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Author: Ankit Phougat, Microchip Technology Inc.

In sensor node application, a sensor needs an electronic circuitry (known as signal conditioning circuit) to interface
with the microcontroller. Signal conditioning circuits are designed using analog and mixed signal components such as
Operational Amplifier (OPA), Comparator (CMP), Analog-to-Digital Converter (ADC) and Digital-to-Analog Converter
(DAC). The 8-bit PIC® microcontrollers have these analog and mixed signal components as integrated peripherals,
which can be used in sensing, signal conditioning, processing and generating analog output without the need

of external components. Interconnectivity and a combination of multiple integrated analog and signal conditioning
peripherals can offer significant advantages (such as configurable firmware, no external wiring, reduced circuit design
complexity, PCB size and BOM cost) over other microcontrollers and external components.

This document provides an overview of sensors and signal conditioning circuits. It provides the technical details of
signal conditioning circuits that can be realized using intelligent analog peripheral combinations (OPA, FVR, ADC,
CMP and DAC) for various sensing and measurement applications. This document is also supported by the following
sensor interfacing use cases for various real world applications:

» Force Sensing Resistor (FSR) Using PIC16F 17146 Microcontroller

* Pressure Sensor Interface with Differential Output Voltage Using PIC16F17146 Microcontroller

»  Water TDS Measurement Using PIC16F17146 Microcontroller

Notes:

1. The content described in this document highlights the analog peripherals of the PIC16F17146 family of
microcontrollers.

2. This content is also relevant to all the other 8-bit PIC product families featuring these analog peripherals. Even
though the analog peripheral features and their usage in various applications varies, the typical sensor and
signal conditioning concepts described in this document are applicable to all the 8-bit PIC product families.
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Sensor and Signal Conditioning Circuits

A sensor is used to sense a change within the environment it is surrounded by and produce the corresponding
variation as an equivalent electrical signal. Regardless of the input, the output signal of a sensor is usually a voltage,
current, charge or resistance. The dynamic output range of a sensor is typically measured in mV or mA and the
output of a sensor can be a single-ended signal or a differential signal.

Depending on the system operating environment where the sensor is mounted, the sensor measurements might be
affected by noise induced in the system. Therefore, the resultant sensor output signal might be noisy. Sensors require
a signal conditioning circuit to remove noise (if any) from the sensor output signal and convert it to the required
voltage range or frequency. The converted sensor output signal is fed to the host microcontroller so that it can be
processed, displayed and utilized for feedback-controlled systems.

Few sensors have built-in signal conditioning circuitry along with an Analog-to-Digital Converter as an optional
stage, referred to as digital sensors. These sensors can be interfaced directly to the host microcontroller. The host
microcontroller requires a serial communication peripheral such as 12C, SPI or UART for interfacing with digital
sensors and to read data from them. Figure 1-1 shows the block diagram of a typical sensor or transducer.

Figure 1-1. A Typical Block Diagram of Sensor and Signal Conditioning Stage
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Signal conditioning circuits accept raw sensor output signals and convert them into a form that the microcontroller-
based system can process further. Based on the sensor output and application use, the following are the typical
circuits required for sensor interface:

» Sensor excitation (constant voltage or current supply)
» Attenuation (voltage divider circuits)

* Amplification

+ Signal filtering

» Signal buffering or high-impedance stage

» Current-to-Voltage Converter

» Voltage-to-Frequency Converter

Sensor Excitation

Some sensors require an external excitation source to transform physical properties or entities into electrical signals,
such as resistor-based sensors (thermistors, RTDs) and strain gauges. These sensors require current or voltage
source for excitation to produce an electrical output. The accuracy in measurement of the sensor output depends
upon the applied excitation. In noisy environments, current excitation is generally preferred due to its better noise
immunity. Figure 1-2 shows a constant current excitation to a resistor bridge type sensor.
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Figure 1-2. Constant Current Excitation
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Attenuation (Voltage Divider with Buffered Stage)

The sensor output signal requires attenuation when its voltage range exceeds the input voltage range of the ADC.
The resistive divider can easily attenuate any range of voltages, but it provides lower impedance to the source

and higher impedance to the ADC. A unity-gain buffer provides high-input impedance (~MQ) and very low-output
impedance (< 10 KQ) necessary for the ADC of microcontrollers. The applications such as temperature sensing and
battery voltage monitoring require a sensor output signal attenuation to keep the signal within the allowed input signal
range of the ADC.

