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The Analog Signal Conditioning (OPAMP) peripheral features up to three internal operational amplifiers (op amps). It
can help reduce or eliminate the need for external/discrete op amps in electronic designs, thus potentially decreasing
the bill of materials. The main purpose of op amps is to condition the analog signals before the acquisition (and
further digital processing) in a microcontroller or to provide the necessary output drive in control applications.

This technical brief describes how the analog signal conditioning block (OPAMP) part of the AVR® DB MCU devices
works. It starts by describing the simplest configuration upon which more complex ones are built. The topologies of
interest are as follows:

• Op amp connected directly to pins:
The simplest and most basic configuration offering the highest degree of flexibility, with external connections and
components.

• Voltage Follower or Unity Gain Buffer:
A common configuration for converting a high impedance input to a low impedance output.

• Non-Inverting Programmable Gain Amplifier:
Programmable gain signal amplification via the internal feedback resistor network.

• Differential Amplifier using two op amps:
Differential input voltage amplification with a rejection of the common-mode voltage.

• Instrumentation Amplifier using three op amps:
Differential signal amplification with high input and low output impedance.

Note:  The code examples are designed for AVR128DB48 Curiosity Nano Evaluation Kit (EV35L43A) and are
available on GitHub. There are stand-alone code examples for Atmel Studio, MPLAB® X IDE as well as Atmel START
and MCC examples. Only the code used for the stand-alone examples are described in detail in this technical brief,
but all examples function the same. For an introduction to the OPAMP module in Atmel START and MCC, see 3. 
Atmel START and 4.  MPLAB® X MCC respectively.
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Hardware Configuration

Code examples are developed for the AVR128DB48 Curiosity Nano Evaluation Kit (EV35L43A).

Figure 1. AVR128DB48 Curiosity Nano
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1. Overview
The Analog Signal Conditioning (OPAMP) peripheral features one, two or three operational amplifiers (op amps),
designated OPn where n is zero, one or two. These op amps are implemented with a flexible connection scheme
using analog multiplexers and resistor ladders. This allows a large number of analog signal conditioning
configurations to be achieved, many of which require no external components. A multiplexer at the non-inverting (+)
input of each op amp allows connection to either an external pin, a wiper position from a resistor ladder, a DAC
output, ground, or VDD/2. A second multiplexer at the inverting (-) input of each op amp allows connection to either an
external pin, a wiper position from a resistor ladder, the output of the op amp, or DAC output. Three more
multiplexers connected to each resistor ladder provide additional configuration flexibility. Two of these multiplexers
select the top and bottom connections to the resistor ladder, and the third controls the wiper position.

Figure 1-1. Block Diagram
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Table 1-1. Signal Description

Signal Name Type Description

OPnINP Analog input Non-inverting (+) input pin for OPn

OPnINN Analog input Inverting (-) input pin for OPn

OPnOUT Analog output Output from OPn
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2. Relevant Devices
This section lists the relevant devices for this document. The following figures show the different family devices,
laying out pin count variants and memory sizes:

• Vertical migration upwards is possible without code modification, as these devices are pin-compatible and
provide the same or more features

• Horizontal migration to the left reduces the pin count and, therefore, the available features
• Devices with different Flash memory sizes typically also have different SRAM and EEPROM

Figure 2-1. AVR® DB Family Overview
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3. Atmel START
Atmel START comes with a driver for the OPAMP module allowing for easy configuration of the module. The Atmel
START module comes with nine predefined configurations as well as a custom mode.

Figure 3-1. Atmel START Initial Configurations

At the top of the module, as seen in Figure 3-1, several global options that can be set for the module, such as
enabling the module, enabling the module in debug mode, and selecting the input range. Under “Component
Signals”, the input and output pins can be selected. Selecting the pins will turn off the digital input buffer for the pins.
It is therefore recommended to select all used pins. The “Select OPAMP Combination” option is used to select which
op amps are configured separately and which op amps are combined to create a multi op amp configuration. All op
amps can be configured to any of the single op amp configurations, but some of the multi op amp configurations are
only available using specific op amps. For an overview of possible combinations, see Table 3-1.
Table 3-1. Multi Op Amp Configurations

Op Amp Combinations Posible Configurations

OP1-OP2 Differential Amplifier, Cascaded (Two) Non-Inverting
PGA, Cascading (Two) Inverting PGA

OP2-OP1 Differential Amplifier, Cascaded (Two) Non-Inverting
PGA, Cascading (Tow) Inverting PGA

OP2-OP0 Differential Amplifier, Cascading (Two) Inverting PGA

OP0-OP1-OP2 Instrumentation Amplifier, Cascaded (Three) Non-
Inverting PGA, Cascaded (Three) Inverting PGA

OP1-OP2-OP0 Instrumentation Amplifier, Cascaded (Three) Inverting
PGA

OP2-OP0-OP1 Instrumentation Amplifier, Cascaded (Three) Inverting
PGA

After selecting the global options for the OPAMP module, the settings for the individual op amps can be set. The first
option is to select which configuration is desired. For each configuration, there is an accompanying picture to show
how the configuration looks. The OPAMPn settings will have different fields grayed out depending on the
configurations. The grayed-out field cannot be changed as that would break the configuration, but they are visible to
show how the op amp is configured. The other field can be changed as normal and typically change the input or the
gain of the configuration.
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Figure 3-2. Atmel START Op Amp Configuration

The last options ("HARDWARE SETTINGS") are hardware-specific to each op amp. By default, they are configured
as always on and in normal output mode. This way, the op amp works as soon as it is initialized. The settle time is set
to the maximum, as this is the srecommended value for an unknown load.
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4. MPLAB® X MCC
MPLAB® X MCC comes with a driver for the OPAMP module allowing for easy configuration of the module. The MCC
module comes with nine predefined configurations as well as a custom mode.

Figure 4-1. MCC Global and Hardware Settings

Under the “OPAMP SYSTEM” banner, as seen in Figure 4-1, there are several global options that can be set for the
module, such as enabling the module, enabling the module in debug mode, and selecting the input range. Under
“Hardware Settings”, the select mode option is used to select if the op amp should be configured separately or be
combined into multi op amp configurations. All op amps can be configured to any of the single op amp configurations,
but some of the multi op amp configurations are only available using specific op amps. For an overview of possible
combinations, see Table 4-1.
Table 4-1. Multi Op Amp Configurations

Op Amp Combinations Posible Configurations

OP1-OP2 Differential Amplifier, Cascaded (Two) Non-Inverting
PGA, Cascading (Two) Inverting PGA

OP2-OP1 Differential Amplifier, Cascaded (Two) Non-Inverting
PGA, Cascading (Tow) Inverting PGA

OP2-OP0 Differential Amplifier, Cascading (Two) Inverting PGA

OP0-OP1-OP2 Instrumentation Amplifier, Cascaded (Three) Non-
Inverting PGA, Cascaded (Three) Inverting PGA

OP1-OP2-OP0 Instrumentation Amplifier, Cascaded (Three) Inverting
PGA

OP2-OP0-OP1 Instrumentation Amplifier, Cascaded (Three) Inverting
PGA

If the Single OPAMPs option is selected, each op amp can be enabled and configured separately, as seen in Figure
4-1. If the Dual and Single OPAMPs or Triple OPAMPs option is selected, the configuration of the dual or triple
configuration can be selected. The configuration of the single op amp, if any, and how the op amps should be
connected, is shown in Figure 4-2.

 TB3286
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Figure 4-2. Dual and Single OPAMPs Configurations

After selecting the global options and hardware settings, there is one banner for each enabled op amp where the op
amp specific options can be selected. For each configuration, there is an accompanying picture to show how the
configuration looks. The “OP0 Hardware Settings” will have different fields grayed out depending on the
configurations. The grayed-out field cannot be changed as that would break the configuration, but they are visible to
show how the op amp is configured. The other field can be changed as normal and typically change the input or the
gain of the configuration.

Figure 4-3. OPn Hardware Settings

The last options are under “OPn Advanced Hardware” Settings. By default, they are configured as always on and in
normal output mode. This way, the op amp works as soon as it is initialized. The settle time is set to the maximum, as
this is the recommended value for an unknown load.
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5. MPLAB® Mindi™ Analog Simulator
Simulating electronic circuits can save development time and resources by reducing design iterations. Costly design
errors can be found at an early stage and corrected without much effort. Simulations also have an important learning
aspect where the operation of a circuit can quickly be characterized and understood.

The MPLAB® Mindi™ Analog Simulator is a comprehensive tool for analog circuit design and analysis. The tool uses
a SIMetrix/SIMPLIS simulation environment, that can cover a very wide set of possible simulation needs. It has an
easy-to-use interface, fast simulation times, and an ever-growing library of models and application schematics.
Available model libraries include: Operational amplifiers, active filter circuits, MOSFET and motor drivers, power
modules, LED drivers, switching regulators, generic switch, and passive components.

MPLAB® Mindi™ installs and runs locally. 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.
Applications that can greatly benefit from MPLAB® Mindi™ include:

• Generation of BODE responses for active and passive filter systems
• Evaluation of transient responses to a wide variety of input conditions
• Generation of closed loop stability responses for control systems
• Verification of slew rates and drive strengths through power drive or signal conditioning chains
• Modeling the noise effects in signal conditioning or control systems

Figure 5-1. MPLAB® Mindi™ - Overview of Design Environment

The latest version of MPLAB® Mindi™ is available for download on the MPLAB® Mindi™ Analog Simulator product
page.

Each described topology comes with a Mindi™ schematic and simulation, showcasing the configuration through a
simple example. It also sets the premises for what is to be expected from the functional hardware configuration once
the firmware has been programmed in the target device.

