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Analog Engineer’s

Circuit Cookbook: Op Amps
(First Edition)

Message from the editors:

The Analog Engineer’s Circuit Cookbook: Op Amps provides operational amplifier (op amp) sub-circuit ideas that can be
quickly adapted to meet your specific system needs. Each circuit is presented as a “definition-by-example.” They include
step-by-step instructions, like a recipe, with formulas enabling you to adapt the circuit to meet your design goals. Additionally,

all circuits are verified with SPICE simulations.

We've provided at least one recommended op amp for each circuit, but you can swap it with another device if you’ve found
one that’s a better fit for your design. You can search our large portfolio of op amps at ti.com/opamps.

Our circuits require a basic understanding of op amp concepts. If you're new to op amp design, we highly recommend
completing our Tl Precision Labs (TIPL) training series. TIPL includes courses on introductory topics, such as device
architecture, as well as advanced, application-specific problem-solving, using both theory and practical knowledge. Check
out our curriculum for op amps, ADCs and more at: ti.com/precisionlabs.

We hope you find this collection of op amp circuits helpful in developing your designs. Our goal is to regularly update
the cookbook with valuable op-amp-circuit building blocks. You can check to see if your version is the latest at
ti.com/circuitcookbooks. If you have input on any of the existing circuits or would like to request additional op amp
cookbook circuits for the next edition please contact us at: opampcookbook@Iist.ti.com.

Additional resources to explore

Tl Precision Labs

ti.com/precisionlabs

e On-demand courses and tutorials ranging from introductory to
advanced concepts that focus on application-specific problem solving

e Hands-on labs and evaluation modules (EVM) available

- TIPL Op Amps experimentation platform, ti.com/TIPL-amp-evm
- TIPL SAR ADC experimentation platform, ti.com/TIPL-adc-evm

Analog Engineer’s Pocket Reference

ti.com/analogrefguide

e PCB, analog and mixed-signal design formulae; includes conversions,
tables and equations

e e-book, iTunes app and hardcopy available

The Signal e-book

ti.com/signalbook

* Op amp e-book with short, bite-sized lessons on design topics
such as offset voltage, input bias current, stability, noise and more

TI Designs

ti.com/tidesigns

¢ Ready-to-use reference designs with theory, calculations,
simulations schematics, PCB files and bench test results

TINA-TI™ simulation software

ti.com/tool/tina-ti

e Complete SPICE simulator for DC, AC, transient and noise analysis
e Includes schematic entry and post-processor for waveform math

Analog Engineer’s Calculator

ti.com/analogcalc

* ADC and amplifier design tools, noise and stability analysis,
PCB and sensor tools

Analog Wire Blog

ti.com/analogwire

e Technical blogs written by analog experts that include tips, tricks
and design techniques

TI E2E™ Community
ti.com/e2e
e Support forums for all Tl products

Op Amp Parametric Quick Search

ti.com/opamp-search

e Search for precision, high-speed, general-purpose, ultra-low-power, audio
and power op amps

Op Amp Parametric Cross-Reference
ti.com/opampcrossreference
e Find similar Tl op amps using competitive part numbers

DIY Amplifier Circuit Evaluation Module (DIYAMP-EVM)

ti.com/DIYAMP-EVM

e Single-channel circuit evaluation module providing SC70, SOT23 and SOIC
package options in 12 popular amplifier configurations

Dual-Channel DIY Amplifier Circuit Evaluation Module

(DUAL-DIYAMP-EVM)

ti.com/dual-diyamp-evm

¢ Dual-channel circuit evaluation module in an SOIC-8 package with 10
popular amplifier configurations

The platform bar is a trademark of Texas Instruments. © 2018 Texas Instruments Incorporated.
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Buffer (Follower) Circuit

Design Goals

Input Output Freq. Supply
ViMin ViMax VoMin VoMax f VCC Vee
-10V 10V -10V 10V 100kHz 15V -15V

Design Description

This design is used to buffer signals by presenting a high input impedance and a low output impedance.
This circuit is commonly used to drive low-impedance loads, analog-to-digital converters (ADC) and buffer
reference voltages. The output voltage of this circuit is equal to the input voltage.

1L
—— — Vee 15

—( Vo
U1 LM7332

+
Vi — Vcc 15

L]

Design Notes

1. Use op amp linear output operating range, which is usually specified under the Ay, test conditions.
2. The small-signal bandwidth is determined by the unity-gain bandwidth of the ampilifier.

3. Check the maximum output voltage swing versus frequency graph in the datasheet to minimize slew-
induced distortion.

4. The common mode voltage is equal to the input signal.

5. Do not place capacitive loads directly on the output that are greater than the values recommended in
the datasheet.

6. High output current amplifiers may be required if driving low impedance loads.

7. For more information on op amp linear operating region, stability, slew-induced distortion, capacitive
load drive, driving ADCs, and bandwidth please see the Design References section.
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Design Steps

The tranfer function for this circuit is given below.
Vo = V|

1. Verify that the amplifier can acheive the desired output swing using the supply voltages provided. Use
the output swing stated in the Ay, test conditions. The output swing range of the amplifier must be
greater than the output swing required for the design.

—14V =V, =14V
* The output swing of the LM7332 using +15-V supplies is greater than the required output swing of the
design. Therefore, this requirement is met.
* Review the Output Voltage versus Output Current curves in the product datasheet to verify the desired
output voltage can be acheived for the desired output current.

2. Verify the input common mode voltage of the amplifier will not be violated using the supply voltage
provided. The input common mode voltage range of the amplifier must be greater than the input signal
voltage range.

—-15.1 V=Viem=s15.1 V
* The input common-mode range of the LM7332 using +15-V supplies is greater than the required input
common-mode range of the design. Therefore, this requirement is met.

3. Calculate the minimum slew rate required to minimize slew-induced distortion.

SR>2xmxVpxf=2x17x10V x100kHz =6.28V /us

* The slew rate of the LM7332 is 15.2V/us. Therefore, this requirement is met.
4. Verify the device will have sufficient bandwidth for the desired output signal frequency.

fsignal < funity
100kHz < 7 .5MHz

» The desired output signal frequency is less than the unity-gain bandwidth of the LM7332. Therefore,
this requirement is met.
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Design Simulations
DC Simulation Results
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Design References

See TIPD128, www.ti.com/tool/tipd128

For more information on many op amp topics including common-mode range, output swing, bandwidth,
slew rate, and how to drive an ADC please see Tl Precision Labs.

Design Featured Op Amp

Design Alternate Op Amp

LM7332
Vo 2.5V to 32V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 1.6mV
lq 2mA
[ 1uA
UGBW 7.5MHz (+5-V supply)
SR 15.2V/us
#Channels 2
www.ti.com/product/LM7332
OPA192
Vs 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 5uVv
lq 1mA
Iy 5pA
UGBW 10MHz
SR 20V/us
#Channels 1,2,4

www.ti.com/product/opa192

Buffer (Follower) Circuit
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Inverting Amplifier Circuit

Design Goals

Input

Output

Freq.

Supply

ViMin

ViMax

VoMin

VoMax

Vee

-7V

v

-14V

14V

3kHz

15V

-15V

Design Description

This design inverts the input signal, V;, and applies a signal gain of —2V/V. The input signal typically
comes from a low-impedance source because the input impedance of this circuit is determined by the
input resistor, R,. The common-mode voltage of an inverting amplifier is equal to the voltage connected to
the non-inverting node, which is ground in this design.

R1 10k R2 20k
A" NN
Vce +
+ Vi
= Vcc15 Vee
L L ——( Vo
= Veels U1 TLV170

Vee

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1. Use the op amp in a linear operating region. Linear output swing is usually specified under the Ay, test
conditions. The common-mode voltage in this circuit does not vary with input voltage.

2. The input impedance is determined by the input resistor. Make sure this value is large when compared
to the source's output impedance.

3. Using high value resistors can degrade the phase margin of the circuit and introduce additional noise
in the circuit.

4. Avoid placing capacitive loads directly on the output of the amplifier to minimize stability issues.

5. Small-signal bandwidth is determined by the noise gain (or non-inverting gain) and op amp gain-
bandwidth product (GBP). Additional filtering can be accomplished by adding a capacitor in parallel to
R,. Adding a capacitor in parallel with R, will also improve stability of the circuit if high value resistors
are used.

6. Large signal performance may be limited by slew rate. Therefore, check the maximum output swing
versus frequency plot in the data sheet to minimize slew-induced distortion.

7. For more information on op amp linear operating region, stability, slew-induced distortion, capacitive
load drive, driving ADCs, and bandwidth please see the Design References section.
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Design Steps
The transfer function of this circuit is given below.