Signal Filtering

The sensor output is prone to get affected by the surrounding operating environment, resulting in additional noise
and fluctuations. Analog or digital signal filters are required to remove noise and fluctuations. The frequency-cutoff
characteristics of passive filters can change with a change in load, whereas active filters using op amp are used
to maintain stable filter characteristics. Active filters also help to attenuate/amplify signals to obtain the desired
voltage range without losing signal characteristics. For example, PIR sensors, photodiodes, current measurement,
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flow sensors and capacitive touch sensors need filtering. Figure 1-3 shows the low-pass, high-pass and band-pass

active filters, respectively.

Figure 1-3. Filters
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1.4 Amplification

A sensor output signal with extremely low strength cannot be directly fed to the ADC input channel. These sensors
need gain and buffer stages at the output and before interfacing to the ADC channel. Op amps are required to realize
gain and buffer stages. The single-ended sensor output often uses a non-inverting and unity gain follower stage, but
the differential sensor output needs a difference amplifier. The major benefit of the difference amplifier is its ability

to reject any common mode noise while amplifying the difference voltage. Sensors such as thermocouple, pressure
sensors, ambient light sensors, Current Transformer (CT) and strain gauge sensors require amplification.
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and its subsidiaries

Technical Brief DS900003320A-page 5



TB3320

Sensor and Signal Conditioning Circuits

Figure 1-4. Amplification Circuit
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1.5 Current-to-Voltage Converter

The Current-to-Voltage Converter is needed when the sensor gives output in terms of variation in resistance or
current, such as Force Sensing Resistor (FSR), Photodiode, 4-20 mA industrial sensors, etc.

Figure 1-5. Current to Voltage Converter Circuit Examples
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1.6 Voltage-to-Frequency Converter

This circuit converts the analog input signal voltage to a pulse train with the frequency proportional to the amplitude
of the input signal. The pulses are counted over a fixed period to determine the frequency and the pulse counter
output, in turn, represents the sensor output signal voltage. Voltage-to-Frequency Converters reject noise well and
are frequently used for conditioning slow and noisy signals.

1.7 Integrated Peripherals and Sensor Interfacing

An OPA is the basic building block to implement the signal conditioning circuits. Along with the OPA, few passive
components, sensor excitation and offset/bias voltages are required for a sensor interface. The ADC peripheral
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converts the conditioned voltage signal into digital values for further processing. If a microcontroller has built-in OPA,
ADC, CMP and DAC, then interfacing a sensor to the microcontroller is easy and less time consuming.

The availability of 12-bit differential ADCC, 8-bit DAC and OPA in the PIC16F17146 family of microcontrollers helps
to interface a wide range of sensors. The CPU of PIC16F17146 family of microcontrollers offers good computation
capabilities and operates with a supply voltage in the range of 1.8V to 5V. Therefore, most of the sensors can be
interfaced directly without any signal attenuation circuits. All the analog peripherals can be configured to connect to
each other internally. Their combination makes it easy to interface a sensor with the microcontroller.

The following section highlights the intelligent analog peripherals available in the PIC16F17146 family of
microcontrollers.
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Analog Peripherals of PIC16F17146 Family

This section describes the important features of analog peripherals present in the PIC16F 17146 family of
microcontrollers and the various possibilities available to interconnect these peripherals. Refer to the respective
device data sheet for more detailed information about these analog peripherals and the other available peripherals.

The possible internal connections of analog peripherals are described in section 3. Combinations of Analog
Peripherals in PIC16F17146. The various sensor interfacing applications are briefly discussed in section 5. Use
Cases.

Fixed-Voltage-Reference (FVR)

The Fixed Voltage Reference (FVR) is a stable voltage reference available in the PIC16F17146 family of
microcontrollers.

Figure 2-1 shows the interconnection details of the FVR module.

Figure 2-1. FVR Module Interconnections to Other Peripherals of PIC16F17146 Family of Microcontrollers
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Digital-to-Analog Converter (DAC)

The Digital-to-Analog Converter (DAC) is a peripheral which converts a digital value written to the data register to an
equivalent analog value. The buffered DAC output can be used as a source for sensor excitation.