 TB3286
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6. MPLAB® Data Visualizer
The MPLAB® Data Visualizer is a program used to process and visualize key data points, from a running embedded
target, in real-time. The utility may be accessed as an MPLAB® X IDE plugin or as a standalone program. The latest
version of MPLAB® Data Visualizer is available for download on the MPLAB® Data Visualizer product page.

Figure 6-1 outlines the main concepts and features available, such as:
• Capture data, streamed from a running embedded target, via virtual serial port (USB) or the Data Gateway

Interface (DGI)
• Decode data fields at run-time using the Data Stream Protocol format
• Visualize the raw or decoded data in a Graph as a time series or display the data in a terminal
• Concurrently stream data and debug target code

Figure 6-1. MPLAB® Data Visualizer

®

Each configuration is set up to send data over USART as a Data Visualizer data stream. The values of interest are
the input and output signals. Both signals will be displayed in the main Graph area of the MPLAB® Data Visualizer.
The interface and underlying settings are configured through a saved workspace available in a folder, named data-
visualizer.

To get a workspace up and running, follow the steps below:

Note:  There is no MPLAB® Data Visualizer workspace available for the Simple OPAMP project.

1. Open the Atmel Studio 7 solution Getting_Started_with_OPAMP by navigating to the GitHub repository and
selecting Getting_Started_with_OPAMP.atsln. The solution contains separate projects for each configuration
detailed in the present document.

2. Set the desired project as StartUp Project, by right clicking on the project of interest and from the pop-up menu
select Set as StartUp Project option.

 TB3286
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Figure 6-2. Atmel Studio 7 - Set Start-up Project

3. Build the solution by selecting Build → Build Solution or by pressing F7.
4. Program the AVR DB device by selecting Debug → Start Without Debugging from the top menu bar.
5. Open MPLAB® Data Visualizer.
6. Load the workspace. Press the Load Workspace button and add the workspace-file corresponding to the

configuration, available in the GitHub repository. Two axes should appear in the graph.
7. Set the correct Serial Port settings. Choose the COM-port on the left hand side panel seen in Figure 6-3. Make

sure the Baud Rate is 115200 and press the play button (Start Streaming).
Figure 6-3. MPLAB® Data Visualizer - Serial Port Settings

8. Ensure the COM port is selected as a source for the Variable Streamer Decoder.
Figure 6-4. MPLAB® Data Visualizer - Variable Streamers

9. If successful, two graphs representing the input and output signals will be drawn on the screen. The Y-axis
represents the magnitude of the signal in mV, while the X-axis represents elapsed time.

Note:  For more information relating to MPLAB® Data Visualizer, consult the relevant documentation resources.
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7. Op Amp Basic Configuration
Figure 7-1 displays an op amp connected directly to the pins of the device. The input and output of the op amp are
not connected to the internal feedback resistor network.

Figure 7-1. Op Amp Connected Directly to I/O Pins

OPn

OPnINP

OPnOUT

+

-OPnINN

7.1 Use Cases
This configuration is useful for situations where the user desires to make all connections to other components
externally. For specific cases when an analog comparison function is desired, use the separate Analog Comparator
block, which is purposely built for such applications.

7.2 MPLAB® Mindi™ Model
The op amps used in the MPLAB® Mindi™ are all created using the parameters found in the electrical DC and AC
characteristics available in the AVR DB data sheet.

In MPLAB® Mindi™, open opamp.wxsch schematic from the GitHub repository.

View Code Examples on GitHub
Click to browse repositories

The circuit shown in Figure 7-2 contains the op amp without any external components allowing any standard op amp
configuration to be achieved by connecting the appropriate external components.
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Figure 7-2. Basic Configuration - Analog Simulation with MPLAB® Mindi™

Simulate by selecting; Simulator → Run Schematic or press Function Key F9.

7.3 Register Configuration
The Timebase register for the Analog Signal Conditioning (OPAMP) peripheral has to be configured first. The user
must program the equivalent number of clock cycles that amount to 1 μs, so the contents are dependent on the
operating CPU clock frequency.

 TB3286
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Figure 7-3. OPAMP.TIMEBASE - Set TIMEBASE

Bit 7 6 5 4 3 2 1 0

TIMEBASE[6:0]

Access R/W R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0 1

Bits 6:0 – TIMEBASE[6:0] Timebase
This bit field controls the maximum value of a counter that counts CLK_PER cycles to achieve a time interval equal to
or larger than 1 μs. It should be written with one less than the number of CLK_PER cycles that are equal to or larger
than 1 μs. This is used for internal timing of the warmup and settling times.

#define OPAMP_TIMEBASE_US     (ceil(F_CPU /1e6)-1)
OPAMP.TIMEBASE = OPAMP_TIMEBASE_US;

In applications where a rail-to-rail input voltage range is not needed, the OPAMP peripheral may be configured to
save power, by writing a ‘1’ to the Input Range Select (IRSEL) bit in the Power Control (PWRCTRL) register. For the
basic op amp applications in the technical brief the power saving option will not be used.
Figure 7-4. OPAMP.PWRCTRL - Set Input Range

Bit 7 6 5 4 3 2 1 0
                                                                                                                                                                                                      IRSEL

Access R/W
Reset 0

Bit 0 – IRSEL                          Input Range Select 
This bit selects the op amp input voltage range
Value Description
0 The op amp input voltage range is rail-to-rail
1 The op amp input voltage range and power consumption are reduced. See the Electrical 

Characteristics section for more information

OPAMP.PWRCTRL = OPAMP_PWRCTRL_IRSEL_FULL_gc;

For a basic op amp configuration operation, the op amp is configured to be always on. It is assumed the ENABLE/
DISABLE events are not used in this scenario to enable/disable the op amp. Similarly, the output driver is enabled by
selecting the normal output mode. However, in a different application, the op amp could be enabled or disabled
based on a certain event generator (TCA, TCB, TCD, RTC, PORT, CCL, etc.). One area where such functionality
could be useful is power saving, where that op amp would be enabled only when needed, rather than having it on
from the moment power is applied to the circuitry.
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Figure 7-5. OPAMP.OPnCTRLA - Configure the Op Amp Control A

Bit 7 6 5 4 3 2 1 0

RUNSTDBY OUTMODE[1:0] EVENTEN ALWAYSON

Access R/W R/W R/W R/W R/W
Reset 0 0 0 0 0

Bit 7 – RUNSTDBY Run in Standby Mode
This bit controls whether or not the op amp functions in Standby sleep mode.
Value Description
0 OPn is disabled when in Standby sleep mode, and its output driver is disabled.
1 OPn will continue operating as configured in Standby sleep mode.

Bits 3:2 – OUTMODE[1:0] Output Mode
This bit field selects the output mode of the output driver.
Value Name Description
0x0 OFF The output driver for OPn is disabled, but this can be overridden by the DRIVEn event.
0x1 NORMAL The output driver for OPn is enabled in Normal mode.
0x2 -
0x3

- Reserved

Bit 1 – EVENTEN Event Enable
This bit enables event reception and generation.
Value Description
0 No events are enabled for OPn.
1 All events are enabled for OPn.

Bit 0 – ALWAYSON Always On
This bit controls whether the op amp is always on or not.
Value Description
0 OPn is not always on, but can be enabled by the ENABLEn event and disabled by the DISABLEn

event.
1 OPn is always on.

 OPAMP.OP0CTRLA = OPAMP_OP0CTRLA_OUTMODE_NORMAL_gc | OPAMP_ALWAYSON_bm;

For a basic op amp operation, the inputs and output of the op amp are connected directly to the pins of the device.
The multiplexer settings required to achieve the basic op amp configuration are:

Table 7-1. Op Amp Connected Directly to Pins

MUXPOS MUXNEG MUXBOT MUXWIP MUXTOP

OPn INP INN OFF WIP0 OFF

In the case of the basic op amp configuration, the resistor ladder configuration will remain 0x00.

 TB3286
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Figure 7-6. OPAMP.OPnRESMUX - Configure the Resistor Ladder Multiplexer

Bit 7 6 5 4 3 2 1 0

MUXWIP[2:0] MUXBOT[2:0] MUXTOP[1:0]

Access R/W R/W R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0 0 0

Bits 7:5 – MUXWIP[2:0] Multiplexer for Wiper
This bit field selects the resistor ladder wiper (potentiometer) position.
Value Name Description
0x0 WIP0 R1 = 15R, R2 = 1R
0x1 WIP1 R1 = 14R, R2 = 2R
0x2 WIP2 R1 = 12R, R2 = 4R
0x3 WIP3 R1 = 8R, R2 = 8R
0x4 WIP4 R1 = 6R, R2 = 10R
0x5 WIP5 R1 = 4R, R2 = 12R
0x6 WIP6 R1 = 2R, R2 = 14R
0x7 WIP7 R1 = 1R, R2 = 15R

Bits 4:2 – MUXBOT[2:0] Multiplexer for Bottom
This bit field selects the analog signal connected to the bottom resistor in the resistor ladder.
Value Name Description
0x0 OFF Multiplexer off
0x1 INP Positive input pin for OPn
0x2 INN Negative input pin for OPn
0x3 DAC DAC output (DAC and DAC output buffer must be enabled)
0x4 LINKOUT OP[n-1] output (Setting only available for OP1)(1)

0x5 GND Ground
Other - Reserved

Note:  When selecting LINKOUT for OP0, MUXBOT is connected to the output of OP2.