R
o)

1. Determine the starting value of R,. The relative size of R, to the signal source's impedance affects the
gain error. Assuming the signal source's impedance is low (for example, 100Q2), set R,=10kQ for 1%

gain error.
R1=10kQ
2. Calculate the gain required for the circuit. Since this is an inverting amplifier use V,;, and V., for the
calculation.
_ Vomax _ 14V - _ Vv
G= Vimin -7V 2y
3. Calculate R, for a desired signal gain of —2V/V.
__R - _ — _(oV —
G= R Ro= —GxR¢= (—ZV)X1OkQ_20kQ

4. Calculate the small signal circuit bandwidth to ensure it meets the 3kHz requirement. Be sure to use
the noise gain, or non-inverting gain, of the circuit.

GBPTLVv170 =1.2MHz
NG = (1+ FF%) =3¥

_ GBP _ 12MHz _
BW = NG — 3V = 400kHz
5. Calculate the minimum slew rate required to minimize slew-induced distortion.
SR
Vp: mﬂSR>2X‘ITXfXVp

SR>2xnx3kHzx14V=263.89%:0.26u¥S

*  SRyv170=0.4V/us, therefore it meets this requirement.

6. To avoid stability issues ensure that the zero created by the gain setting resistors and input
capacitance of the device is greater than the bandwidth of the circuit.

1 > GBP
2xx(Cem+Cyiff)x(R2IR) ~ NG
1 _ 12MHz
20kQx10kQ KAVIAYS

2xmx(3pF+3pF)* 503 110k
43 . 77MHz > 400kHz

« C,, and C,, are the common-mode and differential input capacitances of the TLV170, respectively.
« Since the zero frequency is greater than the bandwidth of the circuit, this requirement is met.

Inverting Amplifier Circuit 10 SBOA270-February 2018
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Design Simulations
DC Simulation Results
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AC Simulation Results

The bandwidth of the circuit depends on the noise gain, which is 3V/V. The bandwidth is determined by
looking at the —3dB point, which is located at 3dB given a signal gain of 6dB. The simulation sufficiently
correlates with the calculated value of 400kHz.
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Transient Simulation Results

The output is double the magnitude of the input, and inverted.
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Design References

For more information on many op amp topics including common-mode range, output swing, bandwidth,
and how to drive an ADC please visit Tl Precision Labs.

Design Featured Op Amp

Design Alternate Op Amp

TLV170
Vs +18V (36V)
Vincwm (Vee-0.1V) to (Vcec-2V)
Vout Rail-to-rail
Vos 0.5mV
lq 125pA
Iy 10pA
UGBW 1.2MHz
SR 0.4V/us
#Channels 1,2,4
www.ti.com/product/tlv170
LMV358
Veo 2.7 to 5.5V
Vinem (Ves=0.2V) to (V,—0.8V)
Vout Rail-to-rail
Vos 1.7mV
lq 210pA
I 15nA
UGBW 1MHz
SR 1V/us
#Channels 1 (LMV321), 2 (LMV358), 4
(LMV324)

www.ti.com/product/Imv358
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Non-Inverting Amplifier Circuit

Design Goals

Input Output Supply

ViMin ViMax VoMin VoMax Vcce Vee

-1V Vv -10V 10 15V -15V

Design Description

This design amplifies the input signal, V,, with a signal gain of 10V/V. The input signal may come from a
high-impedance source (for example, MQ) because the input impedance of this circuit is determined by
the extremely high input impedance of the op amp (for example, GQ2). The common-mode voltage of a
non-inverting amplifier is equal to the input signal.

R2 1.01k R1 9.09k
J_ 2% 4% %%

——( Vo

U1l OPA171

VCC 15

Design Notes

1. Use the op amp linear output operating range, which is usually specified under the Ay, test conditions.
The common-mode voltage is equal to the input signal.

2. The input impedance of this circuit is equal to the input impedance of the amplifier.

3. Using high-value resistors can degrade the phase margin of the circuit and introduce additional noise
in the circuit.

4. Avoid placing capacitive loads directly on the output of the amplifier to minimize stability issues.

5. The small-signal bandwidth of a non-inverting amplifier depends on the gain of the circuit and the gain
bandwidth product (GBP) of the amplifier. Additional filtering can be accomplished by adding a
capacitor in parallel to R,. Adding a capacitor in parallel with R, will also improve stability of the circuit
if high-value resistors are used.

6. Large signal performance may be limited by slew rate. Therefore, check the maximum output swing
versus frequency plot in the data sheet to minimize slew-induced distortion.

7. For more information on op amp linear operating region, stability, slew-induced distortion, capacitive
load drive, driving ADCs, and bandwidth please see the Design References section.
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Design Steps
The transfer function for this circuit is given below.
R
Vo=Vix(1+ 1)

1. Calculate the gain.
G= Yo_max—Vo_min
Vi_max—Vi_min

G= 10V=(A0V) _ 44y /v

1V-(-1V)
2. Calculate values for R, and R,.
—1+ R
G=1+ Ry

Choose R1=9.09kQ

_ Ry _ 90%Q _
R2=G-1= dovv)—1— 1-0TkQ

3. Calculate the minimum slew rate required to minimize slew-induced distortion.
SR>2xmxVpxf=2xmwx10V x20kHz =1.257V /s
* The slew rate of the OPA171 is 1.5V/ps, therefore it meets this requirement.

4. To maintain sufficient phase margin, ensure that the zero created by the gain setting resistors and
input capacitance of the device is greater than the bandwidth of the circuit.

1 > GBP
2x1x(Cem+Cyiff)*x(R1IR2) G
1 > 3VIHz
e 10TKQx9.09k2 ~ 10V/V
2xmx(3pF+3pF)* 3092+ 9.00kQ

29 .18MHz > 300kHz

« C,, and C,; are the common-mode and differential input capacitances of the OPA171, respectively.
» Since the zero frequency is greater than the bandwidth of the circuit, this requirement is met.
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Design Simulations
DC Simulation Results
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Design References

For more information on many op amp topics including common-mode range, output swing, and
bandwidth please visit Tl Precision Labs.

Design Featured Op Amp

Design Alternate Op Amp

OPA171
Vs 2.7V to 36V
Vincwm (Vee0.1V) to (V—2V)
Vout Rail-to-rail
Vs 250pV
lq 475pA
Iy 8pA
UGBW 3MHz
SR 1.5V/us
#Channels 1,2,4
www.ti.com/product/opa171
OPA191
Vo 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 5pVv
lq 140pA
Iy 5pA
UGBW 2.5MHz
SR 7.5Vlus
#Channels 1,2,4

www.ti.com/product/OPA191

Non-Inverting Amplifier Circuit
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Inverting Summer Circuit

Input 1

Input 2

Output

Freq.

Vi1Min

Vi1 Max

V\ZMin

Vi2Max

VoMin

VoMax

-5V

5V

—-250mV

250mVv

—4.9V

4.9V

10kHz

Design Description

This design sums (adds) and inverts two input signals, V;; and V,,. The input signals typically come from
low-impedance sources because the input impedance of this circuit is determined by the input resistors,
R, and R,. The common-mode voltage of an inverting amplifier is equal to the voltage connected to the
non-inverting node, which is ground in this design.

R3 20k

Vce

L R2 2.05k

Vee 5 — p
+ Vee
R120.5k

Vi2
— +
. ——( Vo

— — i +
Vee5 = Vit _,_— 4 U1 TLV170

— — Vce

Vee

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1. Use the op amp in a linear operating region. Linear output swing is usually specified under the Ay, test
conditions. The common-mode voltage in this circuit does not vary with input voltage.

2. The input impedance is determined by the input resistors. Make sure these values are large when
compared to the output impedance of the source.

3. Using high-value resistors can degrade the phase margin of the circuit and introduce additional noise
in the circuit.

4. Avoid placing capacitive loads directly on the output of the amplifier to minimize stability issues.

5. Small-signal bandwidth is determined by the noise gain (or non-inverting gain) and op amp gain-
bandwidth product (GBP). Additional filtering can be accomplished by adding a capacitor in parallel to
R;. Adding a capacitor in parallel with R; will also improve stability of the circuit if high-value resistors
are used.

6. Large signal performance may be limited by slew rate. Therefore, check the maximum output swing
versus frequency plot in the data sheet to minimize slew-induced distortion.

