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Hello, and welcome to the TI Precision Labs presentation which gives an overview of
the National Instruments VirtualBench. The VirtualBench is a very powerful piece of
hardware which combines multiple pieces of traditional lab equipment into one
compact and easy-to-use device. This presentation will describe the features of the
VirtualBench, as well as give a tutorial on how to configure the VirtualBench
hardware and software.
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I won’t go into detail on all of the specifications, but they are copied here. Some key
specs to note are the 100 MHz oscilloscope bandwidth, up to 1 gigasample per
second sampling rate, and up to 20MHz sinusoidal function generator.
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The specs are continued here for the multimeter and power supply. The multimeter
has 5 and a half digits of resolution, and the three-channel power supply can support
both single supply and split supply devices.
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The front panel of the virtual bench is used to make connections to your system
under test. You must turn on the VirtualBench by pressing the power button on the
top left before using the device. Then, you can connect to the oscilloscope, function
generator, digital I/O, DC power supply, and digital multimeter as required in your
experiments.
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Make sure that you only press the power when instructed. Power to the circuit is
controlled using the software interface on the laptop. The front pannel button is only
used when you want to boot the software from initial start up.
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This slide shows the location of power supply voltage and current settings. Also, the
button in the center turns on and off the supplies.
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This slide shows how to set the function generator.
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Here we set the horizontal time base on the scope as well as the triggering mode.
“Auto” is untriggered roll or automatic triggering. Normal is triggered. For periodic
signals it is best to use normal mode.
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Here we can set the vertical scale on the scope
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The ac/dc coupling is in a hidden button. Hover your mouse above the corner and
click for these menus
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Cursors may be used to measured oscilloscope signals. Click the cursor icon, located
above the power supply settings, to open the cursor menu. Select voltage type, then
select the channel for the cursors.
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The cursors location may be adjusted to make a measurement. Click and drag the
cursor indicators into position at the top and bottom of the sinusoidal waveform. The
voltage level at each cursor, as well as the delta Y, in this case voltage difference, will
be displayed next to the cursor icon. Use the cursors to measure the signal’s peak-topeak amplitude.
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The VirtualBench can also make measurements automatically. Click the ruler icon,
above the digital I/O settings, to open the measurement options window. Here you
can select what channel to measure, and which measurement you want to display.
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“Clear All” and the slider feature can help to use this effectively.
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The measurement results are displayed next to the ruler icon. You should read a
result of 1kHz, 500mVpp – the same as the function generator. The amplitude should
be the same as the delta Y measurement from the cursor.
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Hello, and welcome to the presentation for the TI Precision Lab supplement for op
amp input offset voltage (VOS) and input bias current (IB). This lab will walk through
detailed calculations, SPICE simulations, and real-world measurements that greatly
help to reinforce the concepts established in the op amp VOS and IB lecture.
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The detailed calculation portion of this lab can be done by hand, but calculation tools
such as MathCAD or Excel can help greatly.
The simulation exercises can be performed in any SPICE simulator, since Texas
Instruments provides generic SPICE models of the op amps used in this lab. However,
the simulations are most conveniently done in TINA-TI, which is a free SPICE
simulator available from the Texas Instruments website. TINA simulation schematics
are embedded in the presentation.
Finally, the real-world measurements are made using a printed circuit board, or PCB,
provided by Texas Instruments. If you have access to standard lab equipment, you can
make the necessary measurements with any oscilloscope and ±12V power supply.
However, we highly recommend the VirtualBench from National Instruments. The
VirtualBench is an all-in-one test equipment solution which connects to a computer
over USB or Wi-Fi and provides power supply rails, analog signal generator and
oscilloscope channels, and a 5 ½ digit multimeter for convenient and accurate
measurements. This lab is optimized for use with the VirtualBench.
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In experiment 1, we’ll determine the effects of VOS and IB in a circuit where the input
resistance, RIN, is equal to 0 ohms.
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First, calculate the expected total output voltage due to VOS and IB for the circuit
shown here, using the techniques and equations given in the VOS and IB lecture. Take
note of the jumper positions in the table. JMP13 and JMP14 are open, and JMP15 is
closed. JMP15 shorts the non-inverting input of U5 to ground, causing RIN to be 0
ohms.
Calculate the output voltage twice – first with the OPA211 selected for U5 and U6,
then with the OPA188. The different parameters of these op amps will give you
different results.
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In order to perform the calculations, you need to know the typical and maximum
values of VOS and IB for each op amp. Those values are given here.
Enter your answers in the table at the bottom of the slide. The solutions are already
provided to allow you to check your work.
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One important point to note is that IB and VOS can be positive or negative. This
means that there are different possibilities for the output voltage due to VOS and IB
which must all be considered.
First, calculate R_EQ, the equivalent input resistance, then multiply R_EQ by IB to
determine the input voltage due to IB. Next, use the equation Vout = G1, gain of the
first stage, times G2, gain of the second stage, times the sum of VOS and VIB to
calculate the total output. Again, there are four possibilities. Pick the largest value.
Repeat the same steps, using the maximum values instead of the typical values.
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Repeat the same procedure for the OPA188. The different specifications of the
OPA188 will give a different output voltage result in both the typical and maximum
case.
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The next step is to run a SPICE simulation analysis for the total DC output voltage. The
necessary TINA-TI simulation schematics are embedded in this slide set – simply
double-click the icons to open them. Ensure that the jumpers are set correctly. In the
OPA211 circuit, JMP13 and JMP14 are open, and JMP15 is closed. In the OPA188
circuit, JMP9 and JMP10 are open, and JMP11 is closed.
To simulate the output voltage, click Analysis  DC Analysis  Calculate nodal
voltages.
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For the OPA211, you should get a result of around 133.28mV. For the OPA188, you
should get a result of about -10.73mV.
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Also make sure the Function Generator is OFF.
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Make sure to disable the DC power supply before setting up the test PCB! In the
VirtualBench software, click the power button in the DC Power Supply area to turn off
the power. Check the front panel of the VirtualBench unit to make sure the LEDs are
OFF!
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For the test board to function properly, it is important that you only install jumpers
and devices in circuits 3 and 4. Do not install any jumpers or devices in any other
circuits on the PCB! Remove any jumpers or devices from the unused circuits and
store them in the storage area at the bottom of the test board.
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To prepare the test board for the measurement, install the jumpers and devices on
circuit 3 and circuit 4 as shown here.
On circuit 3, install JMP9, JMP11, and JMP12, as well as the OPA188 in sockets U3
and U4. On circuit 4, install JMP13, JMP15, and JMP16, as well as the OPA211 in
sockets U5 and U6.
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This slide gives the connection diagram between the TI Precision Labs test board and
the National Instruments VirtualBench. Connect the provided power cable to the DC
power supply of the Virtual Bench and power connector J4 on the test board.
Connect Vout1 on the test board to VirtualBench oscilloscope channel 1, and Vout2
on the test board to Virtual Bench oscilloscope channel 2, using BNC cables.
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Next apply power to the National Instruments VirtualBench and connect it to your
computer with a USB cable. The hardware should be detected as a virtual CD drive,
and you can run the VirtualBench software directly from the drive. Once the software
opens, configure the software as follows:
Set the time scale to 100ms per division, with the acquisition mode set to “Auto.”
Enable channels 1 and 2 on the oscilloscope, and set them to 1x, DC-coupled mode.
Adjust the vertical scale as needed from 10mV/div to 1V/div. Set the +25V power
supply to +12V, 0.500A. Set the -25V power supply to -12V, 0.500A. Press the power
button to turn on the power supply rails.
Enable “mean” measurements on both channels in order to read the output voltage
of each circuit.