Bits 1:0 – MUXTOP[1:0] Multiplexer for Top
This bit field selects the analog signal connected to the top resistor in the resistor ladder.
Value Name Description
0x0 OFF Multiplexer off
0x1 OUT OPn output
0x2 VDD VDD
Other - Reserved

OPAMP.OP0RESMUX =  OPAMP_OP0RESMUX_MUXBOT_OFF_gc | OPAMP_OP0RESMUX_MUXWIP_WIP0_gc | 
OPAMP_OP0RESMUX_MUXTOP_OFF_gc;

The negative and positive inputs to the op amp are connected straight to the I/O pins.
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Figure 7-7. OPAMP.OPnINMUX - Configure the Input Multiplexer

Bit 7 6 5 4 3 2 1 0

MUXNEG[2:0] MUXPOS[2:0]

Access R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0

Bits 6:4 – MUXNEG[2:0] Multiplexer for Negative Input
This bit field selects which analog signal is connected to the inverting (-) input of OPn.
Value Name Description
0x0 INN Negative input pin for OPn
0x1 WIP Wiper from OPn’s resistor ladder
0x2 OUT OPn output (unity gain)
0x3 DAC DAC output (DAC and DAC output buffer must be enabled)
Other - Reserved

Bits 2:0 – MUXPOS[2:0] Multiplexer for Positive Input
This bit field selects which analog signal is connected to the non-inverting (+) input of OPn.
Value Name Description
0x0 INP Positive input pin for OPn
0x1 WIP Wiper from OPn’s resistor ladder
0x2 DAC DAC output (DAC and DAC output buffer must be enabled)
0x3 GND Ground
0x4 VDDDIV2 VDD/2
0x5 LINKOUT OP[n-1] output (Setting only available for OP1 and OP2)
0x6 LINKWIP Wiper from OP0’s resistor ladder (Setting only available for OP2)
Other - Reserved

OPAMP.OP0INMUX = OPAMP_OP0INMUX_MUXNEG_INN_gc | OPAMP_OP0INMUX_MUXPOS_INP_gc;

The settling time depends on a variety of factors, including the load on the op amp, that may not be known until the
later stages of design and development. If the settling time is unknown, the maximum value of ‘0x7F’ (127
microseconds) should be written to the SETTLE bit field.

Figure 7-8. OPAMP.OPnSETTLE - Configure the Settle Time

Bit 7 6 5 4 3 2 1 0

SETTLE[6:0]

Access R/W R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0 0

Bits 6:0 – SETTLE[6:0] Settle Time
This bit field specifies the number of microseconds allowed for the op amp output to settle. This value is used by an
internal timer to determine when to generate the READYn event and set the SETTLED flag in the OPnSTATUS
register.

The operational amplifier module is enabled by setting the ENABLE bit in the OPAMP.CTRLA register:
Figure 7-9. OPAMP.CTRLA - Enable OPAMP Peripheral

Bit 7 6 5 4 3 2 1 0

ENABLE

Access R/W
Reset 0

Bit 0 – ENABLE Enable OPAMP Peripheral
This bit controls whether the OPAMP peripheral is enabled or not.
Value Description
0 The OPAMP peripheral is disabled.
1 The OPAMP peripheral is enabled.

OPAMP.CTRLA = OPAMP_ENABLE_bm;
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A value of ‘0’ of the SETTLED bit indicates that the settling time has elapsed:

Figure 7-10. OPAMP.OP0SnATUS - OPAMP Status

Bit 7 6 5 4 3 2 1 0

SETTLED

Access R
Reset 0

Bit 0 – SETTLED Op Amp has Settled
This bit is cleared when the op amp is waiting for settling time related to enabling or configuration changes.
This bit is set when the allowed settling time is finished.

while (OPAMP.OP0STATUS & OPAMP_SETTLED_bm)
  {
    ;
  }

Putting it all together, the basic op amp initialization code will look as follows:

void OPAMP0_init (void)
{
    /* Configure the Timebase */
    OPAMP.TIMEBASE = OPAMP_TIMEBASE_US;
    
    /* Configure the voltage input range */
    OPAMP.PWRCTRL = OPAMP_PWRCTRL_IRSEL_FULL_gc;

    /* Configure the Op Amp n Control A */
    OPAMP.OP0CTRLA = OPAMP_OP0CTRLA_OUTMODE_NORMAL_gc | OPAMP_ALWAYSON_bm;

    /* Configure the Op Amp n Input Multiplexer */
    OPAMP.OP0INMUX = OPAMP_OP0INMUX_MUXNEG_INN_gc | OPAMP_OP0INMUX_MUXPOS_INP_gc;

    /* Configure the Op Amp n Resistor Wiper Multiplexer */
    OPAMP.OP0RESMUX =  OPAMP_OP0RESMUX_MUXBOT_OFF_gc | OPAMP_OP0RESMUX_MUXWIP_WIP0_gc | 
OPAMP_OP0RESMUX_MUXTOP_OFF_gc;
    
    /* Configure the Op Amp n Settle Time*/
    OPAMP.OP0SETTLE = 0x7F;

    /* Enable OPAMP peripheral */
    OPAMP.CTRLA = OPAMP_ENABLE_bm;

    /* Wait for the operational amplifiers to settle */
    while (OPAMP.OP0STATUS & OPAMP_SETTLED_bm)
    {
        ;
    }
}

The code for this example is available in the simple-opamp folder in these github repositories
Note:  This example is not available for Atmel START or MPLAB® X MCC
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8. Voltage Follower
Figure 8-1 displays an op amp in voltage follower configuration, also known as a unity-gain buffer or voltage buffer.
The non-inverting (+) input is connected to a pin, and the output is connected to the inverting (-) input.

Figure 8-1. Voltage Follower

OPn

VIN

VOUT

+

-

The output voltage is equal to the input voltage, giving the transfer function:���� = ���
The configuration does not provide any amplification thus the voltage gain is equal to 1.

The voltage follower is mainly used for converting a high input impedance to a low output impedance. It is often found
in the sample and hold circuits as an input to analog to digital converters (ADC) or buffers for logic circuits.

8.1 Use Case
Battery Monitoring Systems (BMS) ICs are a common occurrence in battery-powered electronic products. At the very
basic level, these components continuously measure the battery voltage and the load current. With this information, it
is possible to calculate and inform the user when a battery needs charging or replacing before the device becomes
unusable.

For cost-sensitive devices, a solution around a voltage divider and an operational amplifier could be the answer (see 
Figure 8-2). The input to the voltage buffer is a ratio of the battery voltage, while the output of the voltage buffer can
be internally routed to an ADC for acquisition and further processing.

���� = �2�1+ �2 × ����
To minimize the current draw, the resistor values are chosen to be high, see Table 8-1 for typical values. Such a
design choice usually poses a challenge for the microcontroller’s ADC. Normally the ADC inputs are not buffered and
the input current into the ADC will cause errors in the measurement. This is where the voltage follower/buffer comes
in by adapting the high impedance of the voltage divider’s output to the low impedance of the ADC input.
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Figure 8-2. External Battery Voltage Buffer

OPn VOUT

R1

R2

VINVBAT

VDD

In this design, the battery voltage has an independent voltage from the op amp’s rail supply (which is usually the
case). The battery voltage is brought within the amplifier’s common-mode input voltage range by the R1 and R2
voltage divider. For the case of a 2S1P Li-On battery pack, the safe operating voltage level can be anywhere
between 5V and 8.4V. However, the supply voltage for the MCU is regulated at 3V. A voltage divider with a ratio of
1:8.66 for the R2 and R1 brings the monitoring voltage between 0.5V and 0.87V (see the voltage transfer function
above). The internal 1.024V band gap reference can be selected as the reference voltage for the ADC.

The important aspect is the selection of resistor values for the voltage divider to minimize current draw and reduce its
impact on the battery lifetime. Table 8-1 briefly shows the effect of the voltage divider resistor values and does not
take into account any potential loads, such as the operating current of the microcontroller . The resulting values for
the battery lifetime assume an almost ideal environmental operation of the design, with the Li-On battery in the
nominal voltage of 3.7V/cell and a self-discharge of 20% of capacity.

Table 8-1. Voltage Divider - Choosing Resistor Values for Low Power Consumption

Resistor Divider Values Current
Consumption

Battery Lifetime for a Given Battery
Capacity

R1 R2 VBAT = 7.4V 1650 mAh 2950 mAh

8.66 kΩ 1 kΩ 0.76 mA ~71 days ~128 days

8.66 MΩ 1 MΩ 0.76 µA ~198 years ~351 years

8.2 Voltage Follower Analog Simulation with MPLAB® Mindi™
In MPLAB® Mindi™, open Voltage_Follower.wxsch schematic from the GitHub repository.

View Code Examples on GitHub
Click to browse repositories

The circuit shown in the left half of Figure 8-3 is driven by a 50 Hz, 256 mVPP sinusoidal signal source with 256 mV
DC offset. The op amp is powered by a 5V battery source.
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Figure 8-3. Voltage Follower - Analog Simulation with MPLAB® Mindi™

Simulate by selecting; Simulator → Run Schematic or press Function Key F9. The resulting simulation output
graph is shown in the right half of Figure 8-3. It can be noticed that the output signal follows closely the input signal. It
is precisely what would be expected from a voltage follower application.

8.3 Register Configuration
The previous section briefly explored an MPLAB® Mindi™ simulation of a voltage follower circuit. In this section, the
relevant AVR DB OPAMP registers are configured to enable the voltage follower configuration and operation. Two
options are considered:

• Positive input of the op amp is connected to the device’s input pin
• Positive input of the op amp is internally connected to the output of the digital-to-analog converter (DAC). This

configuration is used in the accompanying code example.