7. For more information on op amp linear operating region, stability, slew-induced distortion, capacitive
load drive, driving ADCs, and bandwidth please see the Design References section.
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Design Steps

The transfer function for this circuit is given below.
R R
o= oe -] o vizx( )

1. Select a reasonable resistance value for R,.

R3 =20k
2. Calculate gain required for V,,. For this design, half of the output swing is devoted to each input.
il = — =0.987;,=-0.1
G VitMax Vi 1Min| | 25V—(-25V) 0.98y; 0.175dB

3. Calculate the value of R,.
Gvii = FF% L Ry= K3 20KQ 56 40 =20, 5kQ (Standard Value)

Gyl ~ 0.98V/)V
4. Calculate gain required for V,,. For this design, half of the output swing is devoted to each input.
VoMaxz—VoMin 49V—(2—49V) V
GVEl = Vi v Vi 2 Wi | — | 250mV—{-250mv)| = 2-8y =19-82dB

5. Calculate the value of R,.

"Rz _ 20kQ
Gvil= g, ~R2=15,, = asviv

=2.04kQ =2 .05kQ (Standard Value)

6. Calculate the small signal circuit bandwidth to ensure it meets the 10-kHz requirement. Be sure to use
the noise gain (NG), or non-inverting gain, of the circuit. When calculating the noise gain note that R,
and R, are in parallel.

GBPopa170 =1.2MHz

L 20k ) v
NG = (1+R”R) (1 186k9) 11.75Y =21.4dB

GBP _ 12VIHz
BW="G = 1175v,v — 102kHz

« This requirement is met because the closed-loop bandwidth is 102kHz and the design goal is 10kHz.
7. Calculate the minmum slew rate to minimize slew-induced distortion.

Vp=pon > SR>2xmxfxV,
SR>2><rr><10kHz><4.9vz307.87%:0.31u¥S

*  SRgpa70=0.4V/ps, therefore it meets this requirement.

8. To avoid stability issues ensure that the zero created by the gain setting resistors and input
capacitance of the device is greater than the bandwidth of the circuit.

1 > GBP
2x1x(Cem+Cyiff)x(R1IR2IR3) ~ NG
1 > 1.2MHz

2xTTx(3pF +3pF)A7kQ ~ 11.75V/V

15 .6MHz >102kHz

*  C.,and Cy are the common-mode and differential input capacitances.
« Since the zero frequency is greater than the bandwidth of the circuit, this requirement is met.
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Design Simulations
DC Simulation Results

This simulation sweeps V,, from —2.5V to 2.5V while V,, is held constant at OV. The output is inverted and

ranges from —2.44V to 2.44V.

25

25
Vi2 held constant (0V)
Vi1 swept from -2.5V to 2.5V
) Vo=2.44V
=
[0]
g 0.0
©
>
Vo=-2.44V
25 " " " " i " " " " I i |
-25 0.0

Input voltage (Vi1)

This simulation sweeps V,, from —250mV to 250mV while V, is held constant at OV. The output is inverted

and ranges from —2.44V to 2.44V.

25—
Vi1 held constant (0V)
Vi2 swept from -250mV to 250mV
Vo0=2.44V
S
o
g 0.0
o
>
Vo=-2.44V
-25 — - — - — — — : — I

0.00
Input voltage (Vi2)

-250.00m

250.00m
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AC Simulation Results

This simulation shows the bandwidth of the circuit. Note that the bandwidth is the same for either input.
This is because the bandwidth depends on the noise gain of the circuit, not the signal gain of each input.
These results correlate well with the calculations.

20 /
]|Vvi2 BW=114.7kHz
G=19.79dB=9.76V/V
0 /
g Vit _
= J/G=021dB=098VN BW=114.86kHz
3
.20_
-40 T T ||||||| T T ||||||| T T ||||||| T T ||||||| T T ||||||| T ||||||||
10 100 1K 10k 100k M 10M

Frequency (Hz)

Transient Simulation Results

This simulation shows the inversion and summing of the two input signals. V;, is a 1-kHz, 5-V, sine wave
and V;, is a 10-kHz, 500-mV,, sine wave. Since both inputs are properly amplified or attenuated, the
output is within specification.

2.50
Vit ]
-2.50—
250.00m —
Vi2 ]
-250.00m —
4.85—
Vo ]

484 ———— S —— ——

0.00 1.50m 3.00m
Time (s)
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Design References

For more information on many op amp topics including common-mode range, output swing, bandwidth,
and how to drive an ADC please visit Tl Precision Labs.

Design Featured Op Amp

Design Alternate Op Amp

OPA170
Vs 2.7V to 36V
Vincm (Vee-0.1V) to (Vcec-2V)
Vout Rail-to-rail
Vs 0.25mV
lq 110pA
Iy 8pA
UGBW 1.2MHz
SR 0.4V/us
#Channels 1,2,4
www.ti.com/product/opa170
LMC7101
Vss 2.7V to 15.5V
Vincum Rail-to-rail
Vout Rail-to-rail
Vos 110pV
g 0.8mA
Iy 1pA
UGBW 1.1MHz
SR 1.1Vlius
#Channels 1

www.ti.com/product/Imc7101
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Difference Amplifier (Subtractor) Circuit

Design Goals

Input (Vi,-Viy) Output CMRR (min) Supply
VidiffMin Vid\ffMax VoMin VoMax dB Vcc Vee Vref
-1.25V 1.25V -2.5V 2.5V 50 2.75V -2.75V ov

Design Description

This design inputs two signals, V,; and V,,, and outputs their difference (subtracts). The input signals
typically come from low-impedance sources because the input impedance of this circuit is determined by
the resistive network. Difference amplifiers are typically used to amplify differential input signals and reject
common-mode voltages. A common-mode voltage is the voltage common to both inputs. The
effectiveness of the ability of a difference amplifier to reject a common-mode signal is known as common-
mode rejection ratio (CMRR). The CMRR of a difference amplifier is dominated by the tolerance of the

resistors.
R2 10k R4 20k
Vee AN AN { Vref
N
. Vie = Veo
Vee 2.75 = Vref
I =
= Vref0 —( Vo
+ = I U1 TLV6001
Vee 2.75 T — Vee
AN AN\
Vee R1 10k R3 20k

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1. Use the op amp in a linear operating region. Ensure that the inputs of the op amp do not exceed the
common-mode range of the device. Linear output swing is usually specified under the A, test
conditions.

2. The input impedance is determined by the input resistive network. Make sure these values are large
when compared to the output impedance of the sources.

3. Using high-value resistors can degrade the phase margin of the circuit and introduce additional noise
in the circuit.

4. Avoid placing capacitive loads directly on the output of the amplifier to minimize stability issues.

5. Small-signal bandwidth is determined by the noise gain (or non-inverting gain) and op amp gain-
bandwidth product (GBP). Additional filtering can be accomplished by adding a capacitors in parallel to
R; and R,. Adding capacitors in parallel with R; and R, will also improve stability of the circuit if high-
value resistors are used.

6. Large signal performance may be limited by slew rate. Therefore, check the maximum output swing
versus frequency plot in the data sheet to minimize slew-induced distortion.

7. For more information on op amp linear operating region, stability, slew-induced distortion, capacitive
load drive, driving ADCs, and bandwidth please see the Design References section.
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Design Steps

The complete transfer function for this circuit is shown below.

_\ R3 : R4 Rs R2 R3
VO_V'1X(_R1)+V'2)((R2+R4)x(1+ R1)jLVrefx(R2+R4)x(1+ R1)

If R, = R, and R; = R, the transfer function for this circuit simplifies to the following equation.
Vo = (Vig—Vijq) x FF% 1 Vref

*  Where the gain, G, is RJ/R,.

1. Determine the starting value of R, and R,. The relative size of R, and R, to the signal impedance of the
source affects the gain error.

R1=Ro =10kQ
2. Calculate the gain required for the circuit.
VoMax—VYoMin 2.5V—(-2.5V)

_ _ _oV _
~ VidiffMax — VidifMmin 125V —(-125V) =2y =6.02dB

3. Calculate the values for R; and R,.
V_R
G=2y = Wf—>2><R1=R3=R4=20k9
4. Calculate resistor tolerance to meet the minimum common-mode rejection ratio (CMRR). For minimum
(worst-case) CMRR, o = 4. For a more probable, or typical value of CMRR, a = 0.33.
CMRRgp zzologm(@)

axg

_ +G 3 B _ ]
€= CMRRqp 50) =0.024=0.24% —Use 0.1 % resistors

(mo( 20 ) 4x10(%

5. For quick reference, the following table compares resistor tolerance to minimum and typical CMRR
values assuming G = 1 or G = 2. As shown above, as gain increases so does CMRR.

