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Hello, and welcome to the Tl 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.



VirtualBench Specifications
Bandwidth 100 MHz
Channels 2 analog, 34 digital
Ranges 10mV/div, 100mV/div,....10V/div
Sampling Rate 1 GS/s (single channel), 500 MS/s/ch (dual channel)
Waveform Measurements  cursors, 22 automatic measurements
Waveform Math add, subtract, multiply, FFT
Record Length 1 million samples
Max Frequency 20 MHz (sine), 5 MHz (square)
Channels 1
Waveform Types sine, square, ramp, triangle, DC
#i3 Texas INSTRUMENTS

| 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.



VirtualBench Specifications

Digital Mulitimeter

Resolution 5 2 digits

Measurement Functions VDC, VAC, IDC, IAC, continuity, resistance, diode
Max Voltage 300 V max input voltage

Max Current 10 A max input current

Basic Accuracy up to 0.015% VDC

Programmable DC Power Supply

Channels 3

Voltage/Current (Ch1) Oto+6V/0to 1A
Voltage/Current (Ch2) 0to +25V /0 to 0.5A
Voltage/Current (Ch3) 0to-25V/0to 0.5A
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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/0, DC power supply, and digital multimeter as required in your
experiments.



VirtualBench Front Panel

Only press the On/Off Power button when instructed. This button
will cause the software to auto boot on the laptop. Software booting
is slow, please be patient.
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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.



Power Supply Voltage & Current Limits

Voltage and Click in box and
current levels type to set
displayed here  values

000.017m

DC POWER SUPPLY

0.001V ©0.000 7.001V 07.000 -14.993 V- 15.000

0.000 A ©01.000 0.008 A 00.100 0.008 A ©0.200

+6V +25V 25V

Press the power button to turn
on the power supplies 7
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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.



Configure the Function Generator
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This slide shows how to set the function generator.



Configure the Oscilloscope
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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.



Configure the Oscilloscope
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Math
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Here we can set the vertical scale on the scope

10



Oscilloscope Settings — Coupling & Probe

1

200 mVy

Channel Name

1
Coupling
ac/dc coupling
Math

Digital
1x probe attenuation

Trigger

Edge

1

1
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The ac/dc coupling is in a hidden button. Hover your mouse above the corner and
click for these menus



Oscilloscope Cursors
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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.



Oscilloscope Cursors

Click and drag
the cursors into

position
i 7 +Curl -268 mV AY 500.2 mV
N cu2 233 mv For this example:
Use the cursors to
‘ measure the peak to
Shows the cursor values and the peak amplitude.

difference AY (voltage in this case)
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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 V, in this case voltage difference, will
be displayed next to the cursor icon. Use the cursors to measure the signal’s peak-to-
peak amplitude.



Measurement Options

Select channel to measure

For this example:

Channel = 1
Measurement 1 = Frequency
Measurement 2 = Peak-to-peak Select measurement to display
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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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More on the Measurement Options

Use slider to
see all options

Use “Clear All’
to remove old
measurements
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“Clear All” and the slider feature can help to use this effectively.
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Measurement Results

y Freq(1) 1.0052 kHz 1\" Curl -268 mV AY 500.2 mV

Pk-Pk(1) 500.1 mV Cur2 233 mV

3

Measurement Cursor results
options displayed displayed
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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 Tl 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.



Required/Recommended Equipment

+ Calculation
— Pencil and paper
— Recommended: MathCAD, Excel, or similar

« Simulation
— SPICE simulation software
— Recommended: TINA-TI™

* Measurement
— Tl Precision Labs PCB from Texas Instruments
— Oscilloscope
— 12V power supply
— Recommended: National Instruments VirtualBench™

W3 TEXAS INSTRUMENTS
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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 % digit multimeter for convenient and accurate
measurements. This lab is optimized for use with the VirtualBench.

18



Experiment 1
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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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Calculation - R, = 0Q

Calculate the total output voltage due to Vg and Ig for the circuit shown below. Use the typical and
maximum values for Vog and Ig given on the next slide.

C6 1n JMPTS

— =
R, Re R14 1k R10 20k
R12 1k R8 100k
I’V\/\ AN
- V-
k —( Vout
¢ U6 OPAy211
| (UD OPAy211
- w V+ o
= =
- l - V312 V4 12 JMP13  OPEN C5 disconnected

JMP15  CLOSED VIN+ connected to GND

V+
V-
% '—||||T|+ I JMP14 OPEN  R15 disconnected

Calculate the result for both OPA211 and OPA188!
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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. JIMP13 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.

20



Calculation - R, = 0Q

PARAMETER OPA211

MIN TYP MAX | UNIT

Input Offset Voltage Vs +30 +125 uv
Input Bias Current [ +60 +175 nA
PARAMETER OPA188

MIN TYP MAX | UNIT

Input Offset Voltage | Vg +6 +25 n
Input Bias Current s +160 | #1400 | pA
Device Typical Output Maximum Output
OPA188 +13mV +56mV
QOPA211 +191mV +635mV

21
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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.



Calculation - R, = 0Q

OPA211
Calculate typical output error from Vos & Ib  Calculate maximum output error from Vos & |b
i, = £60nA i, = £175nA
Rk L

T Re+Ry “TR+Ry
Vih = ib R‘;_lq = i60u\/ Vih = ih Req = il?SHV
Vos = £30uV Vos = £125uV
Voutferror = GIGZ(VOS + Vih) Voutferrm’ = G‘l GZ (vos + Vlb)
Vout_error = 101 % 21(£30pV + £60uV)  Voy_epror = 101 % 21(£125pV + £175pV)
Vout_error = £191mVor + 64mV Vout_error = £106mV or + 636mV

Vout error = £191mV Choose the largest Vout_error = £635mV Choose the largest

Offset
Distribution

| | Typical
Max Range Max

-191mV  +191mV

-635mV +635mV 2
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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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Calculation - R, = 0Q

OPA188
Calculate typical output error from Vos & Ib  Calculate maximum output error from Vos & |b
i, = +160pA i, = £1400pA
Rle _ _ Rle ~

Eq*Rf+R1~1kQ Eq*Rf+R1~1kﬂ
Vib =iy Reqg = £0.16pV Vip = iy Reg = £1.4pV
Vos = £6uV Vos = £25pV
Vout,ermr = GIGZ (Vus + Vlb) Vout,ermr = G1G2(Vos + Vib)
Vout error = 101 * 21(£6pV + £0.16pV) Vout_error = 101 % 21(£25uV + £1.4pV)
Vout_error = £13mVor + 12mV Vout_error = £56mVor £ 50mV

Vout_error = £13mV Choose the largest Vout error = £56mV Choose the largest

Offset
Distribution|

Typical |
Max Range Max

-—

-13mV +13mVv

-56mV +55|—‘nv 23
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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.



Simulation Setup - R, = 0Q

Click Analysis - DC Analysis - Calculate nodal voltages to simulate the
total output voltage from V5 and Ig.

iew Amsiyss | Interactive TAM Tooks Help

e el W AT
! F mB==g@@<(g=e@-(- [ [ [ [ [[[T[[[[]]
E S5 B AnegContel o

Flofs Loge ICaMOls ADDA

—_— JMP13

S

R8 100k

R14 1k R10 20k

Vout

6 OPAY211

JMP14
~N

JMP15
5

&
V312 V412 o,

Ve 1 MT*V— 01 - Vos and Ib , OPA188.TSC
) H)
01 - Vos and Ib - OPA211.TSC

24

#i3 Texas INSTRUMENTS

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, IMP13 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.

24



8 1n
] ——
R14 1k R102
R RB 100k —AN—- AN
A —AN— J_— -
= v s
T
j>- —{ Vout 133.28mV
UB OPAY211
P— P 1
2] Dl
£ i
N 3] vatz o w1z,
I i
L 1

Vout = 133.28mV

—WA—

1L

|

R11 1k

a

]&3 oPA188
z v+

Simulation Results — R,y = 0Q

Vout -10 73mV

V32 w2y,
L L

OPA188
Vout = -10.73mV

%
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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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Disable Function Generator

Power button GRAY =
Function Generator OFF

000.017m ~ -
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Also make sure the Function Generator is OFF.

26



Disable DC Power Supply

--V 00.000 -.---V 15.000 -.---V- 15.000

-.---A 00.100

Power button GRAY = DC power supply OFF

NATIONAL Mixed Signal Oscilloscope FGEN TRIG
@ FINSI'RUMEN‘IS' CH1 CH2
Vituaigencn I () (O . 'ONO)
DIGITAL IfO DC POWER SUPPLY DIGITAL MULTIMETER
@GND@ GND @
I =l e e
7
7
LEDs OFF = DC power supply OFF z
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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!