Table 8-2. Voltage Follower with Positive Input Connected to Device’s Pin

MUXPOS MUXNEG MUXBOT MUXWIP MUXTOP

OPn INP OUT OFF WIP0 OFF

Table 8-3. Voltage Follower with Positive Input Connected to Internal DAC

MUXPOS MUXNEG MUXBOT MUXWIP MUXTOP

OPn DAC OUT OFF WIP0 OFF

In the case of the Voltage follower, the resistor ladder multiplexer register will remain configured to 0x00.
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Figure 8-4. OPAMP.OPnRESMUX - Configure Resistor Ladder Multiplexer

Bit 7 6 5 4 3 2 1 0

MUXWIP[2:0] MUXBOT[2:0] MUXTOP[1:0]

Access R/W R/W R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0 0 0

Bits 7:5 – MUXWIP[2:0] Multiplexer for Wiper
This bit field selects the resistor ladder wiper (potentiometer) position.
Value Name Description
0x0 WIP0 R1 = 15R, R2 = 1R
0x1 WIP1 R1 = 14R, R2 = 2R
0x2 WIP2 R1 = 12R, R2 = 4R
0x3 WIP3 R1 = 8R, R2 = 8R
0x4 WIP4 R1 = 6R, R2 = 10R
0x5 WIP5 R1 = 4R, R2 = 12R
0x6 WIP6 R1 = 2R, R2 = 14R
0x7 WIP7 R1 = 1R, R2 = 15R

Bits 4:2 – MUXBOT[2:0] Multiplexer for Bottom
This bit field selects the analog signal connected to the bottom resistor in the resistor ladder.
Value Name Description
0x0 OFF Multiplexer off
0x1 INP Positive input pin for OPn
0x2 INN Negative input pin for OPn
0x3 DAC DAC output (DAC and DAC output buffer must be enabled)
0x4 LINKOUT OP[n-1] output (Setting only available for OP1)(1)

0x5 GND Ground
Other - Reserved

Note:  When selecting LINKOUT for OP0, MUXBOT is connected to the output of OP2.

Bits 1:0 – MUXTOP[1:0] Multiplexer for Top
This bit field selects the analog signal connected to the top resistor in the resistor ladder.
Value Name Description
0x0 OFF Multiplexer off
0x1 OUT OPn output
0x2 VDD VDD
Other - Reserved

OPAMP.OP0RESMUX =  OPAMP_OP0RESMUX_MUXBOT_OFF_gc | OPAMP_OP0RESMUX_MUXWIP_WIP0_gc | 
OPAMP_OP0RESMUX_MUXTOP_OFF_gc;

In the voltage follower code example accompanying this document, the output of the op amp is connected to the
negative input. The positive input of the op amp is internally connected to the DAC output.
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Figure 8-5. OPAMP.OPnINMUX - Configure the Input Multiplexer

Bit 7 6 5 4 3 2 1 0

MUXNEG[2:0] MUXPOS[2:0]

Access R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0

Bits 6:4 – MUXNEG[2:0] Multiplexer for Negative Input
This bit field selects which analog signal is connected to the inverting (-) input of OPn.
Value Name Description
0x0 INN Negative input pin for OPn
0x1 WIP Wiper from OPn’s resistor ladder
0x2 OUT OPn output (unity gain)
0x3 DAC DAC output (DAC and DAC output buffer must be enabled)
Other - Reserved

Bits 2:0 – MUXPOS[2:0] Multiplexer for Positive Input
This bit field selects which analog signal is connected to the non-inverting (+) input of OPn.
Value Name Description
0x0 INP Positive input pin for OPn
0x1 WIP Wiper from OPn’s resistor ladder
0x2 DAC DAC output (DAC and DAC output buffer must be enabled)
0x3 GND Ground
0x4 VDDDIV2 VDD/2
0x5 LINKOUT OP[n-1] output (Setting only available for OP1 and OP2)
0x6 LINKWIP Wiper from OP0’s resistor ladder (Setting only available for OP2)
Other - Reserved

OPAMP.OP0INMUX = OPAMP_OP0INMUX_MUXNEG_OUT_gc | OPAMP_OP0INMUX_MUXPOS_DAC_gc;

The voltage follower initialization code will look as follows:

void OPAMP0_init (void) 
{
    /* Configure the Timebase */
    OPAMP.TIMEBASE = OPAMP_TIMEBASE_US;
    
    /* Configure the voltage input range */
    OPAMP.PWRCTRL = OPAMP_PWRCTRL_IRSEL_FULL_gc;

    /* Configure the Op Amp n Control A */
    OPAMP.OP0CTRLA = OPAMP_OP0CTRLA_OUTMODE_NORMAL_gc | OPAMP_ALWAYSON_bm;

    /* Configure the Op Amp n Input Multiplexer */
    OPAMP.OP0INMUX = OPAMP_OP0INMUX_MUXNEG_OUT_gc | OPAMP_OP0INMUX_MUXPOS_DAC_gc;

    /* Configure the Op Amp n Resistor Wiper Multiplexer */
    OPAMP.OP0RESMUX =  OPAMP_OP0RESMUX_MUXBOT_OFF_gc | OPAMP_OP0RESMUX_MUXWIP_WIP0_gc | 
OPAMP_OP0RESMUX_MUXTOP_OFF_gc;
    
    /* Configure the Op Amp n Settle Time*/
    OPAMP.OP0SETTLE = 0x7F;

    /* Enable OPAMP peripheral */
    OPAMP.CTRLA = OPAMP_ENABLE_bm;

    /* Wait for the operational amplifiers to settle */
    while (OPAMP.OP0STATUS & OPAMP_SETTLED_bm)
    {
        ;
    }
}
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The code for this example is available in the voltage-follower folder in these github repositories

8.4 Data Streaming to MPLAB® Data Visualizer
In this section, the AVR DB on the Curiosity Nano will demonstrate such operation, using one of its internal op amps.
Hence the microcontroller is programmed with an application that:

• Configures OPAMP0 as a voltage follower
• Uses the on-chip DAC and TCB0 to generate a 50 Hz sine wave, which is fed into the positive input of OPAMP0
• Employs the on-chip TCB1 and ADC for sampling the output of the OPAMP0
• Data streams the ADC result and the DAC sample, via USART, to MPLAB Data Visualizer

There are no hardware requirements for this application as all above-mentioned modules and connections are
internal to the AVR DB.

To get the demo up and running, follow the steps outlined in 6.  MPLAB® Data Visualizer. The workspace-file to load
is voltage_follower.json, available in the GitHub repository. Figure 8-6 shows an example of the expected result.

Figure 8-6. Voltage Follower - Data Visualizer Output Graph

The graph shows, in red, the DAC waveform, while in green, the sampled output of the OPAMP0 configured as a
voltage follower. As expected from the simulation step, the two signals are overlapping in magnitude and time. The
differences in signal magnitude, between the DAC generated waveform and the ADC sampled one, are due to the
accumulated errors relating to the DAC, ADC and op amp (such discussion is beyond the scope of this document).
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9. Non-Inverting Programmable Gain Amplifier
Figure 9-1 displays an op amp in a non-inverting amplifier configuration. The main difference from the previous
voltage follower configuration is the presence of the R2/R1 resistor divider in the negative feedback loop. The resistor
divider allows for the upward scaling of the input signal. This adjustment can be done by programming the R2/R1
ratio, hence the name of Programmable Gain Amplifier (PGA).

Figure 9-1. Non-Inverting Programmable Gain Amplifier

OPn VOUT

R1 R2

VIN

The output voltage is given by the formula:

���� = 1 + �2�1 ���
The gain (amplification) of the configuration is given by the formula:���� = 1 + �2�1
As in the case of the voltage follower, the non-inverting programmable gain amplifier is applicable for coupling a high
input impedance with a low output impedance. It is perfectly suited as an intermediary stage between a low voltage
signal coupled to an ADC.

9.1 Use Case
The non-inverting amplifier (as mentioned in the previous section) has the merit of being able to:

• Couple a high impedance signal source to a low impedance signal sink
• Take an input signal and amplify it by a certain amount, G (gain). The gain is directly proportional to the R2/R1

resistor value ratio present in the feedback loop (see Figure 9-1).

These two properties make the non-inverting amplifier an ideal choice as a pre-input stage to an ADC because:
• The input impedance to an ADC has a low value hence the non-inverting amplifier acts as a buffer
• Increases the dynamic range of the input signal improving the sampling resolution

Consider the case when the input signal to an ADC is 25 mV referred to the system’s ground. The ADC has a 10-bit
resolution, and the voltage reference has been selected as 1.024V. It means, as per the data sheet, that the
quantization error, of one least significant bit (LSb), translates to 1 mV, which represents 4% of the input signal. If an
accurate measurement is desired, this can represent a high source of error. However, it can be improved by
amplifying the input signal before sampling it via the ADC. With a gain of 16, the input signal will be amplified to 400
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mV before sampling. It follows that the quantization error of 1 mV, represents only 0.25% of the input signal, which is
a considerable improvement.

It is common for applications requiring a non-inverting amplifier to have a fixed gain, set via the external resistors, as
part of the negative feedback loop. These applications assume that the input signal will fit within a fixed, predefined
range. However, such a setup is limiting if the input signal has a high dynamic range, or the transducers (sensors)
exhibit a change in their output signal over time, due to external (e.g., environmental) or internal (e.g., aging) factors.
For such cases, it is beneficial to be able to modify the gain of the amplifier without a change in components. A
change in gain either upwards or downwards will bring the signal of interest within its specified range once more. This
can be done through a programmable gain amplifier (PGA) where the feedback resistor ratio can be adjusted
between several values. It is likely that these applications involve a control loop where the algorithm is constantly
monitoring the control and feedback signals and is able to make a decision when a different gain is required. PGAs
have a wide area of applications such as audio and voice, data acquisition, industrial and medical instrumentation,
lighting, motor control, power control, and test equipment.