31

The icon at the top right of the oscilloscope opens a new window with more options
for each channel. Each channel can be given a custom name. Set the coupling mode
to dc. Set probe attenuation to 1x.
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The expected output voltage results from the measurement are shown here. The
OPA211 has a measured output voltage of 74.7mV, and the OPA188 has a measured
output voltage of 4.60mV. You may have different results in your experiment.
How did the measured and simulated results compare to the typical hand calculated
results? Take a moment to look over the previous results and draw your own
conclusions.
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For the next part of the lab, we’ll repeat the same procedure as experiment 1, but
this time with 5kΩ of input resistance. This will emphasize the effects of input
bias current, IB.
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As shown in the schematic, jumper JMP15 shorting the positive input of U5 to ground
is now removed. Jumper JMP14 is now installed in order to connect the positive input
of U5 to a 5kΩ resistor. The IB of U5 will now flow through this resistor,
developing a DC voltage due to Ohm’s law and increasing the amount of offset
voltage.
As before, calculate the total output voltage due to VOS and IB for this circuit,
using both the OPA211 and OPA188.
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The data sheet parameters for both devices are provided again for reference. Enter
your calculated results in the lower table. The answers have been provided so that
you can check your work.
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With RIN = 5k, the calculations change slightly since the voltage caused by IB is now
affected by R_IN. Use the new equation VIB = IB*R_EQ + IB*R_IN. Otherwise, the
steps are the same as in experiment 1. Repeat the calculations for the maximum
values.
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Repeat both sets of calculations for the OPA188, again using typical and maximum
values. As before, the different electrical characteristics of the OPA188 will result in
different output voltage calculations.
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Re-run the simulated DC nodal voltage analysis, making sure to use the proper
jumper settings.
In the OPA211 circuit, JMP13 and JMP15 are open, and JMP14 is closed.
In the OPA188 circuit, JMP9 and JMP11 are open, and JMP10 is closed.
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The jumper settings on the test board must be modified before re-running the bench
measurement. Remove jumpers JMP11 and JMP15, and install jumpers JMP10 and
JMP14. All other jumpers and devices remain the same from the previous
experiment.
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Next apply power to the National Instruments VirtualBench and connect it to your
computer with a USB cable. The hardware should be detected as a virtual CD drive,
and you can run the VirtualBench software directly from the drive. Once the software
opens, configure the software as follows:
Set the time scale to 100ms per division, with the acquisition mode set to “Auto.”
Enable channels 1 and 2 on the oscilloscope, and set them to 1x, DC-coupled mode.
Adjust the vertical scale as needed from 10mV/div to 1V/div. Set the +25V power
supply to +12V, 0.500A. Set the -25V power supply to -12V, 0.500A. Press the power
button to turn on the power supply rails.
Enable “mean” measurements on both channels in order to read the output voltage
of each circuit.
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In experiment 2, the OPA188 has a measured output voltage of 3.49mV, and the
OPA211 has a measured output voltage of 375mV. You may have different results in
your experiment.
How did the measured and simulated results compare to the hand calculated results?
In this example, the OPA211 output was greater than the calculated and simulated
typical values, but less than the calculated maximum value. The OPA188 output was
less than the calculated and simulated typical values.
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Let’s now compare the results of both experiments. How did the change in input
resistance affect the output voltage measurement?
In the OPA211, increasing the input resistance caused a dramatic increase in output
voltage. However, the OPA188 did not see such a large increase. This is because the
OPA211 has a much larger input bias current (IB), than the OPA188.
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Hello, and welcome to the presentation for the TI Precision Lab supplement for op
amp input and output limitations. This lab will walk through detailed calculations,
SPICE simulations, and real-world measurements that greatly help to reinforce the
concepts established in the op amp input and output limitations lecture.
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The detailed calculation portion of this lab can be done by hand, but calculation tools
such as MathCAD or Excel can help greatly.
The simulation exercises can be performed in any SPICE simulator, since Texas
Instruments provides generic SPICE models of the op amps used in this lab. However,
the simulations are most conveniently done in TINA-TI, which is a free SPICE
simulator available from the Texas Instruments website. TINA simulation schematics
are embedded in the presentation.
Finally, the real-world measurements are made using a printed circuit board, or PCB,
provided by Texas Instruments. If you have access to standard lab equipment, you can
make the necessary measurements with any oscilloscope, function generator, and
±5V power supply. However, we highly recommend the VirtualBench from National
Instruments. The VirtualBench is an all-in-one test equipment solution which
connects to a computer over USB or Wi-Fi and provides power supply rails, analog
signal generator and oscilloscope channels, and a 5 ½ digit multimeter for convenient
and accurate measurements. This lab is optimized for use with the VirtualBench.
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In experiment 1, we’ll determine the effects of input and output limitations in a basic
voltage follower, or unity-gain buffer, circuit.
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First, calculate the input common mode voltage range and output voltage swing for
the circuit shown here, using the techniques and equations given in the input/output
limitations lecture. Use the data sheet parameters given on the next slide.
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This circuit uses the OPA140. In order to perform the calculations, you need to know
the input voltage range and voltage output swing values for that device. Those values