Tolerance G=1 Minimum (dB) G=1 Typical (dB) G=2 Minimum (dB) G=2 Typical (dB)
0.01%=0.0001 74 95.6 775 99.2
0.1%=0.001 54 75.6 57.5 79.2
0.5%=0.005 40 61.6 43.5 65.2
1%=0.01 34 55.6 37.5 59.2
5%=0.05 20 41.6 235 452
Difference Amplifier (Subtractor) Circuit 24 SBOA274—February 2018

Submit Documentation Feedback
Copyright © 2018, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA274

13 TEXAS
INSTRUMENTS

www.ti.com

Design Simulations

DC Simulation Results

25—
E Vdiff=Vi2-Vi1
15—
500.0m —]
5
[oR
‘5’ -
o
-500.0m —
-1.54
25 ' | ' | ' | ' | ' |
-1.25 -750.00m -250.00m 250.00m 750.00m 1.25
Input voltage (Vdiff)
CMRR Simulation Results
40 —
Worst Case CMRR=-51.11dB
Data sheets typically depict CMRR as
a positive number.
o
=S
£ -60—
@®
o This value is referred to the output.
To refer to input, subtract the gainin dB,
which is 6dB (2V/V). Actual CMRR
e referred to the input is therefore -57.11dB
'80 T T T T T T T |
10 20

Frequency (Hz)

SBOA274—February 2018
Submit Documentation Feedback

25

Copyright © 2018, Texas Instruments Incorporated

Difference Amplifier (Subtractor) Circuit


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA274

13 TEXAS

INSTRUMENTS

www.ti.com

Design References

For more information on many op amp topics including common-mode range, output swing, bandwidth,
and how to drive an ADC please visit Tl Precision Labs. For more information on difference amplifier
CMRR, please read Overlooking the obvious: the input impedance of a difference amplifier .

Design Featured Op Amp

Design Alternate Op Amp

TLV6001
Ve 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 750uV
lq 75pA
Iy 1pA
UGBW 1MHz
SR 0.5V/us
#Channels 1,2,4
www.ti.com/product/tiv6001
OPA320
Vo 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 40upVv
lq 1.5mA
[ 0.2pA
UGBW 20MHz
SR 10V/us
#Channels 1,2

www.ti.com/product/opa320

Difference Amplifier (Subtractor) Circuit
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SBOA275-February 2018

Integrator Circuit

Input

Output

Supply

fMin fUdB

fMax

VoMin

VoMax

Vee

100Hz 1kHz

100kHz

—2.45V

2.45v

2.5V —2.5V

Design Description

The integrator circuit outputs the integral of the input signal over a frequency range based on the circuit
time constant and the bandwidth of the amplifier. The input signal is applied to the inverting input so the
output is inverted relative to the polarity of the input signal. The ideal integrator circuit will saturate to the
supply rails depending on the polarity of the input offset voltage and requires the addition of a feedback
resistor, R,, to provide a stable DC operating point. The feedback resistor limits the lower frequency range
over which the integration function is performed. This circuit is most commonly used as part of a larger
feedback/servo loop which provides the DC feedback path, thus removing the requirement for a feedback

resistor.

<
Q
o

I

Vcc 2.5

|
.

Vee 2.5

<s+—|I

Design Notes

1. Use as large of a value as practical for the feedback resistor.

R2 100M
A
R1 100k 1159
A |}
N Vee
Vin
UTTLVI002 | /o
S
N
Vos -740u=

Copyright © 2018, Texas Instruments Incorporated

2. Select a CMOS op amp to minimize the errors from the input bias current.

3. The gain bandwidth product (GBP) of the amplifier will set the upper frequency range of the integrator
function. The effectiveness of the integration function is usually reduced starting about one decade
away from the amplifier bandwidth.

4. An adjustable reference needs to be connected to the non-inverting input of the op amp to cancel the
input offset voltage or the large DC noise gain will cause the circuit to saturate. Op amps with very low
offset voltage may not require this.
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Design Steps

The ideal circuit transfer function is given below.

Vot = — g, /0Vin(®) dt

1. Set R, to a standard value.
R1=100kQ

2. Calculate C, to set the unity-gain integration frequency.
Cq ! ! =1.59nF

T 2xmxRyxfogg | 2xTx100kQx1 kHz
3. Calculate R, to set the lower cutoff frequency a decade less than the minimum operating frequency.

10 10
R 2 2xxCxfMlin 2 2xmd5onFx10Hz = 100MQ

4. Select an amplifier with a gain bandwidth at least 10 times the desired maximum operating frequency.
GBP =10 x fjggx 210 x100kHz 21 MHz

Design Simulations
AC Simulation Results

60—
E 40dB @ 10Hz
40—
20—
o .
z
£ 0
@®©
o E 0dB @ 1kHz
-20—
-40 -
[-38.6dB @ 100kHz|
'60 T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII|
1 10 100 1k 10k 100k M
Frequency (Hz)
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Transient Simulation Results

A 1-kHz sine wave input yields a 1-kHz cosine output.

100m—

Vin o]

-100m-
100m—

Vout 0!

-100m ———— ‘ ‘ ‘ ‘ ; ‘ : ‘ ‘ ‘ ‘ ‘ : ‘ |
100m 102.5m 105m
Time (s)

A 1-kHz triangle wave input yields a 1-kHz sine wave output.
100m —

Vin 4

-100m —
77.53m —

Vout _

-76.77m ——~— ; A —7 ‘ ‘ ‘ ‘ N : |
100m 102.5m 105m
Time (s)
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A 1-kHz square wave input yields a 1-kHz triangle wave output.

100m

Vin i

-100m —
186.58m —

Vout |

-136.45m

100m 102.5m 105m
Time (s)

Design References
See TIPD191, www.ti.com/tool/tipd191.
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Design Featured Op Amp

Design Alternate O

TLV9002
Vee 1.8V to 5.5V
Vincum Rail-to-rail
Vout Rail-to-rail
Vos 0.4mV
lq 0.06mA
I 5pA
uGBwW 1MHz
SR 2V/us
#Channels 1,2, 4
www.ti.com/product/tiv9002
p Amp
OPA376
Ve 2.2V to 5.5V
Vinem (Veem0.1V) to (V-1.3V)
Vout Rail-to-rail
Vos 0.005mV
g 0.76mA
Iy 0.2pA
uGBwW 5.5MHz
SR 2V/us
#Channels 1,2,4

www.ti.com/product/opa376
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] Analog Engineer's Circuit: Op Amps
I TEXAS SBOA276—February 2018

INSTRUMENTS
Differentiator Circuit

Design Goals

Input Output Supply
fMin fMax VoMin VoMax Vcc Vee Vref
100Hz 5kHz 0.1V 4.9V 5V ov 2.5V

Design Description

The differentiator circuit outputs the derivative of the input signal over a frequency range based on the
circuit time constant and the bandwidth of the amplifier. The input signal is applied to the inverting input so
the output is inverted relative to the polarity of the input signal. The ideal differentiator circuit is
fundamentally unstable and requires the addition of an input resistor, a feedback capacitor, or both, to be
stable. The components required for stability limit the bandwidth over which the differentiator function is

performed.
C115n  R11k R2 499k
| AM—1 AW
+
Vin
- Vout
+2.5V S G

£17 U1 TLV9061

TR3 100k

w1 | g
%% “TIs

00k

1

C2 100n

Copyright © 2018, Texas Instruments Incorporated

Design Notes
1. Select a large resistance for R, to keep the value of C, reasonable.

2. A capacitor can be added in parallel with R, to filter the high-frequency noise of the circuit. The
capacitor will limit the effectiveness of the differentiator function starting about half a decade
(approximately 3.5 times) away from the filter cutoff frequency.

3. A reference voltage can be applied to the non-inverting input to set the DC output voltage which allows
the circuit to work single-supply. The reference voltage can be derived from a voltage divider.

4. Operate within the linear output voltage swing (see Aol specification) to minimize non-linearity errors.
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Design Steps

The ideal circuit transfer function is given below.

dVin(t
Vout = —RoxCqx dl?()

1. Set R, to a large standard value.
Ro = 499%Q

2. Set the minimum differentiation frequency at least half a decade below the minimum operating
frequency.
Ci2 35 > 35
2xTxRoxfmin — 2xTTx499kQx100HZ

211.1 nF=15nF (Standard Value)

3. Set the upper cutoff frequency at least half a decade above the maximum operating frequency.

1 1 ~
Ri= 3 5x2xCrxfyian S T iBnEo sk = 1-2kQ =1 kQ (Standard Value)

4. Calculate the necessary op amp gain bandwidth product (GBP) for the circuit to be stable.

GBP> "R A9KQTIKL 5 gy,
2xmxR{™xCq  2x1x1 kQ“x15nF

* The bandwidth of the TLV9061 is 10MHz, therefore this requirement is met.
5. If a feedback capacitor, C¢, is added in parallel with R,, the equation to calculate the cutoff frequency

follows.
f — 1
€™ 2xmxRoxCp
6. Calculate the resistor divider values for a 2.5-V reference voltage.
— Vec—Vref _ SV-25v _
R3=" *Ra="35 *Ra=R4

R3=R4=100kQ (Standard Values)
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Design Simulations
AC Simulation Results

60

40 -|

20 [41.4dB @ 2.5kHz|

Gain (dB)

[13.4dB @ 100Hz]

-1354

-180

Phase [deg]

-225-

-270 T T T T T T LI T L R T L B T T T U
10 100 1k 10k 100k M 10M

Frequency (Hz)

Transient Simulation Results
A 2.5-kHz sine wave input yields a 2.5-kHz cosine output.