9.2 Non-Inverting PGA Analog Simulation with MPLAB® Mindi™

In MPLAB® Mindi™, open Non_Inverting_PGA(AVR_DB).wxsch schematic from the GitHub repository.

View Code Examples on GitHub
Click to browse repositories

The circuit shown in the left half of Figure 9-2 is driven by a 50 Hz, 128 mVPP sinusoidal signal source with 128 mV
DC offset. The op amp is powered by a 3.3V battery source.

Figure 9-2. Non-Inverting PGA - Analog Simulation with MPLAB® Mindi™

Simulate by selecting; Simulator → Run Schematic or press Function Key F9. The resulting simulation output
graph is shown in the right half of Figure 9-2. It can be noticed that the output signal (in red) is twice the input signal
(in green) while keeping the signal in phase. It is precisely what would be expected from a gain amplifier
configuration.
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9.3 Register Configuration
The previous section briefly explored an MPLAB® Mindi™ simulation of a non-inverting programmable gain amplifier
circuit. In this section, the relevant AVR DB OPAMP registers are configured to enable the non-inverting PGA
configuration and operation as follows:

• Positive input of the op amp is connected to the output of the internal digital to analog converter (DAC)
• Negative input of the op amp is connected to the wiper position of the internal resistor ladder
• Bottom part of the resistor ladder is connected to ground. The wiper position determines the gain, and the top

part of the resistor ladder is connected to the output of the op amp.

Table 9-1 summarizes the necessary settings to set one of the internal op amps in a non-inverting PGA configuration.

Table 9-1. Non-Inverting PGA with Positive Input Connected to Internal DAC

MUXPOS MUXNEG MUXBOT MUXWIP MUXTOP

OPn DAC WIP GND Setting
determines gain

OUT

In the case of the non-inverting PGA, the resistor ladder multiplexer register will be configured to 0x75.
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Figure 9-3. OPAMP.OPnRESMUX - Configure Resistor Ladder Multiplexer

Bit 7 6 5 4 3 2 1 0

MUXWIP[2:0] MUXBOT[2:0] MUXTOP[1:0]

Access R/W R/W R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0 0 0

Bits 7:5 – MUXWIP[2:0] Multiplexer for Wiper
This bit field selects the resistor ladder wiper (potentiometer) position.
Value Name Description
0x0 WIP0 R1 = 15R, R2 = 1R
0x1 WIP1 R1 = 14R, R2 = 2R
0x2 WIP2 R1 = 12R, R2 = 4R
0x3 WIP3 R1 = 8R, R2 = 8R
0x4 WIP4 R1 = 6R, R2 = 10R
0x5 WIP5 R1 = 4R, R2 = 12R
0x6 WIP6 R1 = 2R, R2 = 14R
0x7 WIP7 R1 = 1R, R2 = 15R

Bits 4:2 – MUXBOT[2:0] Multiplexer for Bottom
This bit field selects the analog signal connected to the bottom resistor in the resistor ladder.
Value Name Description
0x0 OFF Multiplexer off
0x1 INP Positive input pin for OPn
0x2 INN Negative input pin for OPn
0x3 DAC DAC output (DAC and DAC output buffer must be enabled)
0x4 LINKOUT OP[n-1] output (Setting only available for OP1)(1)

0x5 GND Ground
Other - Reserved

Note:  When selecting LINKOUT for OP0, MUXBOT is connected to the output of OP2.

Bits 1:0 – MUXTOP[1:0] Multiplexer for Top
This bit field selects the analog signal connected to the top resistor in the resistor ladder.
Value Name Description
0x0 OFF Multiplexer off
0x1 OUT OPn output
0x2 VDD VDD
Other - Reserved

OPAMP.OP0RESMUX =  OPAMP_OP0RESMUX_MUXBOT_GND_gc | OPAMP_OP0RESMUX_MUXWIP_WIP3_gc | 
OPAMP_OP0RESMUX_MUXTOP_OUT_gc;

In the non-inverting PGA code example accompanying this document, the output of the operational amplifier is
connected to the negative input via the resistor ladder. The positive input of the operational amplifier is internally
connected to the DAC output.
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Figure 9-4. OPAMP.OPnINMUX - Configure the Input Multiplexer

Bit 7 6 5 4 3 2 1 0

MUXNEG[2:0] MUXPOS[2:0]

Access R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0

Bits 6:4 – MUXNEG[2:0] Multiplexer for Negative Input
This bit field selects which analog signal is connected to the inverting (-) input of OPn.
Value Name Description
0x0 INN Negative input pin for OPn
0x1 WIP Wiper from OPn’s resistor ladder
0x2 OUT OPn output (unity gain)
0x3 DAC DAC output (DAC and DAC output buffer must be enabled)
Other - Reserved

Bits 2:0 – MUXPOS[2:0] Multiplexer for Positive Input
This bit field selects which analog signal is connected to the non-inverting (+) input of OPn.
Value Name Description
0x0 INP Positive input pin for OPn
0x1 WIP Wiper from OPn’s resistor ladder
0x2 DAC DAC output (DAC and DAC output buffer must be enabled)
0x3 GND Ground
0x4 VDDDIV2 VDD/2
0x5 LINKOUT OP[n-1] output (Setting only available for OP1 and OP2)
0x6 LINKWIP Wiper from OP0’s resistor ladder (Setting only available for OP2)
Other - Reserved

OPAMP.OP0INMUX = OPAMP_OP0INMUX_MUXNEG_WIP_gc | OPAMP_OP0INMUX_MUXPOS_DAC_gc;

The non-inverting PGA initialization code will look as follows:

void OPAMP0_init (void)
{
    /* Configure the Timebase */
    OPAMP.TIMEBASE = OPAMP_TIMEBASE_US;
    
    /* Configure the voltage input range */
    OPAMP.PWRCTRL = OPAMP_PWRCTRL_IRSEL_FULL_gc;

    /* Configure the Op Amp n Control A */
    OPAMP.OP0CTRLA = OPAMP_OP0CTRLA_OUTMODE_NORMAL_gc | OPAMP_ALWAYSON_bm;

    /* Configure the Op Amp n Input Multiplexer */
    OPAMP.OP0INMUX = OPAMP_OP0INMUX_MUXNEG_WIP_gc | OPAMP_OP0INMUX_MUXPOS_DAC_gc;

    /* Configure the Op Amp n Resistor Wiper Multiplexer */
    /* WIP3 => R1 = 8R, R2 = 8R */
    /* Gain = 1 + R2/R1 = 2 */
    OPAMP.OP0RESMUX =  OPAMP_OP0RESMUX_MUXBOT_GND_gc | OPAMP_OP0RESMUX_MUXWIP_WIP3_gc | 
OPAMP_OP0RESMUX_MUXTOP_OUT_gc;

    /* Configure the Op Amp n Settle Time*/
    OPAMP.OP0SETTLE = 0x7F;

    /* Enable OPAMP peripheral */
    OPAMP.CTRLA = OPAMP_ENABLE_bm;

    /* Wait for the operational amplifiers to settle */
    while (OPAMP.OP0STATUS & OPAMP_SETTLED_bm)
    {
        ;
    }
}
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The code for this example is available in the non-inverting-pga folder in these github repositories

9.4 Data Streaming to MPLAB® Data Visualizer
In this section, the AVR DB on the Curiosity Nano will demonstrate non-inverting PGA operation, using one of its
internal op amps. Hence the microcontroller is programmed with an application that:

• Configures OPAMP0 as a non-inverting gain amplifier
• Uses the on-chip DAC and TCB0 to generate a 50 Hz sine wave, which is fed into the positive input of OPAMP0
• Employs the on-chip TCB1 and ADC for sampling the output of the OPAMP0
• Data streams the ADC result and the DAC sample, via USART, to MPLAB Data Visualizer

There are no hardware requirements for this application, as all above-mentioned modules and connections are
internal to the AVR DB.

To get the demo up and running, follow the steps outlined in 6.  MPLAB® Data Visualizer. The workspace-file to load
is non_inverting_PGA.json, available in the GitHub repository. Figure 9-5 shows an example of the expected result.

Figure 9-5. Non-Inverting PGA - Data Visualizer Output Graph

The graph shows, in red, the DAC waveform while, in lime green, the sampled output of the OPAMP0, configured as
non-inverting PGA. As expected, from the simulation step, the output signal of the amplifier has been amplified by a
factor of 2, while keeping the input and output signal in phase.
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10. Differential Amplifier
Figure 10-1 displays two op amps connected in an differential amplifier configuration. As seen in the figure the
differential amplifier has two input signals V1 and V2 and two output signals OP1OUT and V2. The difference
between the two output signals is proportional to the difference between the input signals. The ratio or the gain
between the two differential signals is set by the ratio between R2 and R1. This way the differential amplifier can
amplify a differential signal.

Figure 10-1. Differential Amplifier

OP0

= (V2-V1)R2/R1

OP1
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OP1OUT = V2 - (V1-V2)R2/R1

VDIFF = OP1OUT - V2

The output voltage OP1OUT is given by the formula:

���1��� = �2− �1− �2 �2�1
The differential signal is given by the formula:����� = ��1��� − �2 = �2− �1 �2�1
The gain is:���� = �2�1
The differential amplifier is suitable for amplifying a small differential signal before it is converted to a digital signal by
a differential ADC.