are given here.
Enter your answers in the table in the middle of the slide. The solutions are already
provided to allow you to check your work.
Also answer the question at the bottom of the slide. Again, the solution is already
provided.
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The next step is to run a SPICE simulation analysis for the transient output voltage
behavior. This will allow us to see the op amp’s output voltage response for a
specified input signal, which in this case is a 2Vp, 1kHz triangle wave.
The necessary TINA-TI simulation schematic is embedded in this slide set – simply
double-click the icon to open it. To simulate the transient output behavior, click
Analysis  Transient. Run the analysis from 0ms to 2ms.
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You should see a result similar to this. Vin is a triangle wave, as expected, but Vout
cannot exceed +1V. This is due to the input common mode voltage limitation of the
OPA735.
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Also make sure the Function Generator is OFF.
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Make sure to disable the DC power supply before setting up the test PCB! In the
VirtualBench software, click the power button in the DC Power Supply area to turn off
the power. Check the front panel of the VirtualBench unit to make sure the LEDs are
OFF!
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For the test board to function properly, it is important that you only install jumpers
and devices in circuit 5. Do not install any jumpers or devices in any other circuits on
the PCB! Remove any jumpers or devices from the unused circuits and store them in
the storage area at the bottom of the test board.
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To prepare the test board for the measurement, install the jumpers and devices on
circuit 5 as shown here.
Install JMP17, JMP18, and JMP20, as well as the OPA735 in socket U7.
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This slide gives the connection diagram between the TI Precision Labs test board and
the National Instruments VirtualBench. Connect the provided power cable to the DC
power supply of the Virtual Bench and power connector J4 on the test board.
Connect Vin2 on the test board to VirtualBench channel FGEN, or function generator.
Then connect Vin1 on the test board to VirtualBench oscilloscope channel 1, and
Vout1 on the test board to VirtualBench oscilloscope channel 2.
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Next apply power to the National Instruments VirtualBench and connect it to your
computer with a USB cable. The hardware should be detected as a virtual CD drive,
and you can run the VirtualBench software directly from the drive. Once the software
opens, configure the software as follows:
Set the time scale to 5us per division, with the acquisition mode set to “Auto.” Enable
channels 1 and 2 on the oscilloscope, and set them to 1x, DC-coupled mode, 2V/div.
Enable the function generator and setup the signal as follows:
50kHz frequency, 9Vpp, 0V offset, 50% symmetry triangle wave.
Enable the cursors and set them to +1.5V and -5V to show the valid input common
mode range.
Set the +25V power supply to +5V, 0.500A. Set the -25V power supply to -5V, 0.500A.
Press the power button to turn on the power supply rails.
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The expected measurement results are shown here. Compare the oscilloscope display
of the VirtualBench to the simulation results from TINA-TI. Also, use the cursors on
the VirtualBench and TINA-TI tool to measure the voltage where Vout becomes
limited, or clipped. Compare this to your calculation.
The results have already been entered into the table to allow you to check your
results. You may have different results in your experiment.
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In experiment 2, we’ll determine the effects of input and output limitations in an
inverting amplifier circuit with gain.
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First, calculate the input common mode voltage range and output voltage swing for
this inverting amplifier circuit, using the techniques and equations given in the
input/output limitations lecture. Use the data sheet parameters given on the next
slide.
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This circuit uses the OPA277. In order to perform the calculations, you need to know
the input voltage range and voltage output swing values for that device. Those values
are given here.
Enter your answers in the table in the middle of the slide. The solutions are already
provided to allow you to check your work.
Also answer the question at the bottom of the slide. Again, the solution is already
provided.

61

Run a SPICE simulation as before, but now using this inverting amplifier circuit with
the OPA277.
The necessary TINA-TI simulation schematics are embedded in this slide set – simply
double-click the icon to open them. Click Analysis  Transient and run the transient
from 0ms to 2ms. The input signal to this circuit is a 120mVp, 1kHz triangle wave.
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You should see a result similar to this. Vin is a triangle wave, as expected, but Vout
clips at both the positive and negative ends of the triangle wave due to output
voltage swing limitations.
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Also make sure the Function Generator is OFF.
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Make sure to disable the DC power supply before setting up the test PCB! In the
VirtualBench software, click the power button in the DC Power Supply area to turn off
the power. Check the front panel of the VirtualBench unit to make sure the LEDs are
OFF!
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For this measurement, only circuit 2 is used. Do not install any jumpers or devices in
any other circuits on the PCB! Remove any jumpers or devices from the unused
circuits and store them in the storage area at the bottom of the test board.
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To prepare the test board for the measurement, install the jumpers and devices on
circuit 2 as shown here.
Install JMP6, JMP7, and JMP8, as well as the OPA277 in socket U2.
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The cable connections to the VirtualBench are exactly the same as in experiment 1.
No changes are necessary.
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The VirtualBench instrument setup is very similar to experiment 1. Make the
following changes:
Set the vertical scale of CH1 to 100mV/div. Keep the vertical scale of CH2 at 1V/div.
Set the function generator to a 0.22Vpp, 0V offset, 50% symmetry triangle wave at
1kHz.