Test Board Setup

Do not install!

Install circuits 3 & 4 only. |

Do not install!

Store unused jumpers
and devices here.
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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.



Test Board Setup — Jumpers

o —————————————————————y o ——————————————————y

s i

i

]

]

i — - u3 u4 U Us :

5N * o -5 i [0 o -0 )
0¥ Omo Oﬁo 1% OmO Open O I

- O ‘o) O 0 - O O O O !

O O oo} ' 1 O O O O :

Lo |lopmm] OPAlBBllircuit 3, I (Cicacl MU |G =Y ORI

JMP9, JMP13 Filter noise with feedback capacitor

JMP11, JMP15 Connect VIN+ to GND

JMP12, JMP16 Connect Circuit 3 to Vout1, connect Circuit 4 to Vout2
U3, u4 Install OPA188

Us, Ue Install OPA211
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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 IMP13, IMP15, and JMP16, as well as the OPA211 in
sockets U5 and U6.



Hardware Setup — Cables

NATIONAL Mixed Signal Oscilloscope
@ Vmsmummw CH2

virtuaigench RN

DIGITAL I/O DC POWER SUPPLY
GND  GND
v |+20v -2

+6)

3 01 23w asPET %
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This slide gives the connection diagram between the Tl 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 Voutl on the test board to VirtualBench oscilloscope channel 1, and Vout2
on the test board to Virtual Bench oscilloscope channel 2, using BNC cables.



VirtualBench™ |Instrument Setup

100ms/div, “Auto”
acquisition

DC coupled, 1x, adjust
range as needed from
10mV/div to 1V/div

000,007 mv ~

Use mean measurement \

option. This is where you First: +12V, 0.500A
read output voltage. Power supply power supply

enable/disable
3
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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.



Oscilloscope Settings — Coupling & Probe

1

200 mVy

Channel Name

1
Coupling
dc coupling
Math

Digital
1x probe attenuation

Trigger

Edge Vertical Offset

1 0.001 8 Vv

32

#i3 Texas INSTRUMENTS

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.



Measurement Results — R, = 0Q

OPA211, Vout = 74.7mV

Mean(1) 4.60 mV
=Mean(2) 74.7 mV

OPA188 +56mV +13mV -10.73mV
OPA211 +635mV +191mV +133.28mV

Measured result

should be less than
calculated maximum

|

Device Calculated Calculated Simulated Measured
Maximum Typical Typical

4.60mV
74.7mV

W3 TEXAS INSTRUMENTS
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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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Experiment 2
R,y = 5kQ

34
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For the next part of the lab, we’ll repeat the same procedure as experiment 1, but
this time with 5kQ of input resistance. This will emphasize the effects of input
bias current, IB.



Calculation — R = 5kQ

Calculate the total output voltage due to Vg and Ig for the circuit shown below. Use the typical and
maximum values for Vog and Ig given on the next slide.

C6 1n JMP13

} N
R14 1k R10 20k
R12 1k R8 100k
_E’VV\/ S AA
= V-
= —( Vout
' UG OPAY211
,— 2 Us OPAy211

V+ o

JMP13  OPEN C5 disconnected

a1z wvatz y,
VA
% '_||||T|+ I JMP14  CLOSED R15 connected

JMP14

JMP15

JMP15 OPEN VIN+ connected to R15

R15 5k

Calculate the result for both OPA211 and OPA188! .
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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 5kQ 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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Calculation — R = 5kQ

PARAMETER OPA211
MIN TYP MAX | UNIT

Input Offset Voltage Vs +30 +125 pv
Input Bias Current Ig 60 +175 nA
PARAMETER OPA188

MIN TYP MAX | UNIT

Input Offset Voltage | Vs +6 +25 Y
Input Bias Current Iy +160 | #1400 | pA
Device Typical Output Maximum Output
OPA188 +15mV +71mV
OPA211 +191mV +2492mV

36
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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.



Calculation — R = 5kQ

OPA211
Calculate typical output error from Vos & Ib  Calculate maximum output error from Vos & |b
i, = £60nA i, = +£175nA
RiR, RfR,
Cq—R[_l_Rlzlkﬂ cq—Rl_l_Rlzlkﬂ
R;, = 5kQ R, = 5kQ
Vib = ib ch + ib Ril‘l = i360pV ‘J'lb = ib ch + il} Rin = ilOSOuV
Vos = £30uV Vos = £125pV
Vout_errcnr = GIGZ (Vos + Vib) Vout_ermr = GIGZ(VUS + Vib)
Vout_error = 101 % 21(£30uV + £3600V)  Vour error = 101 % 21(£125pV + £1050uV)
Vout_error = £827mV or £ 700mV Vout error = £2492mVor + 1962mV

Vout_error = £827mV Choose the largest Vout_error = £2492mV Choose the largest

Offset
/] Distribution

/ Typical \

-191mV  +191mV

+2492mV +2492mV kY
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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.



Calculation — Ry = 5kQ
OPA188
Calculate typical output error from Vos & Ib  Calculate maximum output error from Vos & Ib
i, = £160pA i, = £1400pA
R¢R, ReR4
Req = ~ 1k Req = = 1kQ
R+ R4 R+ Ry
Ry, = 5k Ry, = 5ki
Vi, = i Req +1p Rjp = £0.96pV Vip = ip Req +ip Rjy = 18.4pV
Vs = 26pV Vos = £25uV
Vout_error = G162 (Vos + Vip) Vout_error = G1G2(Vos + Vip)
Vout error = 101 % 21(£6pV + £0.96uV) Vout_error = 101 % 21(£25uV + £8.4uV)
Vout error = £15mVor + 11mV Vout_error = £71mVor £35mV
Vout_error = £15mV Choose the largest Vout_error = £71mV Choose the largest
Offset
Distribution
Typical
Range ‘\__ Max
H -lflmV +15:mV
-71mv +71mv 3
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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.



Simulation Results — R,y = 5kQ

Open switches JMP15 and JMP11, and close switches JMP14 and JMP10. Re-run the simulation to
determine the new output voltage due to Vgg and lg.

JMPE

TR

Ri4 1k R10 20k

{ Vout -208.18mv
—L usoPay211

Lo vEiz vatz
T— |—7L—|\|}—“\

OPA211 OPA188
Vout = -209.19mV Vout = -9.03mV

#i3 Texas INSTRUMENTS
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Re-run the simulated DC nodal voltage analysis, making sure to use the proper

jumper settings.

In the OPA211 circuit, IMP13 and JMP15 are open, and JMP14 is closed.
In the OPA188 circuit, IMP9 and JMP11 are open, and JMP10 is closed.

39



Test Board Setup — Jumpers

Remove jumpers JMP11 and JMP15, and install jumpers JMP10 and JMP14.

- - -

8 i

]

]

]

u3 U4 Ug I

O 0 O 0 O 0 |
oﬂ”o oﬂﬁo oﬂﬂo 1
oMo omo oo 1
0 0 0 0 O O !
_____ oPAtBE lircuit 3, I ica] I ] =T UR

JMP9, JMP13 Filter noise with feedback capacitor

= Iopnlaa

The only |

JMP10, JMP14 Connect VIN+ to 5kQ
change

JMP12, JMP13 Connect Circuit 3 to Vout1, connect Circuit 4 to Vout2
U3, u4 Install OPA188

us, ue Install OPA211

40

#i3 Texas INSTRUMENTS

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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VirtualBench™ |Instrument Setup

May need to adjust
range
10mV/div to 1V/div

000,007 mv ~
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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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Measurement Results — R, = 5kQ

Measured result

0PA211, Voutr = 375m\l ' should be less than
calculated maximum

Device Calculated Calculated Simulated Measured
Maximum Typical Typical

OPA188 +71mV +15mV -9.03mV 3.49mV

OPA211 +2492mV +827mV -209.19mV 375mV

42
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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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Final Results

How did the change in input resistance affect the output voltage measurement?

Device Calculated Calculated Simulated Measured
Rin = 0Q Maximum Typical Typical

OPA188 +56mV +13mV -10.73mV 4.60mV
OPA211 +635mV +191mV 133.28mV 74.7mV
Rin = 5kQ Maximum Typical Typical With Rin
OPA188 +71mV +15mV -9.03mV 3.94mV
OPA211 +2492mV +827mV -209.19mV 375mV

Answer: Dramatic increase for the OPA211, small change for OPA188.
This is due to the OPA211 having much larger I than the
OPA188.
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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 Tl 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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Required/Recommended Equipment

+ Calculation
— Pencil and paper
— Recommended: MathCAD, Excel, or similar

« Simulation
— SPICE simulation software
— Recommended: TINA-TI™

* Measurement
— Tl Precision Labs PCB from Texas Instruments
— Oscilloscope
— Function generator
— =5V power supply
— Recommended: National Instruments VirtualBench™

W3 TEXAS INSTRUMENTS
45

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 % digit multimeter for convenient
and accurate measurements. This lab is optimized for use with the VirtualBench.
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Experiment 1

Voltage Follower

#i3 Texas INSTRUMENTS
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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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Calculation — Voltage Follower

Calculate the input common mode voltage range and output voltage swing for the circuit shown
below. Use the data sheet parameters given on the next slide.