10.1 Use Case
Using a shunt resistor for measuring a circuit’s current consumption is a common application for microcontrollers with
a differential ADC. The ADC can measure the voltage drop over the resistor, and using ohm’s law, the current can be
calculated from the measured voltage and the known resistance of the shunt resistor:�� = ����
Introducing a series resistor into the circuit has two adverse effects:

• Increases the power consumption of the circuit
• A voltage drop over the added resistor
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Both effects can be mitigated by choosing a resistor RS with as small as possible resistance, especially important
when considering low power applications. The downside of choosing a low resistance is that measuring the voltage
drop becomes more difficult as a change in current results in a very small change in voltage. Such an issue can be
alleviated by using a differential amplifier to amplify the voltage drop across the current sense resistor and thus
increasing the resolution of the measurement. The effects of the resistor’s size on the measurement’s resolution and
the power consumption can be seen in Table 10-1.

Table 10-1. Relation Between Resistor Size and Power Consumption and Resolution

ResistorS [Ω] Voltage Drop [mV] Power Consumtion
[mW]

Resolution no
Amplification [mA/
bit]

Resolution 7x
Amplification [mA/
bit]

10 100 1000 50 7.14

1 10 100 500 71.4

0.1 1 10 5000 714

Note:  The table assumes a current of 10 mA and a 12-bit differential ADC with a reference voltage of 1.024V.

Figure 10-2 shows how a differential amplifier can be placed in between the shunt resistor and the ADC to measure
the amplified signal.

Figure 10-2. Differential Amplifier Used in a Shunt Current Measurement
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10.2 Differential Amplifier Analog Simulation with MPLAB® Mindi™
In MPLAB® Mindi™, open Differential_Amplifier.wxsch schematic from the GitHub repository.

View Code Examples on GitHub
Click to browse repositories

The circuit shown in the left half of Figure 10-3, is driven by VDD/2 for the first op amp and a 25 Hz 256 mVPP
sinusoidal signal source with 1.65V DC offset for the second op amp. Both op amps are powered by a 3.3V power
supply.
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Figure 10-3. Differential Amplifier - Analog Simulation with MPLAB® Mindi™

Simulate by selecting; Simulator → Run Schematic or press Function Key F9. The resulting simulation output
graph is shown in the right half of Figure 10-3. It can be seen that the peaks of the bottom signal representing the
differential output are ±384 mV, which are as expected as the peaks of the input sinusoidal are ±128 mV relative to
VDD/2.

10.3 Register Configuration
The previous section briefly explored an MPLAB® Mindi™ simulation of a differential amplifier circuit. In this section,
the relevant AVR DB OPAMP registers are configured to enable the differential amplifier configuration and operation.
Two options are considered:

• Positive inputs of the op amps are connected to the device’s input pins
• The positive input of op amp n is connected to VDD divided by two, and op amp n+1 is connected to the DAC(1).

This configuration is used in the accompanying code example.

Table 10-2. Differential Amplifier with Positive Inputs Connected to Device’s Pins

MUXPOS MUXNEG MUXBOT MUXWIP MUXTOP

OPn INP OUT OFF WIP0 OFF

OPn+1(1) INP WIP LINKOUT Setting
determines gain

OUT

Table 10-3. Differential Amplifier with Positive Inputs Connected to VDD Divided by Two and Internal DAC

MUXPOS MUXNEG MUXBOT MUXWIP MUXTOP

OPn VDDDIV2 OUT OFF WIP0 OFF

OPn+1(1) DAC WIP LINOUT Setting
determines gain

OUT
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Note: 
1. If n = 2 then OPn+1 is OP0.

In the case of the differential amplifier, the resistor ladder multiplexer registers will be configured to 0x00 and 0xB1
for OP0 and OP1, respectively. This gives a gain of 3.
Figure 10-4. OPAMP.OPnRESMUX - Configure Resistor Ladder Multiplexer

Bit 7 6 5 4 3 2 1 0

MUXWIP[2:0] MUXBOT[2:0] MUXTOP[1:0]

Access R/W R/W R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0 0 0

Bits 7:5 – MUXWIP[2:0] Multiplexer for Wiper
This bit field selects the resistor ladder wiper (potentiometer) position.
Value Name Description
0x0 WIP0 R1 = 15R, R2 = 1R
0x1 WIP1 R1 = 14R, R2 = 2R
0x2 WIP2 R1 = 12R, R2 = 4R
0x3 WIP3 R1 = 8R, R2 = 8R
0x4 WIP4 R1 = 6R, R2 = 10R
0x5 WIP5 R1 = 4R, R2 = 12R
0x6 WIP6 R1 = 2R, R2 = 14R
0x7 WIP7 R1 = 1R, R2 = 15R

Bits 4:2 – MUXBOT[2:0] Multiplexer for Bottom
This bit field selects the analog signal connected to the bottom resistor in the resistor ladder.
Value Name Description
0x0 OFF Multiplexer off
0x1 INP Positive input pin for OPn
0x2 INN Negative input pin for OPn
0x3 DAC DAC output (DAC and DAC output buffer must be enabled)
0x4 LINKOUT OP[n-1] output (Setting only available for OP1)(1)

0x5 GND Ground
Other - Reserved

Note:  When selecting LINKOUT for OP0, MUXBOT is connected to the output of OP2.

Bits 1:0 – MUXTOP[1:0] Multiplexer for Top
This bit field selects the analog signal connected to the top resistor in the resistor ladder.
Value Name Description
0x0 OFF Multiplexer off
0x1 OUT OPn output
0x2 VDD VDD
Other - Reserved

OPAMP.OP0RESMUX =  OPAMP_OP0RESMUX_MUXBOT_OFF_gc | OPAMP_OP0RESMUX_MUXWIP_WIP0_gc | 
OPAMP_OP0RESMUX_MUXTOP_OFF_gc;
OPAMP.OP1RESMUX = OPAMP_OP1RESMUX_MUXBOT_LINKOUT_gc | OPAMP_OP1RESMUX_MUXWIP_WIP5_gc | 
OPAMP_OP1RESMUX_MUXTOP_OUT_gc;

In the differential amplifier code example accompanying this document, the positive input of OP0 is connected to VDD
divided by two, and OP1 is connected to the DAC.
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Figure 10-5. OPAMP.OPnINMUX - Configure the Input Multiplexer

Bit 7 6 5 4 3 2 1 0

MUXNEG[2:0] MUXPOS[2:0]

Access R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0

Bits 6:4 – MUXNEG[2:0] Multiplexer for Negative Input
This bit field selects which analog signal is connected to the inverting (-) input of OPn.
Value Name Description
0x0 INN Negative input pin for OPn
0x1 WIP Wiper from OPn’s resistor ladder
0x2 OUT OPn output (unity gain)
0x3 DAC DAC output (DAC and DAC output buffer must be enabled)
Other - Reserved

Bits 2:0 – MUXPOS[2:0] Multiplexer for Positive Input
This bit field selects which analog signal is connected to the non-inverting (+) input of OPn.
Value Name Description
0x0 INP Positive input pin for OPn
0x1 WIP Wiper from OPn’s resistor ladder
0x2 DAC DAC output (DAC and DAC output buffer must be enabled)
0x3 GND Ground
0x4 VDDDIV2 VDD/2
0x5 LINKOUT OP[n-1] output (Setting only available for OP1 and OP2)
0x6 LINKWIP Wiper from OP0’s resistor ladder (Setting only available for OP2)
Other - Reserved

OPAMP.OP0INMUX = OPAMP_OP0INMUX_MUXNEG_OUT_gc | OPAMP_OP0INMUX_MUXPOS_VDDDIV2_gc;
OPAMP.OP1INMUX = OPAMP_OP1INMUX_MUXNEG_WIP_gc | OPAMP_OP1INMUX_MUXPOS_DAC_gc;

The voltage follower initialization code will look as follows:

void OPAMP_init ()
{
    /* Configure the Timebase */
    OPAMP.TIMEBASE = OPAMP_TIMEBASE_US;
    
    /* Configure the voltage input range */
    OPAMP.PWRCTRL = OPAMP_PWRCTRL_IRSEL_FULL_gc;

    /* Configure the OP0 */
    OPAMP.OP0CTRLA = OPAMP_OP0CTRLA_OUTMODE_NORMAL_gc | OPAMP_ALWAYSON_bm;
    OPAMP.OP0INMUX = OPAMP_OP0INMUX_MUXNEG_OUT_gc | OPAMP_OP0INMUX_MUXPOS_VDDDIV2_gc;
    OPAMP.OP0RESMUX =  OPAMP_OP0RESMUX_MUXBOT_OFF_gc | OPAMP_OP0RESMUX_MUXWIP_WIP0_gc | 
OPAMP_OP0RESMUX_MUXTOP_OFF_gc;
    OPAMP.OP0SETTLE = 0x7F;

    /* Configure the OP1*/
    OPAMP.OP1CTRLA = OPAMP_OP1CTRLA_OUTMODE_NORMAL_gc | OPAMP_ALWAYSON_bm;
    OPAMP.OP1INMUX = OPAMP_OP1INMUX_MUXNEG_WIP_gc | OPAMP_OP1INMUX_MUXPOS_DAC_gc;
    OPAMP.OP1RESMUX = OPAMP_OP1RESMUX_MUXBOT_LINKOUT_gc | OPAMP_OP1RESMUX_MUXWIP_WIP5_gc | 
OPAMP_OP1RESMUX_MUXTOP_OUT_gc;
    OPAMP.OP1SETTLE = 0x7F;

    /* Enable OPAMP peripheral */
    OPAMP.CTRLA = OPAMP_ENABLE_bm;

    /* Wait for the operational amplifiers to settle */
    while ((OPAMP.OP0STATUS & OPAMP_SETTLED_bm) & (OPAMP.OP1STATUS & OPAMP_SETTLED_bm))
    {
        ;
    }
}
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The code for this example is available in the differential-amplifier folder in these github repositories

10.4 Data Streaming to MPLAB® Data Visualizer
In this section, the AVR DB on the Curiosity Nano will demonstrate differential amplifier operation, using two of its
internal op amps. Hence the microcontroller is programmed with an application that:

• Configures OPAMP0 and OPAMP1 to create a differential amplifier configuration
• The positive input of OPAMP0 is connected to VDD/2
• Uses the on-chip DAC and TCB0 to generate a 25 Hz sine wave, which is fed into the positive input of OPAMP1
• Employs the on-chip TCB1 and ADC for sampling the differential signal between the DAC and the output from

OPAMP1
• Data streams the ADC result, and the DAC sample subtracted from VDD /2, via USART, to MPLAB Data

Visualizer

There are no hardware requirements for this application as all the above mentioned modules, and connections are
internal to the AVR DB.