69

Compare the TINA simulation results to your measured results. The shape of the
output waveform should look very similar, with hard clipping at the top of the
waveform. Your device may or may not clip at the bottom of the waveform.
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Hello, and welcome to the presentation for the TI Precision Lab supplement for op
amp bandwidth. This lab will walk through detailed calculations, SPICE simulations,
and real-world measurements that greatly help to reinforce the concepts established
in the op amp input and output limitations presentation.
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The detailed calculation portion of this lab can be done by hand, but calculation tools
such as MathCAD or Excel can help greatly.
The simulation exercises can be performed in any SPICE simulator, since Texas
Instruments provides generic SPICE models of the op amps used in this lab. However,
the simulations are most conveniently done in TINA-TI, which is a free SPICE
simulator available from the Texas Instruments website. TINA simulation schematics
are embedded in the presentation.
Finally, the real-world measurements are made using a printed circuit board, or PCB,
provided by Texas Instruments. If you have access to standard lab equipment, you can
make the necessary measurements with any Bode plotter and ±15V power supply.
However, we highly recommend the VirtualBench from National Instruments. The
VirtualBench is an all-in-one test equipment solution which connects to a computer
over USB or Wi-Fi and provides power supply rails, analog signal generator and
oscilloscope channels, and a 5 ½ digit multimeter for convenient and accurate
measurements. This lab is optimized for use with the VirtualBench.
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First, calculate the closed loop bandwidth and DC signal gain for the circuit shown
here, using the techniques and equations given in the bandwidth lecture. Use the
data sheet parameters given on the next slide.
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This circuit uses the OPA171. In order to perform the calculations, you need to know
the gain bandwidth product and for that device. That value is given here.
Enter your answers in the table in the middle of the slide. The solutions are already
provided to allow you to check your work.
Also complete the AC transfer function for this circuit. Again, the solution is already
provided.
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The next step is to run a SPICE simulation analysis for the AC transfer characteristic.
This will allow us to see the op amp’s closed loop bandwidth and DC gain in this
configuration.
The necessary TINA-TI simulation schematic is embedded in this slide set – simply
double-click the icon to open it. To run the analysis, click Analysis  AC Analysis 
AC Transfer Characteristic. Run the analysis from 10Hz to 10MHz.
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You should see a result similar to this. Enable the cursor, then check the DC gain, or
gain at minimum frequency. The result will be 26dB, or 20V/V. Next, find the -3dB
point, or the frequency where gain drops to 23dB. This occurs at 159kHz.
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We will be using a new software package. To prevent problems, make sure that all
“not found” devices are closed.

