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Operational Amplifier Module

Introduction

Author: Jason Layton, Microchip Technology Inc.

The MPLAB® Mindi™ Analog Simulator is a free tool provided by Microchip Technology that allows users to simulate
analog circuits in software prior to building them in hardware.

The Mindi environment includes model files that can be used to accurately simulate designs that may contain a wide
variety of Microchip and other analog products, including discrete operational amplifiers, linear regulators, LED
drivers and MOSFET drivers among many others. Additionally, the MPLAB Mindi Analog Simulator integrates model
files for many new analog peripherals found on select PIC® and AVR® microcontrollers. One example of this is the
Operational Amplifier peripheral currently available on the PIC18-Q41 and AVR DB device families.

This document will focus primarily on getting started using the MPLAB Mindi Analog Simulator to model a few basic
circuits that use the PIC18-Q41 operational amplifier peripheral. The concepts and examples covered in this technical
brief can easily be expanded upon or modified for other applications.
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1. MPLAB Mindi Analog Simulator Overview
Simulating designs using Mindi is a simple step that can be taken to reduce project risk and save development time,
as the expected circuit response can be accurately modeled to ensure that it will fulfill the requirements of an
application.

Before building anything in hardware, the MPLAB Mindi Analog Simulator can evaluate transient circuit responses to
different input conditions and model the effect of noise in analog signal conditioning circuits over a wide range of
operating conditions to simulate real-world applications. The latest version of this free tool can be downloaded from
the MPLAB Mindi Analog Simulator product page.

The Mindi Analog Simulator includes several model libraries that are integrated into the tool upon download. For a
complete list of the model libraries available, visit the MPLAB Mindi Software Libraries page.

One of the advantages of simulating analog components using the provided library files is that they contain accurate
models that use data collected over temperature and operating voltage on actual silicon. In most cases, the simulated
circuit response will be close to what can be expected in hardware using the same design.

1.1 Getting Started With the MPLAB Mindi Analog Simulator
After successfully downloading and installing the Mindi Analog Simulator, a new schematic can be created by
selecting either the New SIMetrix Schematic or the New SIMPLIS Schematic option on the Welcome page. The
SIMPLIS engine is primarily geared towards switching power systems, while the SIMetrix system is a more general-
purpose SPICE-based simulation engine.

For the purposes of this technical brief, all schematics for the following examples were created using the SIMetrix
simulation engine. Once a new schematic has been created, a blank canvas will appear along with several options to
create an analog circuit for simulation.

1.2 MPLAB Mindi Model Libraries
A wide variety of common components are available when designing an analog circuit in Mindi, using either the quick
access toolbar or by browsing the complete list of components under the Place tab at the top of the window.

There are several components, such as resistors and capacitors, that can be inserted into a schematic and assigned
values to be used for simulation. Additionally, there are also many specific devices that have model libraries already
integrated into Mindi that can be added to the schematic by selecting From Model Library under the Place tab. After
selecting this option, a window will open showing all of the model libraries sorted by device type. These model
libraries include common components such as comparators, diodes, MOSFETs, voltage regulators and operational
amplifiers, among many other options.

The model library for the operational amplifier found on the PIC18-Q41 and other applicable PIC and AVR
microcontrollers can be found under the Microcontroller Peripherals section in this window. When designing an
analog circuit in Mindi, placing a component using the model library browser will ensure that the simulation is
performed using the characterized parametric data for that device. Model libraries that are not included in Mindi can
be imported by clicking File → Model Library → Add/Remove Libraries… on the top toolbar or by dragging the
directory into the MPLAB Mindi command shell.

Tip:  For more information, refer to the Getting Started with the MPLAB® Mindi™ Analog Simulator
(DS50002564) document or visit https://www.microchip.com/mplab/mplab-mindi.
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2. Building an Analog Circuit Using the Mindi Model Library
When simulating a circuit in Mindi, start by focusing on the analog device whose behavior is the primary interest of
the simulation. This can be done either by finding the correct device in the model library browser and inserting it into
the schematic from there, or by placing a generic version of that component into the schematic and manually filling in
the parameters that determine the device behavior during simulation.

The main advantage of using devices that have model libraries instead of generic components in Mindi is that the
model libraries contain the actual parametric data and electrical characteristics of that component. This allows for the
simulation to be as accurate as possible. The examples discussed in this technical brief all use the PIC18-Q41 model
library to simulate the circuit response of the operational amplifier peripheral found in this device family.

Figure 2-1 shows a schematic in Mindi where the PIC18-Q41 operational amplifier has been inserted along with the
device properties window for that component. The PIC18-Q41 operational amplifier model requires that a positive
and negative power supply be connected to the corresponding terminals to run a simulation. In this example, the
power supply labeled VDD (3.3V) and the ground reference (0V) were connected to the respective nodes of the
operational amplifier.

Figure 2-1. PIC18-Q41 Mindi Model Library Symbol

Once the main analog component of the circuit has been placed onto the schematic, the next step will be to finish
drawing the circuit in Mindi by inserting the remaining parts needed to complete the design.