To get the demo up and running, follow the steps outlined in 6.  MPLAB® Data Visualizer. The workspace-file to load
is differential_amplifier.json, available in the GitHub repository. Figure 10-6 shows an example of the expected result.

Figure 10-6. Differential Amplifier - Data Visualizer Output Graph

The graph in Figure 10-6 shows in red the DAC waveform relative to VDD/2, while the lime green is the sampled
output of the OPAMP1 relative to the DAC output. As expected, from the simulation step, the lime green waveform
has an amplitude that is approximately three times larger than the input waveform. The reason the amplitude of the
light green waveform is not exactly three times as large as the red one is due to the accumulated errors relating to
the DAC, ADC and OPAMP (such discussion is beyond the scope of this document).
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11. Instrumentation Amplifier
Figure 11-1 displays the instrumentation amplifier configuration. It has two input signals V1 and V2 and one output
signal VOUT. The output signal is directly proportional to the difference between the input signals. OP0 and OP1 op
amps act as buffers for the V2-V1, differential input voltage, while OP2 acts as a differential amplifier, a combination
of both inverting and non-inverting amplifiers. The gain, represented by the ratio between the output signal and the
differential input signal, is given by the ratio between R2 and R1.

Figure 11-1. Instrumentation Amplifier
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The output voltage VOUT is given by the formula:���� = �2− �1 × ����
The gain is given by the wiper position for the resistor ladders for OPAMP0 and OPAMP2 according to Table 11-1.

Table 11-1. Gain Selection for Instrumentation Amplifier

GAIN OP0RESMUX.MUXWIP OP2RESMUX.MUXWIP

1/15 0x7 0x0
1/7 0x6 0x1
1/3 0x5 0x2
1 0x3 0x3
3 0x2 0x5
7 0x1 0x6
15 0x0 0x7

As observed, a three op amp instrumentation amplifier takes a differential signal as input and provides a single-ended
output signal while ensuring a high input and a low output impedance. Hence it can fit as a signal conditioning
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element between a differential output sensor and an ADC, which would allow for further processing and decision
making.

11.1 Use Case
A multitude of electronic applications requires the measurement and control of physical quantities, such as
temperature, humidity, light, air pressure, and so on. The physical quantities are converted into electrical quantities
with the help of transducers. The output of a transducer is an electrical signal representing the measured variable.
Usually, the transducer’s output signal levels are very low and need to be amplified before they are sampled in the
data acquisition process. The electric signals are further processed and monitored to offer adequate actions based
on their changes. For a general block diagram of a simple measurement and control system see Figure 11-2. The
amplifiers used for amplifying electrical signals relating to a physical quantity come under the commonly used term of
instrumentation amplifiers. Hence the input to an instrumentation amplifier is the output signal from a transducer.

Figure 11-2. Measurement and Control System Signal Flow Block Diagram
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Transducers can be classified in different ways. However, an important factor to consider is whether a power source
is required or not for their operation. Active transducers do not need an external power source in their operation.
They are self-generating the output signal and operate under the energy conversion principle (i.e., photovoltaic,
thermoelectric, electromagnetic, piezoelectric, etc.). On the other hand, passive transducers need an external source
of energy for their operation. They produce the output signal in the form of variation in an electrical parameter such
as resistance, capacitance or inductance.

The Wheatstone bridge (or resistance bridge) circuit can be used to interface various resistive passive transducers to
instrumentation amplifiers (Figure 11-3).
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Figure 11-3. Wheatstone Bridge and Instrumentation Amplifier
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In this circuit, RA, RB and RC are known and given. RT represents the resistance of the transducer and varies
depending on the physical quantity that changes over time. The values for the resistors are chosen for a specific
point, which allows for the bridge to be balanced.

When balanced, 
���� = ���� = 1, the output voltage of the Wheatstone bridge (and the differential input to the

instrumentation amplifier) is zero, thus the output of the amplifier is zero.

When there is a change in the physical quantity being measured, the voltage V2 will no longer be equal to V1. The
resistance of the transducer device changes from RT to RT ± ΔR. This produces a differential voltage input for the
instrumentation amplifier, and the output of the amplifier will no longer be zero.�1 = ����+ �� × ���
�2 = ����+ ��± Δ� × ���
Assuming the resistance are chosen to be of same value, i.e.: RA = RB = RC = RT = R, the differential voltage input
becomes:�2− �1 = �2� × ���− �2� ± Δ� × ����2− �1 = ±Δ�2 2� ± Δ� × ���
If the change in resistance ΔR, is much smaller than 2R (ΔR << 2R) the equation can be simplified to:�2− �1 = ±Δ�4� × ���
It follows that the output from the instrumentation amplifier can be expressed as:���� = ���� × ±Δ�4� × ���
Which means the instrumentation amplifier’s output voltage directly depends on:

• Change in the transducer’s resistance, ΔR
• Gain of the amplifier which is given by Table 11-1:

An important aspect, which needs to be considered is that the differential voltage, V2-V1, has to be positive at all
times. This is a consequence of the op amp rail supply voltage of 0V for the negative rail and +VDD for the positive
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rail. Hence care must be taken when positioning the transducer in the Wheatstone bridge configuration. The
transducer position depends on the negative or positive variation of the resistance when excited.

The Wheatstone bridge and the instrumentation amplifier can be used in a wide variety of sensing applications. Such
as:

• Temperature sensor, based on a thermistor
• Force sensor, based on a force-sensitive resistor (FSR)
• Weight scales, based on a strain gauges

11.2 Instrumentation Amplifier Analog Simulation with MPLAB® Mindi™
In MPLAB® Mindi™, open Instrumentation_Amplifier.wxsch schematic from the GitHub repository.

View Code Examples on GitHub
Click to browse repositories

The circuit shown in the left half of Figure 11-4 is driven by a 25 Hz, 256 mVPP sinusoidal differential signal source
with 825 mV DC offset. The op amps are powered by a 3.3V voltage source.

Figure 11-4. Instrumentation Amplifier - Analog Simulation with MPLAB® Mindi

Simulate by selecting; Simulator → Run Schematic or press Function Key F9. The resulting simulation output
graph is shown in the right half of Figure 11-4. It can be noticed that the output signal (in red) is three times the input
signal (in green), while keeping the signal in phase.

11.3 Register Configuration
The previous section briefly explored an MPLAB® Mindi™ simulation of an instrumentation amplifier circuit. In this
section, the relevant AVR DB OPAMP peripheral registers are configured to enable the instrumentation amplifier
topology and operation as follows:
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• OP0 op amp is set up as a voltage follower, with the positive input is connected internally to VDD/2. The top side
of the resistor ladder is connected to the output of the op amp, the bottom side to ground, and the wiper position
is selected accordingly to the Table 11-1.

• OP1 op amp is constructed as a voltage follower, with the positive input internally connected to the on-board
DAC. The resistor ladder is not used.

• OP2 op amp is set up to have as positive input the wiper connection from the OP0 resistor ladder and as
negative input the wiper position of its resistor ladder. The topside of the resistor ladder is connected to the
output of the op amp, the bottom side to the OP1 op amp and the wiper position is selected accordingly to Table
11-1.

Table 11-2 summarizes the necessary settings to set the three internal op amps in an instrumentation amplifier
configuration.

Table 11-2. Instrumentation Amplifier Connected to Internal DAC

MUXPOS MUXNEG MUXBOT MUXWIP MUXTOP

OP0 VDD/2 OUT GND See the table
below

OUT

OP1 DAC OUT OFF WIP0 OFF

OP2 LINKWIP
(OP0WIP)

WIP LINKOUT
(OP1OUT)

See the table
below

OUT

In the case of the instrumentation amplifier, the resistor ladder multiplexer register will be configured separately for
each amplifier.
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Figure 11-5. OPAMP.OPnRESMUX - Configure Resistor Ladder Multiplexer

Bit 7 6 5 4 3 2 1 0

MUXWIP[2:0] MUXBOT[2:0] MUXTOP[1:0]

Access R/W R/W R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0 0 0

Bits 7:5 – MUXWIP[2:0] Multiplexer for Wiper
This bit field selects the resistor ladder wiper (potentiometer) position.
Value Name Description
0x0 WIP0 R1 = 15R, R2 = 1R
0x1 WIP1 R1 = 14R, R2 = 2R
0x2 WIP2 R1 = 12R, R2 = 4R
0x3 WIP3 R1 = 8R, R2 = 8R
0x4 WIP4 R1 = 6R, R2 = 10R
0x5 WIP5 R1 = 4R, R2 = 12R
0x6 WIP6 R1 = 2R, R2 = 14R
0x7 WIP7 R1 = 1R, R2 = 15R

Bits 4:2 – MUXBOT[2:0] Multiplexer for Bottom
This bit field selects the analog signal connected to the bottom resistor in the resistor ladder.
Value Name Description
0x0 OFF Multiplexer off
0x1 INP Positive input pin for OPn
0x2 INN Negative input pin for OPn
0x3 DAC DAC output (DAC and DAC output buffer must be enabled)
0x4 LINKOUT OP[n-1] output (Setting only available for OP1)(1)

0x5 GND Ground
Other - Reserved

Note:  When selecting LINKOUT for OP0, MUXBOT is connected to the output of OP2.