77

Also make sure the Function Generator is OFF.
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Make sure to disable the DC power supply before setting up the test PCB! In the
VirtualBench software, click the power button in the DC Power Supply area to turn off
the power. Check the front panel of the VirtualBench unit to make sure the LEDs are
OFF!
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For this measurement, only circuit 2 is used. Do not install any jumpers or devices in
any other circuits on the PCB! Remove any jumpers or devices from the unused
circuits and store them in the storage area at the bottom of the test board.
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To prepare the test board for the measurement, install the jumpers and devices on
circuit 2 as shown here.
Install JMP6, JMP7, and JMP8, as well as the OPA171 in socket U2.
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This slide gives the connection diagram between the TI Precision Labs test board and
the National Instruments VirtualBench. Connect the provided power cable to the DC
power supply of the Virtual Bench and power connector J4 on the test board.
Connect Vin2 on the test board to VirtualBench channel FGEN, or function generator.
Then connect Vin1 on the test board to VirtualBench oscilloscope channel 1, and
Vout1 on the test board to VirtualBench oscilloscope channel 2.
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The VirtualBench software must be closed before continuing with the lab. Click the ‘X’
in the top-right corner of the software to close.
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This lab requires additional Bode analyzer software. Install the software, then run it
by double-clicking the Bode Analyzer icon on the desktop. You may also run the
software by clicking Start  All Programs  Bode Analyzer  Bode Analyzer.
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In the configuration panel, set the power supply to ±15V, 0.1A. Press the green
button to turn on the power.
Set the start frequency to 10Hz and the end frequency to 10MHz. Set the number of
points to average to 10, and the number of points per decade to 20. Press “Start” to
run the Bode analyzer.
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You should see a result similar to this. Enable the cursor, then drag the cursor to the 3dB point, or 23dB in this case. Take note of the frequency – in this case the result is
159kHz, although your results may vary slightly.
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Compare the bandwidth measurement of the VirtualBench to the simulated results
from TINA-TI. Compare this to your calculated results. You should see very good
correlation between all three values, although your numbers may vary slightly.
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The bandwidth lab is now complete. Before continuing to the next lab, you must reset
the software. First, close the Bode Analyzer software by clicking the ‘X’ in the topright corner. Next, cycle power on the VirtualBench by turning power off and on. This
will restart the VirtualBench software.
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Hello, and welcome to the presentation for the TI Precision Lab supplement for op
amp slew rate. This lab will walk through detailed calculations, SPICE simulations, and
real-world measurements that greatly help to reinforce the concepts established in
the slew rate lecture.
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The detailed calculation portion of this lab can be done by hand, but calculation tools
such as MathCAD or Excel can help greatly.
The simulation exercises can be performed in any SPICE simulator, since Texas
Instruments provides generic SPICE models of the op amps used in this lab. However,
the simulations are most conveniently done in TINA-TI, which is a free SPICE
simulator available from the Texas Instruments website. TINA simulation schematics
are embedded in the presentation.
Finally, the real-world measurements are made using a printed circuit board, or PCB,
provided by Texas Instruments. If you have access to standard lab equipment, you can
make the necessary measurements with any oscilloscope, function generator, and
±15V power supply. However, we highly recommend the VirtualBench from National
Instruments. The VirtualBench is an all-in-one test equipment solution which
connects to a computer over USB or Wi-Fi and provides power supply rails, analog
signal generator and oscilloscope channels, and a 5 ½ digit multimeter for convenient
and accurate measurements. This lab is optimized for use with the VirtualBench.
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First, draw the output voltage waveform of the circuit shown below. Use the slew rate
specifications given in the table and the techniques from the slew rate lecture.
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The next step is to run a SPICE simulation analysis for the transient output voltage
behavior. This will allow us to see the op amp’s output voltage response for a
specified input signal, which in this case is a 5Vp, 10kHz square wave.
The necessary TINA-TI simulation schematic is embedded in this slide set – simply
double-click the icon to open it. To simulate the transient output behavior, click
Analysis  Transient. Run the analysis from 0µs to 200µs.
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You should see a result similar to this. Vin is a square wave, as expected, but Vout
must obey the slew rate limitations of the OPA277. You can see this effect in the rise
time from 10% to 90% of the output, or -4V to 4V. Use the cursors to measure the
time required to slew from -4V to 4V, and use the equation that slew rate = delta y
over delta x to calculate the simulated slew rate of 0.7V/µs.
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Also make sure the Function Generator is OFF.
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Make sure to disable the DC power supply before setting up the test PCB! In the
VirtualBench software, click the power button in the DC Power Supply area to turn off
the power. Check the front panel of the VirtualBench unit to make sure the LEDs are
OFF!
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For the test board to function properly, it is important that you only install jumpers
and devices in circuit 5. Do not install any jumpers or devices in any other circuits on
the PCB! Remove any jumpers or devices from the unused circuits and store them in
the storage area at the bottom of the test board.
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To prepare the test board for the measurement, install the jumpers and devices on
circuit 5 as shown here.
Install JMP17, JMP18, and JMP20, as well as the OPA277 in socket U7.
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This slide gives the connection diagram between the TI Precision Labs test board and
the National Instruments VirtualBench. Connect the provided power cable to the DC