V+ V.

ik :
VR = K Vout
1 g
N ~

3 41 OPA140
+
V25 - + V+

Vin

— |l

<
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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.



Calculation — Voltage Follower

PARAMETER OPA140
MIN TYP MAX UNIT
Input Voltage Range Vew | (V=) =01 (V+)-3.5 A%
Voltage Output Swing from Rail Vo (V-)+0.2 (V+)-0.2 \Y
Calculated Answers Min Max oy
Common Mode Input Range 5.1 +1.5V
Output Swing Range -4.8 4.8V B | Veut
vin ¥ g
4 ;’\‘;';’: +5V

With a 9Vpp (4.5Vpk) input signal, is the circuit limitation caused by input common mode
range or output voltage swing?

Answer: The maximum input common mode voltage of +1.5V is the limit, since the peak
input signal is +4.5V.
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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.



Simulation Setup — Voltage Follower

Click Analysis - Transient to show the common mode limitations for the
OPA140. Run the analysis from Ops to 40us. The input is a 4.5Vpk, 50kHz
triangle wave.

e e it ps
| @ ||| =] I :
ebletollotel | L LI LELL LD ey o[ o]
End display 40u [s] X Cancel

(@ Calculate operating point ? Hep

(" Use initial conditions
(" Zeroinitial values

vetm o

[ Drow excitation

CuteART

5

-
"|_®T—

02 - Input and Output Swing - OPA140.TSC
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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 Oms to 2ms.
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Simulation Results — Voltage Follower

T T
10,000 w000 | aew 0000
Time ()

Clipping due to input common mode voltage limitation

#i3 Texas INSTRUMENTS

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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Disable Function Generator

Power button GRAY =
Function Generator OFF

000.017m ~ -
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Also make sure the Function Generator is OFF.
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Disable DC Power Supply

--V 00.000 -.---V 15.000 -.---V- 15.000

-.---A 00.100

Power button GRAY = DC power supply OFF

NATIONAL Mixed Signal Oscilloscope FGEN TRIG
@ FINSI'RUMEN‘IS' CH1 CH2
Vituaigencn I () (O . 'ONO)
DIGITAL IfO DC POWER SUPPLY DIGITAL MULTIMETER
@GND@ GND @
I =l e e
7
7
LEDs OFF = DC power supply OFF 52
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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!



Test Board Setup

Install Circuit 5
only.

Do not install!

Store unused jumpers
and devices here.
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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.



Test Board Setup — Jumpers

| |
| |
| |
| |
| |
) Vin Voutl|
| u? |
| O ®) |
| |
| OO |
| O O T |
! ’OPAMO | = = I
| . : |
S, Circuit 5,

JMP17 Connect input to signal source.

JMP18 Short output resistance

JMP20 Connect Circuit 5 output to Vout1

u7 Install OPA140

#i3 Texas INSTRUMENTS
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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, IMP18, and JMP20, as well as the OPA735 in socket U7.
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Hardware Setup — Cables

O Womsita:

VirtualBench

55
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This slide gives the connection diagram between the Tl 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 Vinl on the test board to VirtualBench oscilloscope channel 1, and
Voutl on the test board to VirtualBench oscilloscope channel 2.
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VirtualBench™ Instrument Setup

Sps/div, “Auto”
acquisition

50kHz signal
frequency

DC coupled,
1x, 2V/div

9Vpp, OV
. offset, 50%
0.001V 00.000 5.000 V ) -4.999 V- 05.000 g 0my symmetry
0.000A 00.100 0.002A 00.100 0.002A 00.100 e S triangle wave

Set cursors to +1.5V
and -5.1V to show valid
common mode range.

First:
Power supply
enable/disable

5V, 0.100A
power supply
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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, OV 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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Measurement Results — Voltage Follower

1. Compare TINA-TI™ simulation results to measured results.

vin /\/\/
-4.50
. 2.30
-l .. /—W
-4.49 -

0 10u 20u 30u 40u
Time (s)

N 7 =7
..

2. Use the cursors on the VirtualBench and TINA-TI™ tool to measure the
voltage where Vout becomes limited (clipped). Compare this to your calculation.

Answer (calculation): clipped at +1.5V
Answer (simulation): clipped at +2.3V
Answer (measurement): visible distortion above +2.5V
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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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Extra Experiment: 1kHz vs. 50kHz Input

3. Change the triangle waveform frequency to 1kHz and compare the common
mode range to the 50kHz wave. Change the time scale to 200pus/div.

4. What conclusion do you draw from the measurement?

The 1kHz waveform does not show the common mode limitation, but the
50kHz waveform does. This device is actually “rail-to-rail” for low
frequencies, but common mode performance ~2V from the positive rail
degrades at higher frequencies.
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Experiment 2

Inverting Amplifier

#i3 Texas INSTRUMENTS

5%

In experiment 2, we’ll determine the effects of input and output limitations in an

inverting amplifier circuit with gain.
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Calculation — Inverting Amplifier

Calculate the input common mode voltage range and output voltage swing for the circuit shown
below. Use the data sheet parameters given on the next slide.

R2 1k R1 20k

V+ AL’ 'A'A%

1 :
V125 = Vin V-

h = Vout
V225 =

I U1 OPA277

V+
V- —
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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.



Calculation — Inverting Amplifier

PARAMETER (data sheet) CONDITION OPA277
MIN TYP MAX UNIT
Input Voltage Range Vew (V=) +2 (V+) =2 Y
Voltage Output Vo RL =10kQ (V-) +0.5 (V-)-1.2 \
Voltage Output RL = 2kQ (V=) +1.5 (V) -1.5
Answers Min Max ROk RVBIV\Z‘UK
Common Mode Input Range -0.5V 0.5V oAt +2.5V
Vin 0.12Vpk
Output Swing Range -2.0V 1.3V 0.24Vpp vout
- u2
OPA277
Y

With a 0.24Vpp (0.12Vpk) input signal, is the circuit limitation caused by input common mode
range or output voltage swing?

Answer: The output wants to be + 2.4Vpk. This violates both the negative and positive
output swing limit. There's no issue with the input common mode range
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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.



Simulation Setup — Inverting Amplifier

Click Analysis = Transient to show the common mode limitations for the
OPA277. Run the analysis from Oms to 2ms. The inputis a 120mVpk, 1kHz
triangle wave.

o Aty Wicacie 1880 Taon Hep
c Nl YL x|
llelelelgl=la] [ [ [ [ [ [ [TTTTTTTTIIT]
e e N ) Stan displey G
End display N X Cancel
R2 1k R1 20k @ Calculate operaing point ? Help
AMN . AAA- " Use initial condiions:
" Zero initial values
F [+ Draw excitation
Vin V-
. —_l_ = Vout
| L . —
- U1 OPA277_TG
€1 v

02 - Input and Output Swing - OPA277.TSC
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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 Oms to 2ms. The input signal to this circuit is a 120mVp, 1kHz triangle wave.



Simulation Results — Inverting Amplifier

200 00m

200.00m —
200

o X 4

T T T
a0 N smew 1.00m £ 50m) 200m
Time (5)

Clipping due to output voltage swing limitation
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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.



Disable Function Generator

Power button GRAY =
Function Generator OFF

000.017m ~ -
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Also make sure the Function Generator is OFF.
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Disable DC Power Supply

--V 00.000 -.---V 15.000 -.---V- 15.000

-.---A 00.100

Power button GRAY = DC power supply OFF

NATIONAL Mixed Signal Oscilloscope FGEN TRIG
@ FINSI'RUMEN‘IS' CH1 CH2
Vituaigencn I () (O . 'ONO)
DIGITAL IfO DC POWER SUPPLY DIGITAL MULTIMETER
@GND@ GND @
I =l e e
7
7
LEDs OFF = DC power supply OFF 5
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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!



Test Board Setup

Install Circuit 2
J:ll” only.

i
Do not install! copEied

Do not install!

EEEEEE
B

g’_‘E g‘_g "j: ﬁ E ] ﬁ 5[5 ﬁ :_‘E “‘j El g’_‘g BEEEE Store unused jumpers
TRt T paesan and devices here.
@] Q

66

#i3 Texas INSTRUMENTS

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.