Bits 1:0 – MUXTOP[1:0] Multiplexer for Top
This bit field selects the analog signal connected to the top resistor in the resistor ladder.
Value Name Description
0x0 OFF Multiplexer off
0x1 OUT OPn output
0x2 VDD VDD
Other - Reserved

OPAMP.OP0RESMUX =  OPAMP_OP0RESMUX_MUXBOT_GND_gc | OPAMP_OP0RESMUX_MUXWIP_WIP2_gc | 
OPAMP_OP0RESMUX_MUXTOP_OUT_gc;
OPAMP.OP1RESMUX = OPAMP_OP1RESMUX_MUXBOT_OFF_gc | OPAMP_OP1RESMUX_MUXWIP_WIP0_gc | 
OPAMP_OP1RESMUX_MUXTOP_OFF_gc;
OPAMP.OP2RESMUX = OPAMP_OP2RESMUX_MUXBOT_LINKOUT_gc | OPAMP_OP2RESMUX_MUXWIP_WIP5_gc | 
OPAMP_OP2RESMUX_MUXTOP_OUT_gc;

The same goes for the positive and negative inputs for each amplifier. They need to be separately configured, as
outlined in Table 11-2.
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Figure 11-6. OPAMP.OPnINMUX - Configure the Input Multiplexer

Bit 7 6 5 4 3 2 1 0

MUXNEG[2:0] MUXPOS[2:0]

Access R/W R/W R/W R/W R/W R/W
Reset 0 0 0 0 0 0

Bits 6:4 – MUXNEG[2:0] Multiplexer for Negative Input
This bit field selects which analog signal is connected to the inverting (-) input of OPn.
Value Name Description
0x0 INN Negative input pin for OPn
0x1 WIP Wiper from OPn’s resistor ladder
0x2 OUT OPn output (unity gain)
0x3 DAC DAC output (DAC and DAC output buffer must be enabled)
Other - Reserved

Bits 2:0 – MUXPOS[2:0] Multiplexer for Positive Input
This bit field selects which analog signal is connected to the non-inverting (+) input of OPn.
Value Name Description
0x0 INP Positive input pin for OPn
0x1 WIP Wiper from OPn’s resistor ladder
0x2 DAC DAC output (DAC and DAC output buffer must be enabled)
0x3 GND Ground
0x4 VDDDIV2 VDD/2
0x5 LINKOUT OP[n-1] output (Setting only available for OP1 and OP2)
0x6 LINKWIP Wiper from OP0’s resistor ladder (Setting only available for OP2)
Other - Reserved

OPAMP.OP0INMUX = OPAMP_OP0INMUX_MUXNEG_OUT_gc | OPAMP_OP0INMUX_MUXPOS_VDDDIV2_gc;
OPAMP.OP1INMUX = OPAMP_OP1INMUX_MUXNEG_OUT_gc | OPAMP_OP1INMUX_MUXPOS_DAC_gc;
OPAMP.OP2INMUX = OPAMP_OP2INMUX_MUXNEG_WIP_gc | OPAMP_OP2INMUX_MUXPOS_LINKWIP_gc;

The instrumentation amplifier initialization code will look as follows:

void OPAMP_init (void)
{
    /* Configure the Timebase */
    OPAMP.TIMEBASE = OPAMP_TIMEBASE_US;
    
    /* Configure the voltage input range */
    OPAMP.PWRCTRL = OPAMP_PWRCTRL_IRSEL_FULL_gc;

    /* Configure the OP0 */
    OPAMP.OP0CTRLA = OPAMP_OP0CTRLA_OUTMODE_NORMAL_gc | OPAMP_ALWAYSON_bm;
    OPAMP.OP0INMUX = OPAMP_OP0INMUX_MUXNEG_OUT_gc | OPAMP_OP0INMUX_MUXPOS_VDDDIV2_gc;
    OPAMP.OP0RESMUX =  OPAMP_OP0RESMUX_MUXBOT_GND_gc | OPAMP_OP0RESMUX_MUXWIP_WIP2_gc | 
OPAMP_OP0RESMUX_MUXTOP_OUT_gc;
    OPAMP.OP0SETTLE = 0x7F;

    /* Configure the OP1*/
    OPAMP.OP1CTRLA = OPAMP_OP1CTRLA_OUTMODE_NORMAL_gc | OPAMP_ALWAYSON_bm;
    OPAMP.OP1INMUX = OPAMP_OP1INMUX_MUXNEG_OUT_gc | OPAMP_OP1INMUX_MUXPOS_DAC_gc;
    OPAMP.OP1RESMUX = OPAMP_OP1RESMUX_MUXBOT_OFF_gc | OPAMP_OP1RESMUX_MUXWIP_WIP0_gc | 
OPAMP_OP1RESMUX_MUXTOP_OFF_gc;
    OPAMP.OP1SETTLE = 0x7F;

    /* Configure the OP2*/
    OPAMP.OP2CTRLA = OPAMP_OP2CTRLA_OUTMODE_NORMAL_gc | OPAMP_ALWAYSON_bm;
    OPAMP.OP2INMUX = OPAMP_OP2INMUX_MUXNEG_WIP_gc | OPAMP_OP2INMUX_MUXPOS_LINKWIP_gc;
    OPAMP.OP2RESMUX = OPAMP_OP2RESMUX_MUXBOT_LINKOUT_gc | OPAMP_OP2RESMUX_MUXWIP_WIP5_gc | 
OPAMP_OP2RESMUX_MUXTOP_OUT_gc;
    OPAMP.OP2SETTLE = 0x7F;

    /* Enable OPAMP peripheral */
    OPAMP.CTRLA = OPAMP_ENABLE_bm;

    /* Wait for the operational amplifiers to settle */
    while ((OPAMP.OP0STATUS & OPAMP_SETTLED_bm) && 
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            (OPAMP.OP1STATUS & OPAMP_SETTLED_bm) && 
            (OPAMP.OP2STATUS & OPAMP_SETTLED_bm))
    {
        ;
    }
}

The code for this example is available in the instrumentation-amplifier folder in these github repositories

11.4 Data Streaming to MPLAB® Data Visualizer
In this section, the AVR DB on the Curiosity Nano will demonstrate the instrumentation amplifier operation, using all
three of its internal op amps. Hence the microcontroller is programmed with an application that:

• Configures OPAMP0 as a voltage follower with VDD/2 input for the positive terminal
• Uses the on-chip DAC and TCB0 to generate a 25 Hz sine wave, which is fed into the positive input of OPAMP1,

configured as a voltage follower
• Sets up OPAMP2 as differential amplifier were the inputs are the output from the OPAMP0 and OPAMP1 voltage

followers
• Employs the on-chip TCB1 and ADC for sampling the output of the OPAMP2
• Data streams the ADC result and the DAC sample, via USART, to MPLAB Data Visualizer

There are no hardware requirements for this application, as all the above-mentioned modules and connections are
internal to the AVR DB.

To get the demo up and running, follow the steps outlined in 6.  MPLAB® Data Visualizer. The workspace-file to load
is instrumentation_amplifier.json, available in the GitHub repository. Figure 11-7 shows an example of the expected
result.

Figure 11-7. Instrumentation Amplifier - Data Visualizer Output Graph

The graph shows, in red, the DAC waveform while, in lime green, the sampled output of the OPAMP2, which is the
same as the output of the instrumentation amplifier. As expected, from the simulation step, the output signal of the
amplifier has been amplified by an order of 3 while keeping the input and output signal in phase.
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12. References
More information about the analog signal conditioning block and the tools used in demonstrating its operation modes
can be found in the following links:

1. AVR DB product page: www.microchip.com/wwwproducts/en/AVR128DB48.
2. AVR DB Curiosity Nano: www.microchip.com/DevelopmentTools/ProductDetails/PartNO/EV35L43A.
3. MPLAB® Mindi™ Analog Simulator product page: www.microchip.com/mplab/mplab-mindi.
4. Getting Started with the MPLAB® Mindi™ Analog Simulator: www.microchip.com/DS50002564.
5. MPLAB® Data Visualizer Standalone (Windows) : gallery.microchip.com/packages/MPLAB-Data-Visualizer-

Standalone(Windows)/.
6. MPLAB® Data Visualizer Software User’s Guide : www.microchip.com/DS50003001.
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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,
TempTrackr, TimeSource, tinyAVR, UNI/O, Vectron, and XMEGA are registered trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

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,
Vite, 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, BlueSky, BodyCom,
CodeGuard, CryptoAuthentication, CryptoAutomotive, CryptoCompanion, CryptoController, dsPICDEM,
dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, EtherGREEN, In-Circuit Serial Programming, ICSP,
INICnet, Inter-Chip Connectivity, JitterBlocker, KleerNet, KleerNet logo, 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, SAM-ICE, Serial Quad
I/O, SMART-I.S., SQI, SuperSwitcher, SuperSwitcher II, Total Endurance, TSHARC, USBCheck, VariSense,
ViewSpan, WiperLock, Wireless DNA, 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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