power supply of the Virtual Bench and power connector J4 on the test board.
Connect Vin2 on the test board to VirtualBench channel FGEN, or function generator.
Then connect Vin1 on the test board to VirtualBench oscilloscope channel 1, and
Vout1 on the test board to VirtualBench oscilloscope channel 2.
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Next apply power to the National Instruments VirtualBench and connect it to your
computer with a USB cable. The hardware should be detected as a virtual CD drive,
and you can run the VirtualBench software directly from the drive. Once the software
opens, configure the software as follows:
Set the time scale to 20us per division, with the acquisition mode set to “Auto.”
Enable channels 1 and 2 on the oscilloscope, and set them to 1x, DC-coupled mode,
5V/div. Enable the function generator and setup the signal as follows:
10kHz frequency, 10Vpp, 0V offset, 50% duty cycle square wave.
Set the +25V power supply to +15V, 0.500A. Set the -25V power supply to -15V,
0.500A. Press the power button to turn on the power supply rails.
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Let’s now determine the measured slew rate. Enable cursors, set them up as shown,
then place the cursors on 10% and 90% of the output signal. Take note of the time
and voltage difference, and then calculate the slew rate using the equation given. In
this example, a slew rate of 0.82V/us was measured. You may have different results in
your experiment.
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Compare the oscilloscope display of the VirtualBench to the simulation results from
TINA-TI. Also compare the slew rate values from the data sheet, simulation, and
measurement. They should all be similar, although you may get slightly different
results.
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Hello, and welcome to the presentation for the TI Precision Lab supplement for
intrinsic op amp noise. This lab will walk through detailed calculations, SPICE
simulations, and real-world measurements that greatly help to reinforce the concepts
established in the noise lecture.
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The detailed calculation portion of this lab can be done by hand, but calculation tools
such as MathCAD or Excel can help greatly since noise calculations can involve many
steps.
The simulation exercises can be performed in any SPICE simulator, since Texas
Instruments provides generic SPICE models of the op amps used in this lab. However,
the simulations are most conveniently done in TINA-TI, which is a free SPICE
simulator available from the Texas Instruments website. TINA simulation schematics
are embedded in the presentation.
Finally, the real-world noise measurements are made using a printed circuit board, or
PCB, provided by Texas Instruments. If you have access to standard lab equipment,
you can make the necessary measurements with any ±12V power supply and
oscilloscope. However, we highly recommend the VirtualBench from National
Instruments. The VirtualBench is an all-in-one test equipment solution which
connects to a computer over USB or Wi-Fi and provides power supply rails, analog
signal generator and oscilloscope channels, and a 5 ½ digit multimeter for convenient
and accurate measurements. This lab is optimized for use with the VirtualBench.
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In experiment 1, we’ll determine the total output voltage noise in a circuit with no
filtering.
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First, calculate the expected total RMS and peak-to-peak output noise voltage for the
circuit shown here, using the techniques and equations given in the noise lecture.
Note that the switch JMP9 is open, so filter capacitor C5 is not connected to the
circuit. Make this calculation twice – first with the OPA188 selected for U1 and U2,
then with the OPA211. The different parameters of these op amps will give you
different noise results.
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In order to perform the noise calculations, you need to know certain parameters of
each op amp. The key parameters are the op amp gain bandwidth product, or GBW,
input voltage noise density, or e_n, and input current noise density, or i_n. This slide
gives a table of these key specs for both the OPA188 and OPA211.
Enter your answers in the table at the bottom of the slide. The solutions are already
provided to allow you to check your work.
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I won’t go through the entire calculation, but will give an overview of the key steps.
First, the resistor thermal noise spectral density is calculated using the circuit resistor
values. Next, the total input noise spectral density is computed based on the resistor
thermal noise, op amp input voltage noise, and op amp input current noise once it’s
been converted to voltage. The op amp’s GBW and the circuit’s closed-loop
bandwidth are used to calculated the noise bandwidth, which enables you to
determine the total input-referred RMS noise. Finally, the input-referred noise is
multiplied by the closed-loop gain in order to compute the total RMS and peak-topeak output noise. This slide shows the complete calculation for the OPA188.
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This slide shows the calculation for the OPA211. The op amp’s input voltage and
current spectral density, as well as the op amp gain bandwidth product, are different,
but the steps of the calculation are exactly the same. Simply substitute in the new
values and take note of the result.
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The next step is to run a SPICE simulation analysis for the total output noise. Simply
open the TINA-TI simulation schematics embedded in the presentation, ensure that
filter capacitor jumper is open, then select Analysis, followed by Noise Analysis. Make
sure that “total noise” is selected, then run the analysis from 1Hz to 100MHz.
Run the simulation for both the OPA188 and OPA211!
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Over the 100MHz frequency range, the OPA188 circuit has a total noise of
3.59mVrms, or 21.5mVpp. The OPA211 circuit has a total noise of 10.75mVrms, or
64.5mVpp.
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Also make sure the Function Generator is OFF.
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Make sure to disable the DC power supply before setting up the test PCB! In the
VirtualBench software, click the power button in the DC Power Supply area to turn off
the power. Check the front panel of the VirtualBench unit to make sure the LEDs are
OFF!
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For the test board to function properly, it is important that you only install jumpers
and devices in circuits 3 and 4. Do not install any jumpers or devices in any other
circuits on the PCB! Remove any jumpers or devices from the unused circuits and
store them in the storage area at the bottom of the test board.