Test Board Setup — Jumpers

JMP6 Connect Rf = 20kQ for a gain of 20V/V
JMP7 Connect input to signal source

JMP8 Connect Circuit 2 output to Vout1

u2 Install OPA277

W3 TExAs INSTRUMENTS
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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, IMP7, and JMPS, as well as the OPA277 in socket U2.
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Hardware Setup — Cables

© WiksTimers

VirtualBench
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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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VirtualBench™ Instrument Setup

200ps/div, “Auto”
acquisition

1kHz signal
frequency

DC coupled, 1x,
CH1=100mV/div

CH2=1V/div
0.22Vpp, OV
; offset, 50%
0,001V co.00 2. 2500V c2.m . . symmetry
0.000A ©0.100 0.001A 00.500 Z triangle wave

First:
Power supply
enable/disable

+2.5V, 0.500A
power supply
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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, OV offset, 50% symmetry triangle wave at
1kHz.



Measurement Results — Inverting Amplifier

1. Compare TINA-TI™ simulation results to measured results.

120m-

Vin

-120m
1.53

% Vout

-2.31

0.00 1.00m
Time (s)

2. Use the cursors on the VirtualBench and TINA-TI™ tool to measure the
voltage where Vout becomes limited (clipped). Compare this to your calculation.

Answer (calculation):

clipped at -2.0V and +1.3V

Answer (simulation):

clipped at-2.31V and +1.53V (it may distort before the clip)

Answer (measurement):

clipped at -2.40V and +1.59V (it may distort before the clip)

#i3 Texas INSTRUMENTS

2.00m
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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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Bandwidth — Lab
Tl Precision Labs — Op Amps . :
Developed by Art Kay satian Wllllams
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Hello, and welcome to the presentation for the Tl 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.

71



Required/Recommended Equipment

+ Calculation
— Pencil and paper
— Recommended: MathCAD, Excel, or similar

» Simulation

— SPICE simulation software
— Recommended: TINA-TI™

* Measurement
— Tl Precision Labs PCB from Texas Instruments
— Bode plotter
— 15V power supply
— Recommended: National Instruments VirtualBench™

W3 TEXAS INSTRUMENTS

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 % digit multimeter for convenient and accurate
measurements. This lab is optimized for use with the VirtualBench.
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Calculation — Bandwidth

Calculate the closed loop bandwidth and DC signal gain for the circuit shown below. Use the data
sheet parameters given on the next slide.

R1 1K Rf 20k
5V NV NV
ik \
, 15V
Vi1 = Vin
" = Vout
V215 = - L+
I U2 OPA171

o
<
|

E +15V
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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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Calculation — Bandwidth

1. Use excerpt from data sheet below to fill in the table and AC transfer function:

PARAMETER OPA171

MIN TYP MAX UNIT
Gain bandwidth product GBP 3.0 MHz
Slew rate SR 1.5 Vius

Closed Loop Bandwidth:

GBP/G,, = 3MHz/21= 143kHz.

Signal Gain at DC

Gg, = ~(RFIR1) = ~(20k/1k) = -20V/V

30.00—

DC signal gain Closed_ loop
- - ——r bandwidth (-3dB

Gain (dB)

4« Bandwidth

decreases by
-20dB/decade

10.00—

LA B B o a4 e e B |
10 100 1k 10k 100k L 10M
Frequency (Hz)
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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.



Simulation Setup — Bandwidth

Click Analysis = AC Analysis -*AC Transfer Characteristic to show the AC
response for the OPA171 circuit. Run the analysis from 10Hz to 10MHz.
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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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Simulation Results — Bandwidth

The cursor frequency and Use the cursor to determine the
gain is read in this box. / bandwidth (-3dB point)

28 b N O Rk A7 ™ D
30.00 e
20.00- N A
o X 1159.26k y.123.02
g
=
o
(O]
10.00-]
0.00———HHH— T ]
10 100 1k 10k 100k ™

Frequency (Hz)
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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.



Connect to Device...

Make All “Not Found” devices are closed

Choose “connect
to device”

Click on “x”
to close

VB8012-305D14B (Not Found)

ot Found)

Use This Device Cancel
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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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Disable Function Generator

Power button GRAY =
Function Generator OFF

000.017m ~ -
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Also make sure the Function Generator is OFF.
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Disable DC Power Supply

--V 00.000 -.---V 15.000 -.---V- 15.000

-.---A 00.100

Power button GRAY = DC power supply OFF
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@GND@ GND @
I =l e e
7
7
LEDs OFF = DC power supply OFF ™

#i3 Texas INSTRUMENTS

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!



Test Board Setup

Install Circuit 2
J:ll” only.

i
Do not install! copEied

Do not install!
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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.



Test Board Setup - Jumpers

S Ul U U S U U Gl U U R ——

Jie8 Uoutl

u2

O O
o“o
O O
O O
|OPA171| N

Circuit 2,

JMP6 Select Rf = 20kQ for gain = -20V/V
JMP7 Connect input to signal source
JMP8 Connect Circuit 2 output to Vout1
u2 Install OPA171
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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, IMP7, and JMPS, as well as the OPA171 in socket U2.
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Hardware Setup — Cables

O Womsita:

VirtualBench
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This slide gives the connection diagram between the Tl 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 Vinl on the test board to VirtualBench oscilloscope channel 1, and
Voutl on the test board to VirtualBench oscilloscope channel 2.
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Close VirtualBench Software

Click the ‘X’ to close

000.017mv = -
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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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Open Bode Analyzer Software

Double-click icon on desktop to
start Bode Analyzer software.

Bode Analyzer

84
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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.



Bode Analyzer Setup

Bode Analyzer

+15V , 0.100A power supply.
Press GREEN button to turn on

'ower Supply power.
BV +25V

otage(v) [ o o001 [ 15 :]15003[ 15 :][14992
urrentLimt(a) [ 01 [ 0 [ o1 =H[ooor [ o1 = 000

FGEN ampitude (V) [ 0.05 =] ocoftsetv)[ o =

Measurement Frequency (Hz)| &.5M

Start Frequency (Hz)[ 10 =] Noof Points to Average [ 10 =] R—— o
End Frequency (Hz)| 10M == No.nfhnnﬂemuelﬂ g"\
N
Start Frequency = 10Hz Press Start to \\
End Frequency = 10MHz run the analyzer \
No. of Points to Average = 10 " T T
No. of Points/Decade = 20 -
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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.



Measurement — Bode Analyzer

Read the frequency and gain
corresponding to the blue cursor here.

ol x|
(E=e] [(one [N ]

Frequency (Hz)| 158.5k Gain (dB) 28

Frequency (Hz)

Drag the blue cursor to the -3dB point
(23dB in this case). The accuracy is

limited by the number of points per
decade. "
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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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Measurement Results — Bandwidth

1. Compare TINA-TI™ simulation results to measured results.
T DR I e o) e A ———— mam =y
] 20dB

30.00

0dB

20.00-} . N
X |159 26k ¥.|23.02 -20dB \

Gain (dB)

e S WA | | -~
1000 L B e e B e e T e
135°
90°
45°
B T T T o R R il
10 100 1k 10k 100k ™ o
Frequency (Hz)
\
10 100 1k 10k 100k M 10M

2. Compare the calculated, simulated, and measured bandwidth for the OPA171.

Device | Calculated | Simulated | Measured
OPA1T1 143kHz 159kHz 159kHz
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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.



Reset Software

=—=v_ 1. Close the Bode
e Analyzer software

2. Cycle power to restart
VirtualBench software

NATIONAL Mixed Signal Oscilloscope FGEN TRIG
@ VINSTRUMENTS' CH1 CH2
Vitvaigencn I () O l O)
DIGITAL I/O DC POWER SUPPLY DIGITAL MULTIMETER

GND GND

20V -20vV
e sev i . . . .
] ot S o Or
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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 top-
right corner. Next, cycle power on the VirtualBench by turning power off and on. This
will restart the VirtualBench software.



Slew Rate - Lab
Tl Precision Labs — Op Amp‘s =8
Developed by Art Kay and IanW|II|ams .
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Hello, and welcome to the presentation for the Tl 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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Required/Recommended Equipment

+ Calculation
— Pencil and paper
— Recommended: MathCAD, Excel, or similar

« Simulation
— SPICE simulation software
— Recommended: TINA-TI™

* Measurement
— Tl Precision Labs PCB from Texas Instruments
— Oscilloscope
— Function generator
— =15V power supply
— Recommended: National Instruments VirtualBench™

W3 TEXAS INSTRUMENTS

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 % digit multimeter for convenient
and accurate measurements. This lab is optimized for use with the VirtualBench.
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Calculation — Slew Rate

Draw the output voltage waveform of the circuit shown below, based on the data sheet slew rate
parameters given in the table.