Using the PIC18-Q41 operational amplifier schematic (see example above), the next step to complete this circuit will
be to place a feedback network and connect the inputs and output of the operational amplifier accordingly. In this
instance, the PIC18-Q41 operational amplifier model will be used to simulate a non-inverting amplifier with a gain of
4. When all of the components have been placed and all of the connections have been made, an input source should
be added to the schematic so that the circuit response can be simulated to model the application it will be used in.

There are many different voltage and current source options available in Mindi. In this example, a sinusoidal voltage
source was used for simulation. Different sources can be added into a schematic by either using the quick access
toolbar or by navigating to the Place tab at the top of the window and selecting from the list of available options.

In this example, the sinusoidal waveform connected to the non-inverting input of the PIC18-Q41 operational amplifier
has a frequency of 50 Hz, an amplitude of 200 mV, and a positive offset of 200 mV to ensure that the sine wave
generated is always larger than the ground reference. Figure 2-2 shows the complete schematic used in Mindi to
simulate this circuit using the PIC18-Q41 operational amplifier library model.
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Figure 2-2. PIC18-Q41 Non-Inverting Amplifier Mindi Schematic
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3. Simulating an Analog Circuit Using Mindi
Once a schematic has been completed, the MPLAB Mindi Analog Simulator can be used to model the circuit
response in several different ways. Since the circuit used in this example has a simulated input source already
included, the easiest simulation to run will be to probe the input and output of the operational amplifier and plot the
circuit response over time.

Mindi allows users to place fixed probes onto a schematic so that the resulting waveforms will appear once a
simulation has been completed. A fixed probe can be placed by going to the Probe tab on the top toolbar and
selecting from options, such as a voltage, current or power probe. As shown in the PIC18-Q41 non-inverting amplifier
example, a fixed voltage probe labeled VIN was placed on the amplifier input and a fixed voltage probe labeled VOUT
was placed on the amplifier output.

Mindi also allows users to probe circuits interactively in real time, allowing them to view a variety of different
measurements and waveforms. Some of the interactive probe options can be found on the quick access toolbar in
Mindi, but a complete list of the different interactive probes available can be viewed under the Probe tab.

To begin a simulation in Mindi, either press the play button located on the quick access toolbar or go to the Simulator
tab and click Run Schematic. If there are any fixed probes placed in the circuit, the associated waveforms should
appear once the simulation has completed.

There are several types of analysis available when running a simulation; they can be selected by clicking Choose
Analysis under the Simulator tab on the top toolbar. In this example, a transient analysis of the operational amplifier
input and output signal was performed over 40 ms. After an analog circuit has been successfully simulated, several
different analysis options will populate on the Mindi toolbar and can be used to analyze the waveforms generated in
greater detail.

These tools can be used for many functions, such as annotating simulation results, creating other graphs using the
simulated data, or adding cursors and curves. Figure 3-1 shows the simulation results for the PIC18-Q41 non-
inverting amplifier example that has been discussed up to this point. The waveforms generated represent the
sinusoidal input source applied to the circuit (shown in green) and the operational amplifier output voltage (shown in
red).

Figure 3-1. PIC18-Q41 Non-Inverting Amplifier Simulation Results
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Tip:  For more information about using the PIC18-Q41 Mindi model library to simulate a non-inverting
amplifier, visit the PIC18-Q41 Non-Inverting Operational Amplifier Code Example.
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4. PIC18-Q41 Unity Gain Buffer (Voltage Follower) Example
The operational amplifier peripheral found on the PIC18-Q41 family of devices is a versatile feature and can be used
in many different configurations, depending on the application. The previous example demonstrated how Mindi could
be used to simulate a non-inverting amplifier circuit utilizing the PIC18-Q41 model library provided alongside this
device family. This example will demonstrate how Mindi can be used to simulate the operational amplifier on the
PIC18-Q41 when it is configured as a unity gain buffer.

A unity gain buffer is an operational amplifier configuration commonly used in analog signal conditioning circuits.
Unity gain buffers ideally have a gain of 1, and the inverting input is connected directly to the operational amplifier
output to provide feedback. Figure 4-1 shows the complete schematic used in Mindi to simulate this circuit using the
PIC18-Q41 operational amplifier library model.

Figure 4-1. PIC18-Q41 Unity Gain Buffer Mindi Schematic

The simulation of this circuit was very similar to the previous example, where the transient response of the input and
output of the operational amplifier was analyzed over 40 ms. The non-inverting amplifier example was designed to
have a gain of 4, so the output signal may be four times larger than the input signal. The unity gain buffer in this
example only has a gain of 1 and, by design, the input and output signals should have identical voltages. The input
voltage source used in this simulation was set up to provide a sinusoidal waveform with an amplitude of 1.5V and an
offset of 750 mV.