20m—

Vin i

-20m--
4.87—

Vout |

128m —~—— e
1.00m 2.25m 3.50m
Time (s)

SBOA276—February 2018 34 Differentiator Circuit

Submit Documentation Feedback
Copyright © 2018, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA276

13 TEXAS
INSTRUMENTS

www.ti.com

A 2.5-kHz square wave input produces an impulse output.

Im

Vin |

-1m-—
3.16 —

Vout

1.84

100.00u

\
1.30m

Time (s)

A 100-Hz triangle wave input yields a square wave output.

20m —

Vin 4

-20m—
2.57 —

Vout -

2.50m

2.43

im

25.5m
Time (s)

50m

Differentiator Circuit
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Design Featured Op Amp

Design Alternate O

TLV9061
Vee 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.3mV
lq 0.538mA
Iy 0.5pA
uGBwW 10MHz
SR 6.5V/us
#Channels 1,2, 4
www.ti.com/product/tiv9061
p Amp
OPA374
Vee 2.3V to 5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 1mV
lq 0.585mA
Iy 0.5pA
UGBW 6.5MHz
SR 0.4V/us
#Channels 1,2,4

www.ti.com/product/opa374
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Transimpedance Amplifier Circuit

Design Goals

Input

Output

BW

Supply

IiMin

IiMax

VoM\n

VoMax

p

Vee

0A

50pA

ov

5V

10kHz

15V

-15V

Design Description

The transimpedance op amp circuit configuration converts an input current source into an output voltage.
The current to voltage gain is based on the feedback resistance. The circuit is able to maintain a constant
voltage bias across the input source as the input current changes which benefits many sensors.

V+ C1150p
[ |
c |
+ S
Voo 15 = —= = R1 100k
¥ AAAY
— V-
C
+ o
Vee 15 = = >
) l <V>J, —( Vout
+
* U1 OPA170
V- v+

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1. Use a JFET or CMOS input op amp with low bias current to reduce DC errors.

2. A bias voltage can be added to the non-inverting input to set the output voltage for 0-A input currents.
3. Operate within the linear output voltage swing (see A, specification) to minimize non-linearity errors.
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Design Steps
1. Select the gain resistor.
R1 — VoMax*VoMin _ 5vV-0V :1OOKQ

limax 50uA

2. Select the feedback capacitor to meet the circuit bandwidth.

1
< -
C1= 2xmxRqxfp

C

1 ~
1= 5100k OkFz ~ 159pF = 150pF (Standard Value)

3. Calculate the necessary op amp gain bandwidth (GBW) for the circuit to be stable.

GBW>  CitC1 o BFHISORR o 4q g3z
2xaixRxCL 2x1rx100kQ2x(150pF)

where Cj=Cg + Cq+C¢cm =O0pF + 3pF + 3pF =6pF given
* C.: Input source capacitance
» C, Differential input capacitance of the amplifier
*  C.. Common-mode input capacitance of the inverting input
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Design Simulations
DC Simulation Results
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Design References

See TIPD176, www.ti.com/tool/tipd176.
Design Featured Op Amp

Design Alternate O

OPA170
Vee 2.7V to 36V
Vincwm (Vee=0.1V) to (V¢ —2V)
Vout Rail-to-rail
Vos 0.25mV
lq 0.11mA
Iy 8pA
UGBW 1.2MHz
SR 0.4V/us
#Channels 1,2, 4
www.ti.com/product/opa170
p Amp
OPA145
Vee 4.5V to 36V
Vincum (Vee—0.1V) to (V. —3.5V)
Vout Rail-to—rail
Vos 40uV
lq 0.445mA
Iy 2pA
UGBW 5.5MHz
SR 20V/us
#Channels 1,2, 4

www.ti.com/product/opa145

Transimpedance Amplifier Circuit
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] Analog Engineer's Circuit: Op Amps
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INSTRUMENTS

Single-Supply, Low-Side, Unidirectional Current-Sensing
Solution with Output Swing to GND Circuit

Design Goals

Input Output Supply
IiM\n IiMax VoMin VoMax Vcc Vee Vref
0A 1A ov 4.9V 5V ov ov

Design Description

This single-supply, low-side, current sensing solution accurately detects load current between 0A to 1A
and converts it to a voltage between 0V to 4.9V. The input current range and output voltage range can be
scaled as necessary and larger supplies can be used to accommodate larger swings. A negative charge
pump (such as the LM7705) is used as the negative supply in this design to maintain linearity for output
signals near OV.

R2 7.5k R3 360k

Vce Vee
—'|-_ J_—’\/\/V AAY

s L
= Vcc5 = Vee-230m -
I I Vee
— — Vi

Y <~ U10PA320
——( Vo

+
ps R4 10k

. A>

"TC R1100m Vee

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1. Use precision resistors to minimize gain error.

2. For light load accuracy, the negative supply should extend slightly below ground.

3. A capacitor placed in parallel with the feedback resistor will limit bandwidth and help reduce noise.
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Design Steps
1. Determine the transfer function.

R
Vo=lixRex (14 12
2. Define the full-scale shunt voltage and shunt resistance.

Ry Max _ 160V _ 100m
3. Select gain resistors to set the output range.
ViMaX = 100mV and VoMaX = 4 . 9V

. VoMaX . 49V _ M
Gain= 0" = foomv — 49V

in_ 1. R3_ 49V
Gain=1+ R, —49V

4. Select a standard value for R, and R,.
Ro =7.5kQ (0.05% Standard Value)

R3 =48 xRy = 360kQ2 (0.05% Standard Value)
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Design Simulations

DC Simulation Results
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Design References
See TIPD129, www.ti.com/tool/tipd129.
Design Featured Op Amp

OPA320
Vee 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 40uV
lq 1.5mA/Ch
Iy 0.2pA
UGBW 10MHz
SR 10V/us
#Channels 1,2
www.ti.com/product/opa320
Design Alternate Op Amp
TLV9002
Ve 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 400pV
lq 60uA
Iy 5pA
UGBW 1MHz
SR 2V/us
#Channels 1,2,4
www.ti.com/product/tlv9002
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Low-Side, Bidirectional Current Sensing Circuit

Design Goals

Input Output Supply
IiMin IiMa>< VoMin VoMax Vcc Vee Vref
-1A 1A 110mV 3.19v 3.3V ov 1.65V

Design Description

This single-supply low-side, bidirectional current sensing solution can accurately detect load currents from
—1A to 1A. The linear range of the output is from 110mV to 3.19V. Low-side current sensing keeps the
common-mode voltage near ground, and is thus most useful in applications with large bus voltages.

Vce

Vce -
+ U1 OPA313
v+ ——— Vo
R4 20k
A'A'A%

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1.

To minimize errors, set R; = R, and R, = R,.

2. Use precision resistors for higher accuracy.
3.
4. Low-side sensing should not be used in applications where the system load cannot withstand small

Set output range based on linear output swing (see A, specification).

ground disturbances or in applications that need to detect load shorts.
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Design Steps
1. Determine the transfer equation given R, = R, and R; = R,.

R
Vo= ('i"Rshunt x Rig) + Vref

R
VrefZVCCX(FGRB)

2. Determine the maximum shunt resistance.

Rehunt = shunt = 100MV'_ 199m0)
Imax

3. Set reference voltage.

a. Since the input current range is symmetric, the reference should be set to mid supply. Therefore,
make R; and R, equal.
Rs=Rg=10kQ

4. Set the difference amplifier gain based on the op amp output swing. The op amp output can swing

from 100mV to 3.2V, given a 3.3-V supply.

. Vomax—VoMin _ _ 32V-100mV Vv
Gain = R hunt*(ivtax ~livin) — 100mQx( A—(-1A) ~ 122 v
in= R4 _ v
Gain= Rs =15.5y

Choose R1=R3 =1.3kQ (Standard Value)
Ro=R4=15 .5% x1.3kQ =20.15 kQ = 20kQ (Standard Value)
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Design Simulations
DC Simulation Results
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Transient Simulation Results
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Design References

See TIPD175, www.ti.com/tipd175.
Design Featured Op Amp

Design Alternate O

Design Alternate O

OPA313
Vee 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 500pV
lq 50upA/Ch
I 0.2pA
UGBW 1MHz
SR 0.5V/us
#Channels 1,2,4
www.ti.com/product/opa313
p Amp
TLV9062
Vee 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 300pVv
lq 538pA/Ch
Iy 0.5pA
UGBW 10MHz
SR 6.5V/us
#Channels 1,2,4
www.ti.com/product/tiv9062
p Amp
OPA376
Ve 2.2V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 5pVv
lq 760uA/Ch
Il 0.2pA
UGBW 5.5MHz
SR 2Vlus
#Channels 1,2,4

www.ti.com/product/opa376
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Design Goals

Analog Engineer's Circuit: Op Amps
SBOA210-January 2018

3-Decade, Load-Current Sensing Circuit

Input Output Supply
IiM\n IiMax VoMin VoMax Vcc Vee Vref
10pA 10mA 100mV 4.9V 5.0v ov ov

Design Description

This single-supply, low-side, current-sensing solution accurately detects load current between 10pA and
10mA. A unique yet simple gain switching network was implemented to accurately measure the three-

decade load current range.