Figure 2-2 shows the simplified diagram of the DAC module interconnection to the other peripherals of the
PIC16F 17146 family of microcontrollers.
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Figure 2-2. DAC Module Interconnections to Other Peripherals of PIC16F17146 Family of Microcontrollers
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Comparators are used to interface analog circuits to a digital circuit by comparing two analog voltages and providing
a digital indication of their relative magnitudes. Comparators are very useful mixed signal building blocks because
they provide analog functionality independent of program execution.

Figure 2-3 shows simplified diagram of the CMP module interconnections to the other peripherals of PIC16F17146

family of microcontrollers.

Figure 2-3. Comparator Module Interconnections to Other Peripherals of the PIC16F17146 Family of

Microcontrollers
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Operational Amplifier (OPA)

The Operational Amplifier (OPA) module can be used as a signal conditioning element in sensing and measurement
applications. The OPA module can be used as programmable gain amplifier for the ADC input signals in low-voltage
range, and the OPA module output is internally connected to the ADC input channel.

Figure 2-4 shows a simplified diagram of the OPA module interconnection to other peripherals of PIC16F17146 family
of microcontrollers.

Figure 2-4. OPA Module Interconnections to Other Peripherals of PIC16F17146 Family of Microcontrollers
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Analog-to-Digital Converter with Computation (ADCC)

The PIC16F 17146 family of microcontrollers is equipped with 12-bit Analog-to-Digital Converter with Computation
peripheral. Figure 2-5 shows a simplified diagram of the ADC module interconnections to the other peripherals of

PIC16F17146 family of microcontrollers.
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Figure 2-5. ADC Module Interconnections to Other Peripherals of the PIC16F17146 Family of Microcontrollers
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Combinations of Analog Peripherals in PIC16F17146

This section describes the possible interconnections between intelligent analog peripherals of the PIC16F17146
family of microcontrollers and covers details on different analog peripheral combinations which are useful to develop
various sensing and measurement applications.

Figure 3-1. Analog Peripheral Interconnections
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The possible combinations of analog peripherals are depicted in Figure 3-1.
FVR:

» Provides 1.024, 2.048 or 4.096V of output voltage.

» The user can configure the FVR module as a positive voltage reference to the ADC module or DAC module
based on the required dynamic range.

» The FVR module output can be connected to either a positive or negative input channel of the CMP module or
to the ADC input channel.

» The DAC module accepts either FVR (buffer 2) or Vpp as the positive reference.

+ The 8-bit DAC with 1.024V reference voltage can provide an analog output resolution of 4 mV (1.024V/28).

» The buffered DAC module output can source current and be configured to connect to the external port pin.

»  The DAC module output can be configured to internally connect to either the OPA module or CMP module or to
the ADC input channels.
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CMP:
*  The CMP module can be used for auto-triggering the ADC module to start conversion upon comparator output
change event.

» The DAC module or FVR module can be connected to the CMP module input channel and used as a voltage
reference to compare external analog signals.

»  The OPA module output can be connected to the ADC input channels.

» Used in signal conditioning circuits. The OPA module can be used as a gain stage or high-impedance stage for
an analog signal before connecting to the ADC input channel. It helps in measuring an analog signal with better
voltage precision and a higher dynamic range.

» The DAC module output can be connected to the non-inverting input of the OPA and provides an offset voltage.

» The ADC module accepts either Vpp or FVR or an external reference voltage at the VREF+ pin as the reference
Voltage (VREF)'

* Alower voltage reference provides a higher precision but minimizes the dynamic range of the input signal. For
example, with a maximum input voltage of 2.048V and 2.048V voltage reference (Vrgr), the step size of the
12-bit ADC module conversion result is approximately 500 uV (2.048V/ 212),

» In ADC Differential mode operation, the DAC module can add an offset voltage to the analog input signal.