PARAMETER OPA277
MIN TYP MAX UNIT
Gain-Bandwidth Product GBW 1.0 MHz
Slew Rate SR 0.8 Vips
+15v 5.007
Vi
- Vout out
5.00
o Is OPAZTT 5.00
Vin
5Vpk 15V )
10kHz 10V Vin
square — ——==125us
08 v W5 s oot |
“ls 0.00 50.00u 10000y 150.00u  200.00u

Time (s)
9
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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.



Simulation Setup — Slew Rate

Click Analysis - Transient to show the slew rate limitations for the OPA277.
Run the analysis from Opus to 200us. The input is a 5Vpk, 10kHz square wave.

ew Analysis Intersctive TEM Tock Help Fe—
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lode. I+ At tart display 0 oK
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» Zero initial values.

Carle AP ' Draw excitation

Carlo AT

<
¥

Vi 15 U1 OPA277

Vout

CtrieAlte1

+

Vi v
5Vpk square wave
10kHz frequency
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04 - Slew Rate - OPA277.TSC
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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 Ops to 200ps.
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Simulation Results — Slew Rate

Click to use

= Ccursors.
File Edit View Process Help

BB B8 THFA~OMMKRY S 2
|
5.00

A
X 100.29u |4

B
x [111.78u - |4 a«

A-B
x -11.49u y-8
=

\ \\ SR = AY/AX

I T 1 - —
0.00 50.00u 100.00u 150,000 20000u) SR =8V/11.48us = 0.7VIps

Time (s)

Look at rise
time from 10% -
to 90% (-4V to
4V in this
example).

a3
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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 = deltay
over delta x to calculate the simulated slew rate of 0.7V/us.
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Disable Function Generator

Power button GRAY =
Function Generator OFF

000.017m ~ -
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Also make sure the Function Generator is OFF.
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Disable DC Power Supply

--V 00.000 -.---V 15.000 -.---V- 15.000

-.---A 00.100

Power button GRAY = DC power supply OFF

NATIONAL Mixed Signal Oscilloscope FGEN TRIG
@ FINSI'RUMEN‘IS' CH1 CH2
Vituaigencn I () (O . 'ONO)
DIGITAL IfO DC POWER SUPPLY DIGITAL MULTIMETER
@GND@ GND @
I =l e e
7
7
LEDs OFF = DC power supply 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!



Test Board Setup

Install Circuit 5
only.

Do not install!

Store unused jumpers
and devices here.
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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.



Test Board Setup — Jumpers

T T T e ———

| |
| |
| |
| |
| |
| Vin Uoutl|
I uz? I
| |
| o O |
I OO I
| o O T 1
! |OPA277| = = |
| . . |
L o e e e e Circuit 5,

JMP1T7 Connect input to signal source.

JMP18 Short output resistance

JMP20 Connect Circuit 5 output to Vout1

u7 Install OPA277

a7
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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, IMP18, and JMP20, as well as the OPA277 in socket U7.



Hardware Setup - Cables

O Womsita:

VirtualBench
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This slide gives the connection diagram between the Tl 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 Vinl on the test board to VirtualBench oscilloscope channel 1, and
Voutl on the test board to VirtualBench oscilloscope channel 2.
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VirtualBench™ Instrument Setup

20ps/div, “Auto”
acquisition

10kHz signal

frequency

: ' DC coupled,
1x, 5Vidiv

10Vpp, OV

¥-__offset, 50%
duty cycle
-000.003mv = - square wave

First:
Power supply
enable/disable

+15V , 0.500A
power supply
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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, OV 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.

99



Measurement Results — Slew Rate

Set up
cursors
as shown

Cursors

Type :

Track = Place cursors on 10%

Cureor 1 Chanme » = and 90% of output. (-4V
_ ‘ to +4V in this example)

2

Cursor 2 Channel

SR = AY/AX
=Curl 11.519 ps (4.15 V) AX 10.067 ps .23 SR = 8.23V/10ps = 0.82V/ps
=Cur2 1.4529 ps (-4.08 V)  1/aX 99.339 kHz
Press to set
up cursors 100

W3 TEXAS INSTRUMENTS

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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Measurement Results — Slew Rate

1. Compare TINA-TI™ simulation results to measured results.

-5.00-
5.10

Vout

-5.10

5.00
Vin

100u
Time (s)

Slew Rate (data sheet):

0.8V/ps

Slew Rate (simulation):

8V /11.49us= 0.7V/us

Slew Rate (measurement):

8.23V / 10us = 0.82V/us

1M
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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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Noise — Lab
Tl Precision Workshop — Op Amps
Developed by Art Kay and IanW|II|ams .
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Hello, and welcome to the presentation for the Tl 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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Required/Recommended Equipment

+ Calculation
— Pencil and paper
— Recommended: MathCAD, Excel, or similar

« Simulation
— SPICE simulation software
— Recommended: TINA-TI™

* Measurement
— Tl Precision Labs PCB from Texas Instruments
— Oscilloscope
— 12V power supply
— Recommended: National Instruments VirtualBench™

W3 TEXAS INSTRUMENTS
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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 % digit multimeter for convenient
and accurate measurements. This lab is optimized for use with the VirtualBench.
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Experiment 1

Output Noise — No Filter

#i3 Texas INSTRUMENTS

In experiment 1, we’ll determine the total output voltage noise in a circuit with no

filtering.
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Calculation — No Filter

Calculate the total RMS and peak-to-peak output noise voltage for the circuit shown below. Note
that the switch JMP9 is OPEN, so filter capacitor C5 is NOT CONNECTED.

N P
N [ |
I R13 1k R9 20k

R11 1k R7 100k ['VU\r A
_L—m vav\’ - V-

Vo188
—(
+
( U4 OPA188
U3 OPA188
V+

=3 v+
V312 Va2,
V-
|—||||T||||T|
Calculate the result for both OPA188 and OPA211! s
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First, calculate the expected total RMS and peak-to-peak output noise voltage for the
circuit shown here, using the technigues 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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Calculation — No Filter

1. Use the data sheet parameters given below to calculate output noise.

PARAMETER CONDITIONS OPA188
MIN TYP MAX UNIT
Input Voltage Noise Density e, f=1kHz 8.8 nV /vHz
Input Current Noise Density in f=1kHz 7 A/ VHz
Gain Bandwidth GBW 2 MHz
PARAMETER CONDITIONS OPA211
MIN TYP MAX UNIT
Input Voltage Noise Density e, = 1kHz 1.1 nv / yHz
Input Current Noise Density i f=1kHz 3.2 pA / VHz
Gain Bandwidth GBW 80 MHz
Answers OPA188 OPA211
Total RMS output noise 3.6MmVgys 10.7mVgys
Total peak-to-peak noise 22mVpp 64mVpp e

#i3 Texas INSTRUMENTS

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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Calculation — No Filter, OPA188

OPA188 noise, no filter Gain from two stage amp
Thermal noise calcualtion Gpp =101 Gy =21
23 3
k, = 1.38-10 T, :=273+25 R, := 110 N 6 From OPA188
n " " GBW:= 210" pata sheet
9V Closed loop bandwidth (-3dB)
e = 4k T R 4.056 x 10
n_t nonon Hz B
fc: —_ I9,802x|03 Hz
op-amp current and voltage noise nl
. -9V From OPA188 Noise bandwidth (-3dB)
Cn_opa = 88 10 i,  Datasheet
z 3
BW), = 1.57-f, = 31.089x 10° Hz
, —15 From OPA188
= 7%10 _ y
Data sheet E,=e BW, — 1.708 x 10 6 Vrms

n_total

. —12

% i = Ryg = 7 10 Total rms noise
Add thermal noise and voltage noise calcualtion _3

g E, out = GnI'GnZ'hn =3.624x 10 Vrms

2 2 2 _ 4z _9
+Cn opa =969 x 10

ey Peak-to-peak output noise

VppﬁUUt = E‘Eniout =0.022 Vpp
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| 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-to-
peak output noise. This slide shows the complete calculation for the OPA188.
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OPA211 noise, no filter

Thermal noise calcualtion

" B rias B 10}
ky = 13810 7 T, = 273+ 25 R o= 1410

9 V
[ 4k T, 4.056x 10
n_r =/ T Ry NG

z

op-amp current and voltage noise

e 1l x 10,9 v From OPA211
n_opa” \/Fz Data sheet

From OPA211

. —12
= 17x 10 Data sheet

. —9
cﬂ_i =Ry, = 1.7x 10

Add thermal noise and voltage noise calcualtion

2 2 2
n total =4/ Snr T Cn opa T Cn i

Calculation — No Filter, OPA211

Gain from two stage amp
Gy = 101 Gpo =21

6 From OPA211

GBW:=80-10" 1213 sheet

Closed loop bandwidth (-3dB)

iBW
f, = & = 792.079 x IO3 Hz

-
nl

Noise bancwidth (-3dB)
BW, = |.57'fc = 1.244 % In(’ Hz

. - —6
E, = En_[c[al‘ BW, =35.055x 10 Vrms

—9
=4533x 10

Total rms noise

. . -3
I-."Jm:: G, 1°Gyo°E, = 10.72x 10 Vrms

Peak-to-peak output noise
v,

pp_out = E‘Eniuul = 0.064 Vpp
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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.