Vbus 5 =

li 10u

R1 25§

Design Notes
1. Use a maximum shunt resistance to minimize relative error at minimum load current.
2. Select 0.1% tolerance resistors for R,, R,, R;, and R, in order to achieve approximately 0.1% FSR gain

error.

C2 10p
| 1
|1
R2 10M
AN
C3194p
||
R 1 SWi1
Vee b = 1 AAA
l C1100n R3 511k
Vi I_
Y \ R2 —
R1 +
R4 50k VW (Vo
R5 100
M C4 1u R6 100k

U1 INA326 I

Copyright © 2018, Texas Instruments Incorporated

3. Use a switch with low on-resistance (R,,) to minimize interaction with feedback resistances, preserving
gain accuracy.

4. Minimize capacitance on INA326 gain setting pins.
5. Scale the linear output swing based on the gain error specification.
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Design Steps

1. Define full-scale shunt resistance.
Ri= ViMax _ 250mV — 250

IiMaX 1 OmA

2. Select gain resistors to set output range.

. _ VoMax _ VoMax _ 4.9V — \%
GliMax = iy = Rydigay — 250x10mA — 196y

. _ VoMin _ VoMin _ _100mV  _ \4

\Y
Grr . 50kQx400¥
Ro = R4 C25||M|n — 5 V. — 10MQ
50kQx19.6

V. = 490kQ

Ro|IR3 = R4"GzliMax — 5

— 490kQRy _ 545 o510 = 511k (Standard Value)

~ Rp—490kQ
3. Select a capacitor for the output filter.

_ 1 . 1 B
fp_ 2x1TxR5xC4 — 2xx100Qx1 uF =1.59kHz

4. Select a capacitor for gain and filtering network.

_ 1 _ 1 _
C2= 2emeRoxfy — 2xm<10MQA59kHz — 10PF

1 1
C3= 2urrx(RoRa)efy ~ 2 2err<{10MQ51 k)1 59kHz

R3

_10pF

C3=196pF =194pF (Standard Value)

3-Decade, Load-Current Sensing Circuit 51
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Design Simulations
DC Simulation Results
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Design References

See TIPD104, www.ti.com/tool/tipd104.

Design Featured Op Amp

INA326
Ve 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.1mV
lq 3.4mA
Iy 2nA
UGBW 1kHz
SR Filter limited
#Channels 1

www.ti.com/product/ina326

3-Decade, Load-Current Sensing Circuit
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Analog Engineer's Circuit: Op Amps
SBOA212-January 2018

PWM Generator Circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
-2.0V 2.0V ov 5V 5V ov 2.5V

Design Description

This circuit utilizes a triangle wave generator and comparator to generate a 500 kHz pulse-width-
modulated (PWM) waveform with a duty cycle that is inversely proportional to the input voltage. An op
amp and comparator (U; and U,) generate a triangle waveform which is applied to the inverting input of a
second comparator (U,). The input voltage is applied to the non-inverting input of U,. By comparing the
input waveform to the triangle wave, a PWM waveform is produced. U, is placed in the feedback loop of
an error amplifier (U,) to improve the accuracy and linearity of the output waveform.

Error Amplifier Comparator Triangle Wave Generator

C3,100p
11

R7 5.9k
— VWV <
U3 OPA365 -
Vref

Vee

Vsin

U2 TLV3501
Vi
Vref

U4 TLV3501

R6 10k R5 8.45k

R2 10k

. o s
3
,

\_li\/\/\,
C2100n

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1. Use a comparator with push-pull output and minimal propagation delay.

2. Use an op amp with sufficient slew rate, GBW, and voltage output swing.

3. Place the pole created by C, below the switching frequency and well above the audio range.
4. V. must be low impedance (for example, output of an op amp).
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Design Steps

1. Set the error amplifier inverting signal gain.
in— —Ra_ _4V
Gain= Rs — 1V
Select R3 =R4 =10kQ

2. Determine R, and R, to divide V, to cancel the non-inverting gain.

_ (1. Ra)[_R2
Vo_do= 1+ R |y Ry X Veef

R1=R2=R3=R4=10kQ, V4 4c=2.5V

3. The amplitude of V,; must be chosen such that it is greater than the maximum amplitude of V, (2.0V) to
avoid 0% or 100% duty cycle in the PWM output signal. Select V,, to be 2.1V. The amplitude of V, =
2.5V.

Viri (Amplitude) = E—g x V4(Amplitude)

Select Rg to be 10k, then compute Rs
_ VirilAmplitude)xRg

R5 ="V, (Ampiitude) — &+ 4k =8.45kQ (Standard Value)

4. Set the oscillation frequency to 500kHz.

L

t= 4xR7xRgxC3

Set C3 =100pF, then compute R7

- Re _ ~

Ry = 4xfpRgxC3 — 5.92kQ = 5.90kQ (Standard Value)

5. Choose C, to limit amplifier bandwidth to below switching frequency.
_ 1

fp T 2xmxR4%Cy

C4=100pF — f =159kHz
6. Select C, to filter noise from V.

C2 =100nF (Standard Value)

1 — 320Hz

R1xR2
2xxCox R1+R2

fdiv =
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Design Simulations
DC Simulation Results
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Design References

See TIPD108, www.ti.com/tool/tipd108

Design Featured Op Amp

Design Comparator

Design Alternate Op Amp

OPA2365
Vs 2.2V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 100pV
lq 4.6mA
Iy 2pA
uGBw 50MHz
SR 25V/us
#Channels 2
www.ti.com/product/opa2365
TLV3502
Vo 2.2V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 1mV
lq 3.2mA
[ 2pA
UGBW -
SR -
#Channels 2
www.ti.com/product/tiv3502
OPA2353
Vs 2.7V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 3mV
lq 5.2mA
Iy 0.5pA
uGBw 44MHz
SR 22V/us
#Channels 2

www.ti.com/product/opa2353
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AC Coupled (HPF) Inverting Amplifier Circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
—240mV 240mV 0.1V 4.9V 5V ov 5V

D

esign Description

This circuit amplifies an AC signal and shifts the output signal so that it is centered at half the power
supply voltage. Note that the input signal has zero DC offset so it swings above and below ground. The
key benefit of this circuit is that it accepts signals which swing below ground even though the amplifier
does not have a negative power supply.

C110u  R11k R4 10k
| 1 °
T 11 ANV NN
Vi
| + U1 LMV981 (v
+ — SD
Vref +8V I § R2 4.99k
== \cc +5V
— Vinp
C210u § R3 4.99k

Copyright © 2018, Texas Instruments Incorpor

Design Notes

1.

2
3.
4

R, sets the AC input impedance. R, loads the op amp output.
. Use low feedback resistances to reduce noise and minimize stability concerns.
Set the output range based on linear output swing (see A, specification).

. The cutoff frequency of the circuit is dependent on the gain bandwidth product (GBP) of the amplifier.
Additional filtering can be accomplished by adding a capacitor in parallel to R,. Adding a capacitor in
parallel with R, will also improve stability of the circuit if high-value resistors are used.
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Design Steps
1. Select R, and R, to set the AC voltage gain.
R1=1 kQ (Standard Value)

R4 =R1x|Ggc| =1 kQ x 40%‘ = 10kQ (Standard Value)

2. Select R, and R; to set the DC output voltage to 2.5V.
R3=4.99%Q (Standard Value)

_ RaxVief _ . _ 499kQx5V _ _
Ro="pes —Ra=" 5 —4-9%Q=4.9%Q
3. Choose a value for the lower cutoff frequency, f,, then calculate C,.
fiI=16Hz
_ 1 _ 1 _ -
Cl= xRyt — ZmxTkaxierz — 9+ 94uF = 10uF (Standard Value)

4. Choose a value for fy,, then calculate C,.
fgiv=6.4Hz
. _ RoxR3 _ 4.99kQ0x4.99%Q
Raiv = Ro+R3 ~ 4.99kQ+4.99%Q — 2.495kQ

_ 1 — 1 = =
Co= DRy <lgy — 2xTTx2ABKOBAZ — 9.96uF =10uF (Standard Value)

5. The upper cutoff frequency, f,, is set by the noise gain of this circuit and the gain bandwidth (GBW) of
the device (LMV981).