© 2022 Microchip Technology Inc. Technical Brief DS900003320A-page 13
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MPLAB® MINDI™ Analog Simulator

MPLAB® MINDI™ Analog Simulator reduces circuit design time and design risk by simulating analog circuits

prior to hardware prototyping. The simulation tool uses a SIMetrix/SIMPLIS simulation environment, with options

to use SPICE or piecewise linear modeling, that can cover a very wide set of possible simulation needs. This
capable simulation interface is paired with proprietary model files from Microchip to model-specific Microchip analog
components in addition to generic circuit devices. This simulation tool installs and runs locally on your PC.

Once downloaded, no Internet connection is required and the simulation run time is not dependent on a remotely
located server. The result is fast, accurate analog circuit simulations. It generates time or frequency domain
responses for open- and closed-loop systems. User can select to perform AC, DC and transient analysis of the
system. It uses Sweep modes to identify circuit sensitivities to device behaviors, load variations or tolerances.

It validates system response, control and stability. It is also very helpful in identifying problems before building
hardware.

Learn Analog Simulation here:

* Introduction to MPLAB MINDI Analog Simulator (Webcast Recording)
+ MPLAB® MINDI™ Analog Simulator Hands On Workbook
+ Analog Design Tools I: Mastering Analog Simulations Using the MPLAB® Mindi™ Analog Simulator

© 2022 Microchip Technology Inc. Technical Brief DSQOOOOSSZOA-page 14
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Use Cases

This section describes some of the use cases highlighting the possible combinations of analog peripherals of the
PIC16F17146 family of microcontrollers that are useful for sensor data measurement.

Force Sensing Resistor (FSR) Interface Using PIC16F17146 Microconctroller

The Force Sensing Resistor (FSR) is a Polymer Thick Film (PTF) device which exhibits a decrease in resistance
with an increase in the force applied to the active surface. A change in resistance can be measured using a
current to voltage converter circuit that uses an OPA, as explained in section 1.5. Current-to-Voltage Converter .
The FSR sensor can be interfaced easily using integrated OPA and ADCC available in the PIC16F17146 family of

microcontrollers.

Refer to Figure 5-1 which highlights interfacing FSR sensor with PIC16F 17146 family of microcontrollers.
Figure 5-1. FSR Interfaced with PIC16F17146 Microcontroller
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The output voltage (Voyt) of OPA in the signal conditioning circuit shown in Figure 5-1 is:

Vour =Vpp/2 X [1+ Rg/Rpsg]

OPA: Configured as current to voltage converter and its non-inverting channel is configured to Vpp/2.

ADCC: OPA output is connected internally to ADCC.

Mindi Simulation (Current to Voltage Converter Circuit Using OPA)

The Mindi Simulation project is available on GitHub:

© 2022 Microchip Technology Inc.
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View Code Example on GitHub

Click o browse repository

Pressure Sensor Interface with Differential Output Voltage Using PIC16F17146
Microcontroller

The MEMS gauge pressure sensor 2SMPP-02 from Omron is capable of measuring air pressure till 37 Kpa and gives
differential output in the range of 0 to 31 mV. This sensor requires a constant current of 100 pA for excitation.

Figure 5-2 shows a block diagram view of the necessary connections while interfacing pressure sensor to the
PIC16F 17146 microcontroller.

Figure 5-2. Pressure Sensor Interfaced with PIC16F17146 Microcontroller
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OPA: Configured as gain stage for the signal provided at positive input channel of the differential ADCC.
DAC: Configured to provide constant current of 100 pA.

ADCC: The Differential mode of ADCC is used to interface the sensor’s differential output signal. The ADCC also
measures the excitation current of the sensor by measuring voltage across a resistor connected between the sensor
pin Icc and circuit ground. This way, a constant current of 100 pA can be maintained by implementing a feedback
loop. The current can be modified by adjusting the DAC output value.

FVR: Provides stable voltage reference to the ADCC.

Mindi Simulation (Differential Signal Interfacing with OPA)
The Mindi Simulation project is available on GitHub:

View Code Example on GitHub

Click to browse repository
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Water TDS Measurement Using PIC16F17146 Microccontroller

The conductivity of water changes if its Total Dissolved Solids (TDS) value increases or decreases. A higher
value of TDS means more conductivity and vice versa. Also, the conductivity of water is directly proportional to its

temperature. Therefore, along with the conductivity, it is required to measure temperature for determining the correct
TDS value of water.