113

To prepare the test board for the measurement, install the jumpers and devices on
circuit 3 and circuit 4 as shown here.
On circuit 3, install JMP11 and JMP12, as well as the OPA188 in sockets U3 and U4.
On circuit 4, install JMP15 and JMP16, as well as the OPA211 in sockets U5 and U6.
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This slide gives the connection diagram between the TI Precision Labs test board and
the National Instruments VirtualBench. Connect the provided power cable to the DC
power supply of the Virtual Bench and power connector J4 on the test board.
Connect Vout1 on the test board to VirtualBench oscilloscope channel 1, and Vout2
on the test board to Virtual Bench oscilloscope channel 2, using BNC cables.
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Next apply power to the National Instruments VirtualBench and connect it to your
computer with a USB cable. The hardware should be detected as a virtual CD drive,
and you can run the VirtualBench software directly from the drive. Once the software
opens, configure the software as follows:
Set the time scale to 100ms per division, with the acquisition mode set to “Auto.”
Enable channels 1 and 2 on the oscilloscope, and set them to 1x, AC-coupled mode.
Set the vertical scale on channel 1 to 10mV/div, and on channel 2 to 20mV/div. Set
the +25V power supply to +15V, 0.500A. Set the -25V power supply to -15V, 0.500A.
Press the power button to turn on the power supply rails.
Enable Peak-to-peak and RMS measurements on both channels in order to read the
output voltage of each circuit.
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You must also set the mode of the Virtual Bench oscilloscope. Click the button shown
on the front panel, then set Acquisition to “Sample” and Persistence to “Disabled.”
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The icon at the top right of the oscilloscope opens a new window with more options
for each channel. Each channel can be given a custom name. Set the coupling mode
to AC. Set probe attenuation to 1x.
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The expected output voltage noise results from the measurement are shown in the
screenshot at the top left. The OPA188 has a measured noise of 19.8mVpp, or
3.3mVrms, and the OPA211 has a measured noise of 77.4mVpp, or 12.9mVrms. As
you can see from the table, this agrees extremely well with the results from
calculation and simulation!
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In experiment 2, we’ll determine the total output voltage noise in a circuit with a
filter capacitor in the feedback network.
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Perform another total noise calculation on the circuit shown. However, this time a
filter capacitor is added to the feedback network of the first amplifier stage. This
capacitor will reduce the circuit’s noise bandwidth, so the overall noise performance
will be significantly improved. As before, do the calculations with both the OPA188
and OPA211.
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The key parameters of op amp gain bandwidth product, or GBW, input voltage noise
density, or e_n, and input current noise density, or i_n are given again for your
reference.
Enter your answers in the table at the bottom of the slide. The solutions are already
provided to allow you to check your work.
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The steps in the calculation are nearly the same as before. However, this time the
filter capacitor must be taken into account when calculating the circuit’s closed-loop
bandwidth. With the filter capacitor connected, the closed-loop bandwidth is
computed to be 1.59kHz. Without the capacitor, the bandwidth was 19.8kHz! As
expected, this helps to reduce the total noise.
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Step through the calculation again for the OPA211, substituting in for the noise and
bandwidth parameters of that device.
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Run another SPICE simulation analysis for the total output noise. This time, ensure
that the filter capacitor jumper is closed so that the capacitor is connected! As
before, select Analysis, followed by Noise Analysis. Make sure that “total noise” is
selected, then run the analysis from 1Hz to 100MHz.
Remember, run the simulation for both the OPA188 and OPA211!
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With the filter capacitor connected, the OPA188 circuit has a total noise of
1.09mVrms, or 6.54mVpp. The OPA211 circuit has a total noise of 0.585mVrms, or
3.51mVpp.
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The jumper settings on the test board must be modified before re-running the bench
measurement. Simply install jumpers JMP9 and JMP13. All other jumpers and devices
remain the same from the previous experiment.
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The expected output voltage noise results from the measurement with the filter are
shown here. The OPA188 has a measured noise of 6.58mVpp, or 1.09mVrms, and the
OPA211 has a measured noise of 4.12mVpp, or 0.69mVrms. Like before, the
calculated, simulated, and measured results all match quite closely. The real question
is: how much benefit did we get by adding the filter capacitor?
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This slide compares the noise performance of both the OPA188 and OPA211, with
and without the filter. It should be clear just from the oscilloscope capture that the
filter gave us a massive improvement in noise. If you compare the peak-to-peak noise
values in the table, you can see that with the filter, we achieved a 3x improvement
with the OPA188 and a 19x improvement with the OPA211!
You may wonder why we didn’t see more of a reduction in noise with the OPA188.
One key reason is that the gain-bandwidth product of the OPA188 at 2MHz is much
lower than that of the OPA211 at 80MHz, so the closed-loop bandwidth of the
OPA188 circuit is lower as well. When we added the filter and reduced the closedloop bandwidth of both circuits to 1.6kHz, this was much more of a percentage
reduction for the OPA211 than the OPA188. Therefore, the filter had a bigger effect
for the OPA211 circuit. The OPA188 also has higher input voltage noise spectral
density than the OPA211.
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Hello, and welcome to the presentation for the TI Precision Lab supplement for op
amp stability. This lab will walk through detailed calculations, SPICE simulations, and
real-world measurements that greatly help to reinforce the concepts established in
the stability lecture.
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The detailed calculation portion of this lab can be done by hand, but calculation tools
such as MathCAD or Excel can help greatly.
The simulation exercises can be performed in any SPICE simulator, since Texas
Instruments provides generic SPICE models of the op amps used in this lab. However,
the simulations are most conveniently done in TINA-TI, which is a free SPICE
simulator available from the Texas Instruments website. TINA simulation schematics
are embedded in the presentation.
Finally, the real-world measurements are made using a printed circuit board, or PCB,
provided by Texas Instruments. If you have access to standard lab equipment, you can
make the necessary measurements with any oscilloscope, function generator, Bode
plotter, and ±15V power supply. However, we highly recommend the VirtualBench
from National Instruments. The VirtualBench is an all-in-one test equipment solution
which connects to a computer over USB or Wi-Fi and provides power supply rails,
analog signal generator and oscilloscope channels, and a 5 ½ digit multimeter for
convenient and accurate measurements. This lab is optimized for use with the
VirtualBench.
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In experiment 1, we’ll determine the phase margin, and therefore the stability, of a
buffer circuit which is being used to drive a large capacitive load. We’ll determine the
phase margin by observing the transient overshoot as well as the AC transfer
characteristic.
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First, calculate the phase margin and percentage overshoot for the circuit shown
here, using the techniques and equations given in the stability lecture. Use the plots
given on the next slide.
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This circuit uses the OPA277. In order to perform the calculations, you need to know
the percent overshoot versus load capacitance for that device, shown on the top left.
Then, use the plot on the right to determine the phase margin from that percentage
overshoot.
Enter your answers in the table at the bottom of the slide. The solutions are already
provided to allow you to check your work.
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The next step is to run a SPICE simulation analysis for the transient overshoot.
The necessary TINA-TI simulation schematic is embedded in this slide set – simply
double-click the icon to open it. To run the analysis, click Analysis  Transient, and
run the analysis from 0ms to 150us. The input is a 20mVpk, 10kHz square wave.
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You should see a result similar to this. Use the simulated percentage overshoot of
55% to calculate the phase margin, which comes out to 21 degrees.
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Next, run a SPICE simulation analysis for the AC transfer characteristic. This will allow
us to see the op amp’s AC peaking, which is another indicator of phase margin.
Use the same TINA-TI simulation schematic as before. To run the analysis, click
Analysis  AC Analysis  AC Transfer Characteristic. Run the analysis from 10kHz to
10MHz.
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You should see a result similar to this. The 9dB of simulated AC peaking results in a
phase margin of approximately 20 degrees.
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We will be using a new software package. To prevent problems, make sure that all
“not found” devices are closed.
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Also make sure the Function Generator is OFF.
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Make sure to disable the DC power supply before setting up the test PCB! In the
VirtualBench software, click the power button in the DC Power Supply area to turn off
the power. Check the front panel of the VirtualBench unit to make sure the LEDs are
OFF!
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For the test board to function properly, it is important that you only install jumpers
and devices in circuit 5. Do not install any jumpers or devices in any other circuits on
the PCB! Remove any jumpers or devices from the unused circuits and store them in
the storage area at the bottom of the test board.
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To prepare the test board for the measurement, install the jumpers and devices on
circuit 5 as shown here.
Install JMP17, JMP18, JMP19, JMP20, JMP48, and JMP50, as well as the OPA277 in
socket U7.
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This slide gives the connection diagram between the TI Precision Labs test board and
the National Instruments VirtualBench. Connect the provided power cable to the DC
power supply of the Virtual Bench and power connector J4 on the test board.
Connect Vin1 on the test board to VirtualBench oscilloscope channel 1, and Vin2 on
the test board to the VirtualBench FGEN. Connect Vout1 on the test board to
VirtualBench oscilloscope channel 2.
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The VirtualBench software must be closed before continuing with the lab. Click the ‘X’
in the top-right corner of the software to close.
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This lab requires additional Bode analyzer software. Install the software, then run it
by double-clicking the Bode Analyzer icon on the desktop. You may also run the
software by clicking Start  All Programs  Bode Analyzer  Bode Analyzer.