GBW =1.5MHz
L Rg 10kQ _ .4V
Gn0|se—1+ R1 —1+ 1kQ —11V
f= OBW. _ 1MHz _ 436 3«HZ
Gnoise 11V
Y
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Design Simulations
AC Simulation Results

20
ﬁ‘
N Gac=10V/V
S
< fL=16.04Hz [ H=129.06kHz
£
[©)
-40
0,
=)
(0] |
=
[0) K
@
3]
£
o
-300 ; ] ‘ ] ‘ 1
100m 100 100k 100MEG
Frequency (Hz)
Transient Simulation Results
240
Vi (V)
-240m
57
Vinp (V)
07
57
Vo (V) i
0
0 4m 8m
Time (s)
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Design References

See TIPD185, www.ti.com/tool/tipd185.

Design Featured Op Amp

Design Alternate Op Amp

LMV981
Vee 1.8V to 5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs TmV
lq 116pA
l 14nA
UGBW 1.5MHz
SR 0.42V/us
#Channels 1,2
www.ti.com/product/Imv981-n
LMV771
Ve 2.7V to 5V
Vincm Vee 10 (V—0.9V)
Vout Rail-to-rail
Vs 0.25mV
lq 600pA
[ —0.23pA
UGBW 3.5MHz
SR 1.5Vius
#Channels 1,2

www.ti.com/product/Imv771

AC Coupled (HPF) Inverting Amplifier Circuit
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Analog Engineer's Circuit: Op Amps
SBOA224—February 2018

AC Coupled (HPF) Non-Inverting Amplifier Circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
—240mV 240mV 0.1V 4.9V 5V ov 5V

Lower Cutoff Freq. (f,)

Upper Cutoff Freq. (f,)

AC Gain (G,.)

16Hz

= 1MHz

10VIV

Design Description

This circuit amplifies an AC signal, and shifts the output signal so that it is centered at one-half the power
supply voltage. Note that the input signal has zero DC offset so it swings above and below ground. The
key benefit of this circuit is that it accepts signals which swing below ground even though the amplifier
does not have a negative power supply.

C115u

4 R1 1k R4 9k
l | | AN AN
Vre_f_+5V
R2 4.99k § 4 b= y
- o
C26.8u U1 TLV9062 (
| 81, 1
e +
| L Z
Vinp Vce +5V
+  R34.99% §
Vi

—_ Copyright © 2018, Texas Instruments Incorporated

Design Notes
1. The voltage at V,,, sets the input common-mode voltage.

2. R, and R; load the input signal for AC frequencies.
3. Use low feedback resistance for low noise.
4. Set the output range based on linear output swing (see A, specification of op amp).
5. The circuit has two real poles that determine the high-pass filter —3dB frequency. Set them both to
f./1.557 to achieve —3dB at the lower cutoff frequency (f,).
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Design Steps

1. Select R, and R, to set the AC voltage gain.
R1=1 kQ (Standard Value)

R4 =Rqx(Gac-N =1 kQx (10% _1) — %Q (Standard Value)

2. Select R, and R, to set the DC output voltage (Vpc) to 2.5V, or mid—supply.
R3 =4.99%Q (Standard Value)

Ry= "3 Vief _ Ry 49KV _ 4 9900 — 4. 99k

Vpc 2.5V
3. Select C, based on f_ and R;.
f_ = 16Hz
Ci= 1 L — 15 . 5uF = 15,F (Standard Value)

fL |~ 2xarx1kQx10.3Hz
e
4, Select C, based on f, R,, and R;.

. _ RoxR3 _ 4.9%0x4.99%Q
Raiv = Ro+R3 ~ 4.99kQ+4.9%Q — 2,495

_ 1 _ 1 _
Co= . | = 2xx2.495k0x10.3Hz — 6.4uF — 6. 8uF(StandardValue)
2"T'"‘Rdlv"( )

1.557

5. The upper cutoff frequency (f,) is set by the non-inverting gain of this circuit and the gain bandwidth
(GBW) of the device (TLV9062).

fy— GBW oéTLV9062 _ 10M\|;|z _ 1 MHz
ac 10+,
\Y,
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Design Simulations
AC Simulation Results

20+
] ~ /
' [fL=15.6Hz] [Gac =10V/V] [fH=1.02MHz]
—~ 04
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-40
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90
& 45
S,
b 0
g
n_ '45
-90
-1354—— - —
100m 1k 10k 100k 1OOM
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Transient Simulation Results
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SBOA224—February 2018 64 AC Coupled (HPF) Non-Inverting Amplifier Circuit

Submit Documentation Feedback
Copyright © 2018, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA224

I

TEXAS
INSTRUMENTS

www.ti.com

Design References

See TIPD185, www.ti.com/tool/tipd185.

Design Featured Op Amp
TLV9062
Vee 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 300pV
lq 538uA
Iy 0.5pA
uGBw 10MHz
SR 6.5V/us
#Channels 1,2,4
www.ti.com/product/tiv9062
Design Alternate Op Amp
OPA192
Vee 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 5uVv
lq 1mA/Ch
ly 5pA
uGBwW 10MHz
SR 20V/us
#Channels 1,2,4
www.ti.com/product/opa192
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Band Pass Filtered Inverting Attenuator Circuit

Analog Engineer's Circuit: Op Amps
SBOA213-February 2018

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
100mV,, 50V, 1MV, 500mV,, 15V -15V ov

Design Description

This tunable band-pass attenuator reduces signal level by —40dB over the frequency range from 10Hz to
100kHz. It also allows for independent control of the DC output level. For this design, the pole frequencies
were selected outside the pass band to minimize attenuation within the specified bandwidth range.

C11u  R1100k R2 1k
\4 ANV
+ C21.2n
|1
Vi I
- Vee
k R3 8.2 .
Vce N MV { Vo
+ U1 OPA1612 _L
T. gl
Vee 15 = . Vcee I
Vref 0 =
- +
Vee 15 = 1
Vee Copyright © 2018, Texas Instruments Incorporated

Design Notes
1. If a DC voltage is applied to V, be sure to check common mode limitations.
2. Keep R; as small as possible to avoid loading issues while maintaining stability.

3. Keep the frequency of the second pole in the low-pass filter (f ;) at least twice the frequency of the first
low-pass filter pole (f,,).
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Design Steps
1. Set the passband gain.

in= —R2_ _ V=
Gain= — 22 = —0.01y; (—40dB)
Rq=100kQ

R>=0.01 xR1=1 kQ
2. Set high-pass filter pole frequency (f,,) below f,.
fi=10Hz,fy1 =2.5 Hz

3. Set low-pass filter pole frequency (f,, and f ;) above f,.
fn=100kHz

fp2 = 150kHz
fp3 22 x fip = 300kHz
fp3 = 300kHz
4. Calculate C, to set the location of f,.

_ 1 _ 1 _ ~
Ci= xRl — 2mA00K<2ZEHZ — 0.636 uF =1 uF (Standard Value)

5. Select components to set f, and ;.
R3 = 8.2Q (provides stability for cap loads up to 100nF)
_ 1 _ 1
C2= SrxRo+Rajrfpz — 2mx1008.20x150kHz

=1052pF =1200pF (Standard Value)

_ 1 — 1 = ~
C3= ZxRaxs — 2mx8.200x300kHzZ =64.7 nF =68nF (Standard Value)
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Design Simulations
DC Simulation Results

The amplifier will pass DC voltages applied to the noninverting pin up to the common mode limitations of

the op amp (x13V in this design)
AC Simulation Results

-40.00—

-45.00

(dB)

-50.00

In

Ga

-55.00

-60.00

fh = 100kHz
Gain = -40.5dB

fl = 10Hz
Gain = -40.11dB

T T T

10

Transient Simulation Results

25.00—

Vi 0.00]

-25.00—
249.86m—

Vo 0.00-

T T T

100

LR

1k
Frequency (Hz)

LR

10k

LR

100k

LR

1IMEG

-248.95m
0.00

1.00m 2.00m 3.00m

Time (s)
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Design References

See TIPD118, www.ti.com/tool/tipd118.
Design Featured Op Amp

Design Alternate O

OPA1612
Vss 4.5V to 36V
Vincum Ve +2V to Vo —2V
Vout V0.2V to V0.2V
Vos 100pV
lq 3.6mA/Ch
I 60nA
UGBW 40MHz
SR 27Vlus
#Channels 1,2
www.ti.com/product/opa1612
p Amp
OPA172
Vs 4.5V to 36V
Vinem Vee—100mV to V 2V
Vout Rail-to-rail
Vos 200uV
lq 1.6mA/Ch
Iy 8pA
UGBW 10MHz
SR 10V/us
#Channels 1,2, 4

www.ti.com/product/opa172

Band Pass Filtered Inverting Attenuator Circuit
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Design Goals

Analog Engineer's Circuit: Op Amps
SBOA227-February 2018

Half-Wave Rectifier Circuit

Input

Output

Supply

ViM\n ViMax

VOM\n

VoMax

Vee

£0.2mV,, 4V,

0.1V,

2v,

2.5V

—2.5V

Design Description

The precision half-wave rectifier inverts and transfers only the negative-half input of a time varying input
signal (preferably sinusoidal) to its output. By appropriately selecting the feedback resistor values, different
gains can be achieved. Precision half-wave rectifiers are commonly used with other op amp circuits such

as a peak-detector or bandwidth limited non-inverting amplifier to produce a DC output voltage. This
configuration has been designed to work for sinusoidal input signals between 0.2mV,, and 4V, at

frequencies up to 50kHz.