Figure 4-2 shows the simulation results for the PIC18-Q41 unity gain buffer. In this figure, the green waveform
represents the operational amplifier input and the red waveform represents the operational amplifier output. The input
and output waveforms of the operational amplifier overlap each other as they are equal due to the circuit
configuration and expected gain of 1. For more information about using the PIC18-Q41 Mindi model library to
simulate a Unity Gain Buffer (Voltage Follower), visit the PIC18-Q41 Unity Gain Buffer Code Example.
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Figure 4-2. PIC18-Q41 Unity Gain Buffer Simulation Results

Tip:  For more information about using the PIC18-Q41 Mindi model library to simulate a Unity Gain Buffer
(Voltage Follower), visit the PIC18-Q41 Unity Gain Buffer Code Example.
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5. PIC18-Q41 Inverting Amplifier Example
So far in this document, the PIC18-Q41 Mindi model has been used to simulate a non-inverting amplifier and a unity
gain buffer when using the operational amplifier peripheral found on this device family.

This last example will demonstrate how Mindi can be used to simulate an inverting amplifier using the same model.
An operational amplifier used in this configuration not only inverts the input signal, but also amplifies it depending on
the feedback network of the circuit. Figure 5-1 shows the complete schematic used to simulate this design in Mindi.

Figure 5-1. PIC18-Q41 Inverting Amplifier Mindi Schematic

In this example, Mindi was used to simulate the sinusoidal input signal and the resulting transient response of the
operational amplifier over a time of 40 ms. A bias voltage of 1.5V was connected to the non-inverting input of the
operational amplifier, and a sinusoidal input with an amplitude of 400 mV and an offset of 1.5V was connected to the
inverting input, along with the feedback network illustrated in the circuit shown above.

Figure 5-2 shows the simulation results of this circuit using the PIC18-Q41 Mindi model. The green waveform
represents the input voltage source connected to the operational amplifier, and the red waveform shows the resulting
signal from the operational amplifier output.
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Figure 5-2. PIC18-Q41 Inverting Amplifier Simulation Results

Tip:  For more information about using the PIC18-Q41 Mindi model library to simulate a Unity Gain Buffer
(Voltage Follower), visit the PIC18-Q41 Inverting Operational Amplifier Code Example.
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6. Conclusion
The MPLAB Mindi Analog Simulator is a versatile tool that allows users to easily prototype and simulate analog
circuits and designs. Pairing this tool with the operational amplifier Mindi model libraries provided with select PIC and
AVR microcontrollers takes prototyping and modeling analog circuits to the next level. By using the model libraries
provided with these device families, analog circuits utilizing the operational amplifier peripheral can be simulated and
the models generated can be analyzed in greater depth to ensure the design is valid before implementing in
hardware.

This technical brief provided a general overview of the MPLAB Mindi Analog Simulator and used a set of examples to
demonstrate how the PIC18-Q41 model library can be used to prototype designs. For more information, visit 
www.microchip.com or view the device data sheet.
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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 devices:

• 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 and under normal

conditions.
• There are dishonest and possibly illegal methods being used in attempts to breach the code protection features

of the Microchip devices. We believe that these methods require using the Microchip products in a manner
outside the operating specifications contained in Microchip’s Data Sheets. Attempts to breach these code
protection features, most likely, cannot be accomplished without violating Microchip’s intellectual property rights.

• Microchip is willing to work with any customer who is concerned about the integrity of its code.
• 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. We at Microchip are committed to continuously improving the code protection features of our products.
Attempts to break Microchip’s code protection feature may be a violation of the Digital Millennium Copyright Act.
If such acts allow unauthorized access to your software or other copyrighted work, you may have a right to sue
for relief under that Act.
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Legal Notice

Information contained in this publication is provided for the sole purpose of designing with and using Microchip
products. Information regarding device applications and the like 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.

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, AnyRate, AVR, AVR logo, AVR Freaks, BesTime,
BitCloud, chipKIT, chipKIT logo, CryptoMemory, CryptoRF, dsPIC, FlashFlex, flexPWR, HELDO, IGLOO, JukeBlox,
KeeLoq, Kleer, LANCheck, LinkMD, maXStylus, maXTouch, MediaLB, megaAVR, Microsemi, Microsemi logo, MOST,
MOST logo, MPLAB, OptoLyzer, PackeTime, 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, IntelliMOS, Libero, motorBench, mTouch, Powermite 3, Precision Edge, ProASIC, ProASIC
Plus, ProASIC Plus logo, Quiet-Wire, SmartFusion, SyncWorld, Temux, TimeCesium, TimeHub, TimePictra,
TimeProvider, WinPath, 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, AnyIn, AnyOut, Augmented Switching,
BlueSky, BodyCom, CodeGuard, CryptoAuthentication, CryptoAutomotive, CryptoCompanion, CryptoController,
dsPICDEM, dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, Espresso T1S, EtherGREEN, IdealBridge, In-
Circuit Serial Programming, ICSP, INICnet, Intelligent Paralleling, Inter-Chip Connectivity, JitterBlocker, 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 I/O, simpleMAP, SimpliPHY, SmartBuffer, SMART-I.S., storClad,
SQI, SuperSwitcher, SuperSwitcher II, Switchtec, SynchroPHY, Total Endurance, 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 II GmbH & Co. KG, a subsidiary of Microchip
Technology Inc., in other countries.

All other trademarks mentioned herein are property of their respective companies.
© 2020, Microchip Technology Incorporated, Printed in the U.S.A., 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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