A TDS probe can be interfaced to a PIC16F17146, as shown in the Figure 5-3.
Figure 5-3. TDS Probe Interfaced with PIC16F17146 Microcontroller
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OPA: Configured as relaxation oscillator for converting voltage to frequency, where the output frequency is a function
of TDS (i.e., water conductivity). Refer to section 1.6. Voltage-to-Frequency Converter for more details.

ADCC: Reads water temperature.

CCP: Configured Capture/Compare/PWM (CCP) module in Capture mode to measure the output frequency of OPA
as a relaxation oscillator.

TMR1: Used along with the CCP module for frequency measurement.

Mindi Simulation (Relaxation Oscillator Circuit Using OPA)
The Mindi Simulation project is available on GitHub:

View Code Example on GitHub

Click to browse repository
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The Microchip Website

Microchip provides online support via our website at www.microchip.com/. This website is used to make files and
information easily available to customers. Some of the content available includes:

* Product Support — Data sheets and errata, application notes and sample programs, design resources, user’s
guides and hardware support documents, latest software releases and archived software

* General Technical Support — Frequently Asked Questions (FAQs), technical support requests, online
discussion groups, Microchip design partner program member listing

» Business of Microchip — Product selector and ordering guides, latest Microchip press releases, listing of
seminars and events, listings of Microchip sales offices, distributors and factory representatives

Product Change Notification Service

Microchip’s product change notification service helps keep customers current on Microchip products. Subscribers will
receive email notification whenever there are changes, updates, revisions or errata related to a specified product
family or development tool of interest.

To register, go to www.microchip.com/pcn and follow the registration instructions.

Customer Support

Users of Microchip products can receive assistance through several channels:

» Distributor or Representative

* Local Sales Office

» Embedded Solutions Engineer (ESE)
» Technical Support

Customers should contact their distributor, representative or ESE for support. Local sales offices are also available to
help customers. A listing of sales offices and locations is included in this document.

Technical support is available through the website at: www.microchip.com/support

Microchip Devices Code Protection Feature

Note the following details of the code protection feature on Microchip products:

» Microchip products meet the specifications contained in their particular Microchip Data Sheet.

* Microchip believes that its family of products is secure when used in the intended manner, within operating
specifications, and under normal conditions.

» Microchip values and aggressively protects its intellectual property rights. Attempts to breach the code
protection features of Microchip product is strictly prohibited and may violate the Digital Millennium Copyright
Act.

* Neither Microchip nor any other semiconductor manufacturer can guarantee the security of its code. Code
protection does not mean that we are guaranteeing the product is “unbreakable”. Code protection is constantly
evolving. Microchip is committed to continuously improving the code protection features of our products.

Legal Notice

This publication and the information herein may be used only with Microchip products, including to design, test,

and integrate Microchip products with your application. Use of this information in any other manner violates these
terms. Information regarding device applications is provided only for your convenience and may be superseded

by updates. It is your responsibility to ensure that your application meets with your specifications. Contact your
local Microchip sales office for additional support or, obtain additional support at www.microchip.com/en-us/support/
design-help/client-support-services.
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THIS INFORMATION IS PROVIDED BY MICROCHIP "AS IS". MICROCHIP MAKES NO REPRESENTATIONS
OR WARRANTIES OF ANY KIND WHETHER EXPRESS OR IMPLIED, WRITTEN OR ORAL, STATUTORY

OR OTHERWISE, RELATED TO THE INFORMATION INCLUDING BUT NOT LIMITED TO ANY IMPLIED
WARRANTIES OF NON-INFRINGEMENT, MERCHANTABILITY, AND FITNESS FOR A PARTICULAR PURPOSE,
OR WARRANTIES RELATED TO ITS CONDITION, QUALITY, OR PERFORMANCE.

IN NO EVENT WILL MICROCHIP BE LIABLE FOR ANY INDIRECT, SPECIAL, PUNITIVE, INCIDENTAL, OR
CONSEQUENTIAL LOSS, DAMAGE, COST, OR EXPENSE OF ANY KIND WHATSOEVER RELATED TO THE
INFORMATION OR ITS USE, HOWEVER CAUSED, EVEN IF MICROCHIP HAS BEEN ADVISED OF THE
POSSIBILITY OR THE DAMAGES ARE FORESEEABLE. TO THE FULLEST EXTENT ALLOWED BY LAW,
MICROCHIP'S TOTAL LIABILITY ON ALL CLAIMS IN ANY WAY RELATED TO THE INFORMATION OR ITS USE
WILL NOT EXCEED THE AMOUNT OF FEES, IF ANY, THAT YOU HAVE PAID DIRECTLY TO MICROCHIP FOR
THE INFORMATION.