108



Simulation Setup — No Filter

Click Analysis = Noise Analysis to compute the total output noise. Run the
noise analysis from 1Hz to 100MHz and select the Total Noise diagram. The
filter capacitor is disconnected.

— : Note that the capacitor
[NETl W . \
ColoanM fb“\t&lﬂi‘:‘f‘ l [ LJ EEEEEEEEN ] 18 disconnected.
Led
T Sirt equency i b |

End frequency 100M ] X cacel
Huber of points 100
SN Signal amokude
Diagrans
Qutput Hoise  Total Hoise
Tnpwt tose: Signal o Hoise:

7 beo

05 - Noise - OPA188.TSC
&)
05 - Noise - OPA211.TSC
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Run the simulation for both the OPA188 and OPA211!

#i3 Texas INSTRUMENTS

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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Simulation Results — No Filter

3.59m

s

8 1.80m OPA188

s | -

E En—rms - 3'59mVRMS

— *|
En—pp - Enfrms 6
E.__=21.5mV,
0.00 n-pp PP
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Frequency (Hz)
10.75m 1

s

; OPA211

2 5.38m -
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= En-pp - En-rms 6
Eppp = 64.5mV5p
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1 100 10k ™ 100M
Frequency (Hz)
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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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Disable Function Generator

Power button GRAY =
Function Generator OFF

000.017m ~ -
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Also make sure the Function Generator is OFF.
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Disable DC Power Supply

--V 00.000 -.---V 15.000 -.---V- 15.000

-.---A 00.100

Power button GRAY = DC power supply OFF

NATIONAL Mixed Signal Oscilloscope FGEN TRIG
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@GND@ GND @
I =l e e
7
7
LEDs OFF = DC power supply OFF 12
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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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Test Board Setup

Do not install!

Install circuits 3 & 4 only. |

Do not install!

Store unused jumpers
and devices here.
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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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Test Board Setup - Jumpers

o ——————————————————y o ————————————————————y
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- |0Pmsa|

JMP11, JMP15 Connect VIN+ to GND

JMP12, JMP16 Connect Circuit 3 to Vout1, connect Circuit 4 to Vout2
U3, u4 Install OPA188

us, ue Install OPA211
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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 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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Hardware Setup — Cables

INSTRUMENTS CH2

virtuaigench RN

DIGITAL I/O DC POWER SUPPLY
GND  GND
46V |20V -2

3 01% 23w asVET

@ mel_ Mixed Signal Oscilloscope
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This slide gives the connection diagram between the Tl 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 Voutl on the test board to VirtualBench oscilloscope channel 1, and Vout2

on the test board to Virtual Bench oscilloscope channel 2, using BNC cables.

115



VirtualBench™ Instrument Setup

100ms/div, “Auto”
Acquisition

AC coupled, 1x,
CH1 = 10mV/div
CH2 = 20mV/div

000.005m - -

Use Pk-Pk and RMS

measurement options. First: +15V | 0.500A
This is where you read Power supply ower suppl
output voltage. enable/disable P PRl
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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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VirtualBench™ Scope Mode

Click to set scope mode:
Acquisition = Sample
Persistence = Disabled

17
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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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1

200 mVy

Math

Digital

Trigger

Edge

1

Channel Name

1

Coupling

Vertical Offset

0.001

Oscilloscope Settings — Coupling & Probe

ac coupling

1x probe attenuation
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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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Measurement Results — No Filter

1. Compare TINA-TI™ simulation results to measured and calculated results.

3.56m

OPA188
Enms = 3.59mV rms
En-pp = 21.5mVpp

1.80m

Total naise (V]

0.
10.75m

"loPa211
Enms = 10.75mV rms
Ernpp = 64.5mVpp

noise (V)

5.36m—

Total

T T
T 100 10k 1
Frequency (Hz)

Device Calculated Simulated Measured Note: Measured RMS
Noise (RMS) Noise (RMS) Noise (RMS) noise is determined using
OPA188 3.62MVgys 3.59MVg s 3.3MVays measured peak-to-peak
noise divided by 6.
OPA211 10.72MViays 10.75mMVgys 12.9MVi s
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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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Experiment 2

Output Noise with Filter

120
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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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Calculation — With Filter

Calculate the total RMS and peak-to-peak output noise voltage for the circuit shown below. Note
that the switch JMP9 is CLOSED, so filter capacitor C5 is CONNECTED.

JMP9 C51n

T 11
H R13 1k R9 20k

R11 1k R7 100k —L_'VV\I A

Vo188
—

U4 OPA188

U3 OPA188

N/

-

V312 vat2,

i

Calculate the result for both OPA188 and OPA211! i
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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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Calculation — With Filter

1. Use the data sheet parameters given below to calculate output noise.

PARAMETER CONDITIONS OPA188
MIN TYP | MAX UNIT
Input Voltage Noise Density e, f=1kHz 8.8 nV /vHz
Input Current Noise Density in f=1kHz 7 A/ VHz
Gain Bandwidth GBW 2 MHz
PARAMETER CONDITIONS OPA211
MIN TYP MAX UNIT
Input Voltage Noise Density e, = 1kHz 1.1 nv / yHz
Input Current Noise Density i f=1kHz 3.2 pA / VHz
Gain Bandwidth GBW 80 MHz
Answers OPA188 OPA211
Total RMS output noise TMVgys 0.48MmVigys
Total peak-to-peak noise 6mMVpp 2.88mVpp .

#i3 Texas INSTRUMENTS

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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OPA188 noise, with filter

Thermal noise calcualtion

" B rias B 10}
ky = 13810 7 T, = 273+ 25 R o= 1410

9 V
[ 4k T, 4.056x 10
n_r =/ T Ry NG

z

op-amp current and voltage noise
9 v From OPA188

¢ =88x10  —

n_opa m Data sheet

i = 7x o 3 From OPA188
Data sheet

ey = Ry = 7x T

Add thermal noise and voltage noise calcualtion

2 2 2 969 -9
“n total =y *nr T nopa *ni T 969 % 10

Calculation — With Filter, OPA188

Gain from two stage amp
Gy = 101 Gy =21

G From OPA188

SR
GBW = 2-10 Data sheet

Closed loop bandwidth (-3dB)
1

fo: - 1592»(103 Hz
2-7100-10°-1-10

Noise bandwidth (-3dB)
y < 3
BW,, = 1574, = 2.499 % 10 Hz

. - ~7 Vrms
Ey = & goraly BWy = 4.844x 10

Total rms noise

. e -3
En out = Gn1*GpzEy = 1.027x 107" Vrms

Peak-to-peak output noise

. _ _ _3
\4-}]}]70ul = 6E1170ut =6164x 10 Vpp
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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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OPA211 noise, with filter
Thermal noise calcualtion

2

-23 3
ky, = 1.38-10 T,=273+25 R :=1.10

. -9 V
ey o= fak, TR = 405610  —
nr n'n R'l'l \/EZ
op-amp current and voltage noise

N 10 ? V. From OPA211
®n opa = JHz Data sheet

iy= L7x 1012 From OPA211
Data sheet

9
ey = Ry = 17510

Add thermal noise and voltage noise calcualtion

2
ey |

Gain from two stage amp

Calculation — With Filter, OPA211

Gain from two stage amp

Gy = 101 Gyp =21
From OPA211
GBW := 80-10° Data sheet
Closed loop bandwidth (-3dB)
1 3 Hz

foi=——————=—— = 1.592x 10
3 i
2.w-100-107-1-10

Naise bandwidth (-3dB)

BW), = 1.57-f, = 2499 x IO3 Hz

- —7
E, = ey totaly BWy = 2.266 % 10 Vrms

G
=4533x 10 ’

Total rms noise
- -6 7 .
E, out:= Gn1GyoEp = 480.62% 107 Vrms

n_oul

Peak-to-peak output noise

. -3
Vi out = OBy gy = 2884 107" Vpp
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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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Simulation Setup — With Filter

Click Analysis = Noise Analysis to compute the total output noise. Run the
noise analysis from 1Hz to 100MHz and select the Total Noise diagram. Make
sure JMP9 is closed so the filter capacitor C5 is connected!

