3 sigma rule. This leads to important conclusion that sensor internal noise is the same
for whole temperature range -55ºC…+150ºC and whole supply voltage range 1.9 V…5.5 V. Base on this
condition the device no-averaging mode noise can be estimated as +/- 25 mC .
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Figure 11. The TMP116 Sampling Distribution For 3 Different Oil Bath Temperatures
and 3.3 V Supply Voltage. No data averaging.

Figure 12. The TMP116 Sampling Distribution for 3 Different Supply Voltages at +25ºC.
No data averaging.

The TMP116 provides an internal tool for averaging 8, 32, and 64 consequent samples. As it is shown in
Figure 13, even the 8 samples averaging reduces the internal noise distribution to a theoretical minimum
of 2 LSB. This means that if the measured temperature changes slowly, and the supply voltage is stable,
the 8 samples averaging is enough to neutralize the internal sensor noise and provide stable temperature
readings. However, if the measured temperature is fluctuating, higher averaging numbers are
recommended.
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Figure 13. Temperature Sampling Noise With 8, 32 and 64 Internal Averages.
Temperature +25ºC and V = +3.3 V.

9 Summary
The TMP116 provides excellent precision, small power consumption, extremely small thermal mass,
averaging tools with wide temperature and supply range. To achieve best performance, the system
designers must follow the recommendations in this application note and product data sheet.
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