Use of Microchip devices in life support and/or safety applications is entirely at the buyer's risk, and the buyer agrees
to defend, indemnify and hold harmless Microchip from any and all damages, claims, suits, or expenses resulting
from such use. No licenses are conveyed, implicitly or otherwise, under any Microchip intellectual property rights
unless otherwise stated.

Trademarks

The Microchip name and logo, the Microchip logo, Adaptec, AVR, AVR logo, AVR Freaks, BesTime, BitCloud,
CryptoMemory, CryptoRF, dsPIC, flexPWR, HELDO, IGLOO, JukeBlox, KeeLoq, Kleer, LANCheck, LinkMD,
maXStylus, maXTouch, MediaLB, megaAVR, Microsemi, Microsemi logo, MOST, MOST logo, MPLAB, OptoLyzer,
PIC, picoPower, PICSTART, PIC32 logo, PolarFire, Prochip Designer, QTouch, SAM-BA, SenGenuity, SpyNIC, SST,
SST Logo, SuperFlash, Symmetricom, SyncServer, Tachyon, TimeSource, tinyAVR, UNI/O, Vectron, and XMEGA are
registered trademarks of Microchip Technology Incorporated in the U.S.A. and other countries.

AgileSwitch, APT, ClockWorks, The Embedded Control Solutions Company, EtherSynch, Flashtec, Hyper Speed
Control, HyperLight Load, Libero, motorBench, mTouch, Powermite 3, Precision Edge, ProASIC, ProASIC Plus,
ProASIC Plus logo, Quiet- Wire, SmartFusion, SyncWorld, Temux, TimeCesium, TimeHub, TimePictra, TimeProvider,
TrueTime, and ZL are registered trademarks of Microchip Technology Incorporated in the U.S.A.

Adjacent Key Suppression, AKS, Analog-for-the-Digital Age, Any Capacitor, Anyln, AnyOut, Augmented Switching,
BlueSky, BodyCom, Clockstudio, CodeGuard, CryptoAuthentication, CryptoAutomotive, CryptoCompanion,
CryptoController, dsPICDEM, dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, Espresso T1S,
EtherGREEN, GridTime, IdealBridge, In-Circuit Serial Programming, ICSP, INICnet, Intelligent Paralleling, IntelliMOS,
Inter-Chip Connectivity, JitterBlocker, Knob-on-Display, KoD, maxCrypto, maxView, memBrain, Mindi, MiWi, MPASM,
MPF, MPLAB Certified logo, MPLIB, MPLINK, MultiTRAK, NetDetach, Omniscient Code Generation, PICDEM,
PICDEM.net, PICkit, PICtail, PowerSmart, PureSilicon, QMatrix, REAL ICE, Ripple Blocker, RTAX, RTG4, SAM-
ICE, Serial Quad 1/0, simpleMAP, SimpliPHY, SmartBuffer, SmartHLS, SMART-I.S., storClad, SQI, SuperSwitcher,
SuperSwitcher |l, Switchtec, SynchroPHY, Total Endurance, Trusted Time, TSHARC, USBCheck, VariSense,
VectorBlox, VeriPHY, ViewSpan, WiperLock, XpressConnect, and ZENA are trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated in the U.S.A.

The Adaptec logo, Frequency on Demand, Silicon Storage Technology, and Symmcom are registered trademarks of
Microchip Technology Inc. in other countries.

GestIC is a registered trademark of Microchip Technology Germany Il GmbH & Co. KG, a subsidiary of Microchip
Technology Inc., in other countries.

All other trademarks mentioned herein are property of their respective companies.
© 2022, Microchip Technology Incorporated and its subsidiaries. All Rights Reserved.
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Quality Management System

For information regarding Microchip’s Quality Management Systems, please visit www.microchip.com/quality.
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