P e amoe Note that the capacitor
ﬂ“';;?‘ﬂflitﬂ JITTTTITITITTTIL] | is connected.
Iainl
........ . Stort Fequency f b | K
4::,'\;__“ :f\"“ End frequency 100 Hl X o
nnnnnnnn J: tumber of points 100 ? o
SN Signal amokude
T

Qutput Nose + IotalNose
Input Nose. Sgnal to Noise:

ot

V312

il T iy @

05 - Noise - OPA188.TSC
|

05 - Noise - OPA211.TSC
Run the simulation for both the OPA188 and OPA211! s

#i3 Texas INSTRUMENTS

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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Simulation Results — With Filter
1.09m—
s
2 OPA188
é 543.27u- En-ms = 1.09mVgus
E En,pp = 6.54mVpp
0.00-}
1 100 10k ™ 100M
Frequency (Hz)
585,380
s
2 200 600 OPA211
g En-rms = 0.585mVRMs
& En.pp = 351mVpp
0.00 LA R A T umaasy|
1 100 10k M 100M
Frequency (Hz)
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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 0.585mVrmes, or

3.51mVpp.

126



Test Board Setup — Jumpers

5> %"“

u3 us
O 0 O 0
’ omo oﬂo
= |oMio oo

0 O O O

_____ OPA188 ir_c!il §

I
I
I
I
I
I
I
I
I
I
I
I
]
I
]

= |OPA188

Can be “hot JMP11, JMP15  Connect VIN+ to GND
plugged”.

U3, v4 Install OPA188

us, ue Install OPA211

]

]

]

1

O O I

Opm O 1

OO !

O O !

|OPA211 oPAzIlFeuit 4 :

The 0n|y change. > JMP9, JMP13 Connect filter capacitor in Circuit 3 and Circuit 4

JMP12, JMP16 Connect Circuit 3 to Vout1, connect Circuit 4 to Vout2
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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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OPA211

6.58m\/pp

o 4.1 szpp

1.09m

543.27u-|

Total noise (V)

000+
585.38u

292.69u-|

Total noise (V)

0.00+

Measurement Results — With Filter

1. Compare TINA-TI™ simulation results to measured and calculated results.

OPA188
Enms = 1.09mV rms
Enpp = 6.54mVpp

OPAZ211
Enrms = 0.585mV rms
Enpp = 3.51mVpp

1 JIUU ) 10k ™ 100M
Frequency (Hz)
Device Calculated Simulated Measured Note: Measured RMS
Noise (RMS) Noise (RMS) Noise (RMS) noise is determined using
OPA188 1MV eus 1.09MVpyy5 1.09MVays measured peak-to-peak
noise divided by 6.

OPA211 0.48MVeys 0.585MVgys 0.69MVays
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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 0.69mVrmes. 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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OPA211

Noise Comparison — Filter vs. No Filter

6.58mVee

Device Calculated | Calculated Simulated Simulated | Measured | Measured
(no filter) (with filter) (no filter) (with filter) | (no filter) | (with filter)

OPA188 | 3.62mVy5ys TmMVeys 3.59mVgys | 1.09mVgyus | 3.3mVegys | 1.09mVgys
OPA211 | 10.72mVgys | 0.48mVigys | 10.75mVgys | 0.59mVgys | 12.9mVigys | 0.69mVgys

OPA188 - 3x noise improvement!
OPA211 - 19x noise improvement!

1
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28

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 closed-
loop 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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Stability — Lab

Tl Precision Labs - Op Ampﬂs i

ws@ *

®.

Developed by Art Kay, Collin Weilsz‘_ghd lan w?f? %
o

<
TID@&Q\S
PRECISION
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Hello, and welcome to the presentation for the Tl 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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Required/Recommended Equipment

+ Calculation
— Pencil and paper
— Recommended: MathCAD, Excel, or similar

« Simulation
— SPICE simulation software
— Recommended: TINA-TI™

* Measurement
— Tl Precision Labs PCB from Texas Instruments
— Oscilloscope
— Function generator
— Bode plotter
— =15V power supply
— Recommended: National Instruments VirtualBench™

W3 TEXAS INSTRUMENTS
13

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 % digit multimeter for
convenient and accurate measurements. This lab is optimized for use with the
VirtualBench.
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Experiment 1

Buffer with Cap Load

132
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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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Calculation — Capacitive Load

Calculate the phase margin and percentage overshoot for the circuit shown below.

-15V
-\\ Vload
r
. V/ A\
N -1 u1opaz7?
Vin 1 C122n_— =
+15V >

133

#i3 Texas INSTRUMENTS

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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N 4 From Data Sheet

ST ® 50
/Galn-+1 549

Calculation — Capacitive Load

Phase margin vs Percentage Overshoot

45% QOvershoot
28° Phase Margin

% 30 28° L
/1 \ £ 20 i
y 10 a5% |
Gain = +10 0 T
A R 0 20 40 60 80 100
1 ‘ } ‘ Percentage Overshoot (%)
10 100 ik 2.2nF 10k 100k
Load Capacitance (pF)
Answers OPA277
Percent overshoot 45%
Phase margin 28°
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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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Simulation Setup — Overshoot

Click Analysis = Transient to run a transient simulation showing overshoot.
Run the analysis from 100us to 250us. The input is a 20mVpk, 10kHz square wave.

View Anslysis Intersetive TAM Tools Help

ERC.. 150% - LOE L
! & b L L Transient Analysis x|
fq v ownt e[ @lefstlala] | [ [ [ | [ |
£ T
R et Gotes Fipfms LogcICsMCUs ADDASSS RF  AnsiogContiol Spedal Stan display 100u ]
Stress Analysis Enabled
Enable MCU Code debugger End displey 250u Bl X cancel
Enable HOL Debugger
z:led?pllmuanlmnhrq!! & Calculate operating point ? Help
elect Control Object — " Useinitial conditions
nal - ke Alte (" Zero inifial values
. - |
[ Drew excitation
Cute AT

Steady State Solver.

Fourier Anlysis

Vioad

Digital Step-by-Step.
Digitsl Timing Anshysis. Chrl- A1

U1 OPAZTT

M . 4 Vi \ l
s, CirleARN 3 . o
imization , 1Y 14
Options. Cirle A0 =
—

06 - Stability - OPA277 Buffer.TSC
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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 Oms to 150us. The input is a 20mVpk, 10kHz square wave.
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Simulation Results — Overshoot
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Step Size
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Phase Margin = 31°

136

#i3 Texas INSTRUMENTS

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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Simulation Setup — Bode Plot

Click Analysis = AC Analysis = AC Transfer Characteristic to generate the
bode plot. Run the AC analysis from 10kHz to 10MHz.

[ Amplitude & Phase

e xl
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End requency 10M Mz | % cancel
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06 - Stability - OPA277 Buffer.TSC
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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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Simulation Results — Bode Plot

Phase Margin vs ac Peaking

6.66 +—5.7dB peaking

27° phase margin
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Phase Margin = 27°
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20

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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Connect to Device...

Make All “Not Found” devices are closed

Choose “connect
to device”

Click on “x”
to close

VB8012-305D14B (Not Found)

ot Found)

Use This Device Cancel

#i3 Texas INSTRUMENTS

We will be using a new software package. To prevent problems, make sure that all

“not found” devices are closed.

139



Disable Function Generator

Power button GRAY =
Function Generator OFF

000.017m ~ -
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Also make sure the Function Generator is OFF.

140



Disable DC Power Supply

--V 00.000 -.---V 15.000 -.---V- 15.000

-.---A 00.100

Power button GRAY = DC power supply OFF

NATIONAL Mixed Signal Oscilloscope FGEN TRIG
@ FINSI'RUMEN‘IS' CH1 CH2
Vituaigencn I () (O . 'ONO)
DIGITAL IfO DC POWER SUPPLY DIGITAL MULTIMETER
@GND@ GND @
I =l e e
7
7
LEDs OFF = DC power supply OFF a1
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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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Test Board Setup

il ‘,
Do not install!
I Install Circuit 5 only. I—
Store unused EBE
jumpers and — | & EEd
devices here. \ BEEERSY
O O 142
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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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Test Board Setup — Jumpers

FFFFFFFFFFFFF m e T T T T T T Jumper, Description
Uout2 Device

JMP17 Connects input to U7

1 |
| !
I |
I |
N I
) Vin Uoutl| JMP18 Shorts isolation resistor. Riso = 00
] u? I
: O Ol § : JMP19 Connects 2.2nF load capacitance
: ® Y
| O s I JMP20 Monitor output across load
| O O ! .
| | OPA 27.7| 3 — | JMP48 Connects 1k load resistance
I & " I
L e e e e e e mm e — Circuit 5, JMP50 Monitor directly at U7 output
u7 Install OPA277
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To prepare the test board for the measurement, install the jumpers and devices on
circuit 5 as shown here.