146

In the configuration panel, set the power supply to ±15V, 0.1A. Press the green
button to turn on the power.
Set the FGEN amplitude to 0.02V, and DC offset to 0V.
Set the start frequency to 10kHz and the end frequency to 10MHz. Set the number of
points to average to 10, and the number of points per decade to 30. Press “Start” to
run the Bode analyer.
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You should see a result similar to this. Enable the cursor, then drag the cursor to the
maximum value to measure the AC peaking. In this measurement, AC peaking of 8dB
resulted in a phase margin of 23 degrees. Your results may vary slightly.
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The bandwidth lab is now complete. Before continuing to the next lab, you must reset
the software. First, close the Bode Analyzer software by clicking the ‘X’ in the topright corner. Next, cycle power on the VirtualBench by turning power off and on. This
will restart the VirtualBench software.
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Next apply power to the National Instruments VirtualBench and connect it to your
computer with a USB cable. The hardware should be detected as a virtual CD drive,
and you can run the VirtualBench software directly from the drive. Once the software
opens, configure the software as follows:
Set the time scale to 1us per division, with the acquisition mode set to “Auto.” Enable
channels 1 and 2 on the oscilloscope, and set them to 1x, DC-coupled mode,
10mV/div. Enable the function generator and setup the signal as follows:
10kHz frequency, 20mVpp, 0V offset, 50% duty cycle square wave.
Set the +25V power supply to +15V, 0.100A. Set the -25V power supply to -15V,
0.100A. Press the power button to turn on the power supply rails.
Move the display window to the rising edge of the square wave. This allows you to
observe the overshoot and ringing of the op amp output.
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Use cursors to measure the amount of overshoot. The expected measurement results
are shown here. The measured overshoot of 55% results in a phase margin of 21
degrees. Your results may vary slightly.
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Now, compare the phase margin results from your hand calculations, transient and
AC response simulations, and transient and AC response measurements. While there
is some slight variation to the results, the phase margin values compare very well at
approximately 23 degrees.
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In experiment 2, we’ll use an isolation resistor to increase the phase margin of the
circuit from Experiment 1 and therefore improve its stability.
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To determine the value of isolation resistor Riso, we must first know the open-loop
AC response of the circuit. Here we show the TINA-TI simulation schematic and AC
response results, which you can verify using the embedded file.
To measure the phase margin, find the frequency where the gain measures 0dB.
Then, measure the phase at that same frequency, which in this example is 20
degrees.
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For best results, Riso should create a zero in the loop response 20dB greater than the
frequency where the open-loop gain intersects with the closed-loop gain. This circuit
is a buffer with a closed-loop gain of 0dB, so the zero should occur at 20dB. The openloop gain is equal to 20dB at 92kHz. Use this value and the load capacitance to
calculate Riso, which is 786 ohms in this example. 787 ohms is the nearest standard
value resistance.

155

Let’s now simulate the transient overshoot with Riso included in the circuit. As
before, click Analysis  Transient to run the simulation. Run the analysis from 0ms to
150us. The input is a 20mVpk, 10kHz square wave.
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You should see results similar to this. With Riso added to the circuit, the overshoot
was reduced to only 4.7%. This results in a phase margin of 65 degrees, indicating a
stable circuit.
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Let’s now re-run the overshoot measurement, this time with Riso. The jumper setup
is almost the same. The only change is to remove JMP18, which connects the
isolation resistor of 787 ohms.
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This slide gives the new connection diagram between the TI Precision Labs test board
and the National Instruments VirtualBench. Connect the provided power cable to the
DC power supply of the Virtual Bench and power connector J4 on the test board.
Connect Vin2 on the test board to the VirtualBench FGEN. Connect Vout1 on the test
board to VirtualBench oscilloscope channel 1 to measure the load voltage, and
connect Vout2 on the test board to VirtualBench oscilloscope channel 2 to measure
the unloaded op amp output voltage.
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The VirtualBench setup is almost the same as before. Only change the time scale to
5us/div. All other settings must remain the same.
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Use cursors to measure the amount of overshoot. You should see results similar to
this. With Riso, the measured unloaded output overshoot was reduced to 12.5%,
resulting in a phase margin of approximately 58 degrees which indicates a stable
circuit.
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As an additional experiment, measure the transient response again with JMP48
installed and removed. This will connect and disconnect the 1k load resistor from the
circuit.
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As you can see, the load voltage changes dramatically if the circuit is loaded or
unloaded! In fact, when loaded, the circuit with Riso shows attenuation of
approximately 50%! This is simply due to the voltage divider effect of Riso and the
load resistance.
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For the final experiment, we’ll analyze a circuit which uses Riso as well as a dual
feedback network to achieve stability as well as output voltage accuracy.
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To select the components of the dual feedback network, use the equations given on
this slide. For this example, Rf was chosen to be 78.7k, and Cf was chosen to be
150pF.
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Next, run a SPICE simulation analysis for the transient overshoot with dual feedback.
The necessary TINA-TI simulation schematic is embedded in this slide set – simply
double-click the icon to open it. To run the analysis, click Analysis  Transient, and
run the analysis from 0ms to 2ms. The input is a 1Vpk, 1kHz square wave.
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You should see results similar to this. As you can observe, in this configuration the
loaded output voltage matches very well with the input. To achieve this, the unloaded
output voltage Vopa must increase to compensate for the attenuation caused by Riso
and the load resistance.
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Also make sure the Function Generator is OFF.
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Make sure to disable the DC power supply before setting up the test PCB! In the
VirtualBench software, click the power button in the DC Power Supply area to turn off
the power. Check the front panel of the VirtualBench unit to make sure the LEDs are
OFF!
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For the test board to function properly, it is important that you only install jumpers
and devices in circuit 6! Do not install any jumpers or devices in any other circuits on
the PCB! Remove any jumpers or devices from the unused circuits and store them in
the storage area at the bottom of the test board.
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To prepare the test board for the measurement, install the jumpers and devices on
circuit 6 as shown here.
Install JMP21, JMP22, JMP23, JMP49, and JMP51. Install the OPA277 in socket U8.

171

The VirtualBench setup is almost the same as before. Only change the time scale to
100us/div. All other settings must remain the same.
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You should see results similar to this. As you can see, the load voltage remains
accurate, even with changing load, due to the compensation provided by the dualfeedback network. The unloaded op-amp output voltage must increase as the load
resistance decreases to minimize the output voltage divider effect.
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That concludes the lab – thank you for your time!
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