Install JIMP17, JMP18, JMP19, JMP20, IMPA48, and JMP50, as well as the OPA277 in
socket U7.
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Hardware Setup — Cables

144
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This slide gives the connection diagram between the Tl 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 Vinl on the test board to VirtualBench oscilloscope channel 1, and Vin2 on
the test board to the VirtualBench FGEN. Connect Voutl on the test board to
VirtualBench oscilloscope channel 2.
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Close VirtualBench Software

Click the ‘X’ to close

000.017mv = -
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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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Open Bode Analyzer Software

Double-click icon on desktop to
start Bode Analyzer software.

Bode Analyzer
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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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*f’ Bode Analyzer

current Limtga) [ 01 =
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Instrument Setup — Bode Analyzer

+15V , 0.100A power supply.

= Press GREEN button to turn on
Power Supply

&V 25V -25v w power.
votage(v) [ o =Jooo1 [ 15 =Jis001 [ 15 =J[rase1

Amplitude = 0.02V

Measurement

Start Frequency (Hz) [ 10k =]
End Frequency (Hz)| 10M 3:

Frequency (Hz) [ 9.3W
No of Points to Average [ 10 =]
No. of PointsDecace | 30 =]

%7  Stant

Start Frequency = 10kHz
End Frequency = 10MHz

No. of Points to Average = 10
No. of Points/Decade = 30

Press Start to
run the analyzer

DC Offset = 0V
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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 FGEN amplitude to 0.02V, and DC offset to OV.

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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Measured AC Peaking — Bode Analyzer

S 8dB
peaking

Phase Margin vs ac Peaking
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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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Reset Software

=—=v_ 1. Close the Bode
e Analyzer software

2. Cycle power to restart
VirtualBench software
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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 top-
right corner. Next, cycle power on the VirtualBench by turning power off and on. This
will restart the VirtualBench software.
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VirtualBench™ Instrument Setup

[l = b P, i

1us/div, “Auto”
acquisition

\ 10kHz signal

frequency

DC coupled,
1x, 10mV/div

0.02Vpp, OV
offset, 50%
duty cycle
square wave

000025 ~

Move window to ';"5“ | +15V, 0.100A
square wave ower supply power supply

rising edge enable/disable -
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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, OV 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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1

Phase margin vs Percentage Overshoot

21°

0 20 40  55% 60 80
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Measurement Results — Overshoot

Overshoot
Percentage Overshoot= ————— 100

Step Size

11mV
Percentage Overshoot= j—rT]I-IOO = 55%

Answers OPA277

Percent overshoot 55%

Phase margin 21°
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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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Results Comparison

1. Compare the phase margin results from calculations, transient and AC
response simulations, and transient and AC response measurements.

Calculated from data sheet 28°
Simulated from transient overshoot 31°
Simulated from AC peaking 27°
Measured from transient overshoot 21°
Measured from AC peaking 23°
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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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Experiment 2
Stabilizing with R4,

#i3 Texas INSTRUMENTS
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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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Open Loop Simulation — Phase Margin
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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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Calculation - Rig¢

Zero Required for Stability
f, = 92kHz

Ot AT L AR NTE L R RRI1H < 1/p =0dB

1 1

Risn = = - =786 Q2
2m-f;Cp 2:m-92kHz2 2nF

Riso = 787 Q (nearest standard value)
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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 open-
loop 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.
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Simulation Setup — R, Overshoot

Click Analysis = Transient to run a transient simulation, showing overshoot.
Run the analysis from 100us to 250us. The input is a 20mVpk, 10kHz square wave.
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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 Oms to
150us. The input is a 20mVpk, 10kHz square wave.
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Simulation Results — R ;o Overshoot
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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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Test Board Setup — Jumpers

| JMP18 is removed:! |

_m_( Jumper, Description
- U Device

JMP17 Connects input to U7

Vin Uoutl;

I I

I I

I I

I I

I |

! | JMP18 Removed to connect isolation resistor
: U : Riso = 787Q

| 8 8 | JMP19 Connects 2.2nF load capacitance
. = |

| 8 8 I | JMP20 Monitor output across load

I |

: |OP"277| = = ! JMP48 Connects 1kQ load capacitance
b e e e Circuit 5,

JMP50 Monitor directly at U7 output

u7 Install OPA277
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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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Hardware Setup — Cables

NATIONAL
INSTRUMENTS

VirtualBench

Load
Voltage

—— Op Amp
Output
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This slide gives the new connection diagram between the Tl 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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VirtualBench™ Instrument Setup

N =t =

Sps/div, “Auto”
acquisition

\ 10kHz signal

frequency

DC coupled,
1x, 10mV/div

0.02Vpp, OV
offset, 50%

-14.992 v Hange am
0.001 & 000.034mv r - duty cycle
square wave
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The VirtualBench setup is almost the same as before. Only change the time scale to
Sus/div. All other settings must remain the same.
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Measurement Results — Rgo Overshoot

Phase margin vs Percentage Overshoot
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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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Measurement Setup — Loading Effects
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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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Measurement Results — Loading Effects

Loaded Unloaded

R,so can cause significant attenuation when under load!
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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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Experiment 3
Dual Feedback

#i3 Texas INSTRUMENTS
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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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Calculation — Dual Feedback

Ry > 100 X R;;, = 100 x 787Q = 78.7kQ  Choose R,

SXRI-SOXCLSC <10><R,-SO><CL

Find the range of C

Ry b= Ry
110pF < Cp < 220pF
Cr = 150pF Select standard value of C,

Re 78.7k

Riso 787 Vload
AR ¢

*"U7 OPA2TT

VG1 G 2.2nF R, 1k
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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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Simulation Setup — Dual Feedback

Click Analysis = Transient to run a transient simulation showing overshoot.
Run the analysis from Oms to 2ms. The input is a 1Vpk, 1kHz square wave.
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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 Oms to 2ms. The input is a 1Vpk, 1kHz square wave.

166



Simulation Results — Dual Feedback

1.00
Vin |
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1.00
Vload I |
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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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Disable Function Generator

Power button GRAY =
Function Generator OFF

000.017m ~ -
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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!

Disable DC Power Supply

--V 00.000 -.---V 15.000 -.---V- 15.000

-.---A 00.100

Power button GRAY = DC power supply OFF

NATIONAL Mixed Signal Oscilloscope FGEN TRIG
@ FINSI'RUMEN‘IS' CH1 CH2
Vituaigencn I () (O . 'ONO)
DIGITAL IfO DC POWER SUPPLY DIGITAL MULTIMETER
@GND@ GND @
I =l e e
7
7
LEDs OFF = DC power supply OFF 169
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Test Board Setup

Do not install!

Store unused e S B S S,
sttt lannonnnoooo

Install Circuit 6
only.

HEH

O
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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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Test Board Setup — Jumpers

Jumper, Description
Device

JMP21 Connects input to U8

JMP22 Connects 2.2nF load capacitance

JMP23 Monitor across the load RC.

JMP49 Connects 1k load resistance

JMP51 Monitor directly at U8 output.

L |O|:A277| Circuit 6 us Install OPA277
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To prepare the test board for the measurement, install the jumpers and devices on
circuit 6 as shown here.

Install JIMP21, IMP22, JMP23, JMP49, and JMP51. Install the OPA277 in socket US8.
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CE Pt

First:
Power supply
enable/disable

VirtualBench™ Instrument Setup

000.023mv = -

+15V , 0.100A
power supply

100ps/div, “Auto”
acquisition

\ 1kHz signal

frequency

DC coupled,
1x, 10mV/div

0.02Vpp, OV
offset, 50%
duty cycle
square wave
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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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Measurement Results — Dual Feedback

JMP49 = Installed JMP49 = Not Installed
1k Load 10kQ Load

Op Amp
Output

Load
Voltage

Dual feedback compensates for attenuation from Rgq
by increasing the op amp output voltage!

1
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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 dual-
feedback 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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Thanks for your time!

#i3 Texas INSTRUMENTS

That concludes the lab — thank you for your time!
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Updates

» Changed order of stability lab. Do body plot first to minimize resetting
of equipment

» Eliminated redundant hardware setup in noise part 2

» Added animation to 1O limit, BW, and Slew Rate hand calculation area
» Corrected slew rate calculation to be 0.8V/us

» Corrected amplifier name in slew rate calculation

i3 TEXas INSTRUMENTS
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