R1 750

R

750

Vi

r}

-

U1 OPA322

Vee 2.5

SD1

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1. Select an op amp with a high slew rate. When the input signal changes polarities, the amplifier output

must slew two diode voltage drops.

2. Set output range based on linear output swing (see A, specification).

3. Use fast switching diodes. High-frequency input signals will be distorted depending on the speed by
which the diodes can transition from blocking to forward conducting mode. Schottky diodes might be a
preferable choice, since these have faster transitions than pn-junction diodes at the expense of higher

reverse leakage.

4. The resistor tolerance sets the circuit gain error.
5. Minimize noise errors by selecting low-value resistors.
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Design Steps
1. Set the desired gain of the half-wave rectifier to select the feedback resistors.

Vo = Gain x Vj
i _ R _
Gain= R~ 1

Rf = R1 = 2 X Req
*  Where R, is the parallel combination of R, and R,

2. Select the resistors such that the resistor noise is negligible compared to the voltage broadband noise
of the op amp.

Enr:\ 4XkaTXReq

£ 2
Reqs " = (Enbb)
4xkpxTx3
2
(7.5x1o*9)
[Hz  4x1381x10"23x298x3?
Rf=R1=760Q — 750Q (Standard Value)

—7.50V _ — 3800

Design Simulations
DC Simulation Results

2.3 2
. | Output is linear until input reaches -2.3V
1.8 -
S 1.4
@
(=]
© 7
=)
= 912.1m -
455.4m
00— 1) ' | ' |
-2.50 -1.25 0.00 1.25 2.50
Input voltage (V)
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Transient Simulation Results

100m —
Vi 01

-100m -
100m —

80m—§
60m —;

20m -

03

~20M —— T T T T T T T

im 2m 3m 4m 5m
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o
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2.0

1.0
Vi 0.0

-1.0+

2.0
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Vo g800.0m3

400.0m-=
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Design Featured Op Amp

Design Alternate O

OPA322
Vs 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 500pV
lq 1.6mA/Ch
Iy 0.2pA
uGBwW 20MHz
SR 10V/ps
#Channels 1,2, 4
www.ti.com/product/opa322
p Amp
OPA2325
Vs 2.2V to 5.5V
Vincm Rail-to-rail
Vout Rail-to-rail
Vs 40pVv
lq 0.65mA/Ch
Iy 0.2pA
UGBW 10MHz
SR 5V/us
#Channels 2u

www.ti.com/product/opa2325

Half-Wave Rectifier Circuit
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Design Goals

Analog Engineer's Circuit: Op Amps

SBOA217-January 2018

Full-Wave Rectifier Circuit

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
25mV 10V 25mV 10V 15V -15V ov

Design Description

This absolute value circuit can turn alternating current (AC) signals to single polarity signals. This circuit
functions with limited distortion for £10-V input signals at frequencies up to 50kHz and for signals as small
as +25mV at frequencies up to 1kHz.

R1 1k R2 1k
A'AY MV
D1 1N4148 Vee
SZ C1 47p T
Vee —
Bl
- U2 TLV172
N\ U1 TLVI72 D2 1N4148
N -
+ 1 |1
+
|1 o
N &
Vi
e
Vce
- Vce

Design Notes
Be sure to select an op amp with sufficient bandwidth and a high slew rate.
For greater precision look for an op amp with low offset voltage, low noise, and low total harmonic

1.
2.

distortion (THD).

Copyright © 2018, Texas Instruments Incorporated

The resistors were selected to be 0.1% tolerance to reduce gain error.

Selecting too large of a capacitor C, will cause large distortion on the transition edges when the input
signal changes polarity. C; may not be required for all op amps.

Use a fast switching diode.
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Design Steps
1. Select gain resistors.
a. Gain for positive input signals.

Vo _ 4V
Vi 'V

b. Gain for negative input signals.
Vo_ Ry_ Vv
Vi~ R \%

2. Select R, and R, to reduce thermal noise and to minimize voltage drops due to the reverse leakage
current of the diode. These resistors will appear as loads to U, and U, during negative input signals.

R1=R2=1 kQ

3. R, biases the non-inverting node of U, to GND during negative input signals. Select R, to be the same
value as R, and R,. U; must be able to drive the R; load during positive input signals.

Rz=1 kQ
4. Select C, based on the desired transient response. See the Design Reference section for more
information.
C1=47pF
Full-Wave Rectifier Circuit 75 SBOA217-January 2018
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Design Simulations
Transient Simulation Results
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Design References

See TIPD139, www.ti.com/tool/tipd139.
Design Featured Op Amp

Design Alternate O

TLV172
Vee 4.5V to 36V
Vincm Vee to (Vcc-2V)
Vout Rail-to-rail
Vs 0.5mV
lq 1.6mA/Ch
l 10pA
UGBW 10MHz
SR 10V/us
#Channels 1,2,4
www.ti.com/product/tlv172
p Amp
OPA197
Vee 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 25uV
lq 1mA/Ch
Iy 5pA
UGBW 10MHz
SR 20V/us
#Channels 1,2,4

www.ti.com/product/opa197

Full-Wave Rectifier Circuit
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] Analog Engineer's Circuit: Op Amps
I TEXAS SBOA214—February 2018

INSTRUMENTS

Single-Supply, Low-Input Voltage Full-Wave
Rectifier Circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
5mVpp 400mVpp 2.5mVpp 200mVpp 5V -0.23V ov

Design Description

This single-supply precision absolute value circuit is optimized for low-input voltages. It is designed to
function up to 50kHz and has excellent linearity at signal levels as low as 5mVpp. The design uses a
negative charge pump (such as LM7705) on the negative op amp supply rails to maintain linearity with
signal levels near OV.

R‘1 1K R‘7 1K

VWV A

Vee

Ve

=

—ll— 3

——( Vo

Vee
Vee -230m U1B OPA350
Jv\ R3 1k Vee
AAA
+ s D1 1N4148
( U1A OPA350 N
. ™~J

Vee

||—|i;|+—|

Vi

U2 OPA350

Veo
Copyright @ 2018, Texas Instruments Incorporated

Design Notes

1. Observe common-mode and output swing limitations of op amps.

2. R; should be sized small enough that the leakage current from D, does not cause errors in positive
input cycles while ensuring the op amp can drive the load.

3. Use a fast switching diode for D,.

4. Removing the input buffer will allow for input signals with peak-to-peak values twice as large as the
supply voltage at the expense of lower input impedance and slight gain error.

5. Use precision resistors to minimize gain error.
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Design Steps
1. Circuit analysis for positive input signals.

R1 R2
A M
k0 1k0
sV
R3 —( Vo
—\A\N——
+ 1kQ
023V

Vi

||Hﬁ

Copyright ® 2018, Texas Instruments Incorporated

=[G

Vi TRy
Vo = V|
2. Circuit analysis for negative input signals.
R1 R2
AN AN
1k 1k
BV
5V
R3 v
D—( (V]

-0.23V
023V

Vi D1 1N4148

||}—|}—‘
!

Copyright @ 2018, Texas Instruments Incorporated

Yo_(_Re) _-

Vi T TRy
VOZ —V|
3. Select Ry, Ry, and R;.
Vo_ _R2
Vi R

If Ro=Rq thenVgy= —V,;
SetR1=Ro=R3=1 kQ
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Design Simulations
Transient Simulation Results
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g ]
)
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Design References
See TIPD124, www.ti.com/tool/tipd124.
Design Featured Op Amp

OPA350
Vo 2.7V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 150pV
lq 5.2mA/Ch
Iy 0.5pA
UGBW 38MHz
SR 22V/us
#Channels 1,2,4
www.ti.com/product/opa350
Design Alternate Op Amp
OPA353
Vs 2.7V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 3mv
g 5.2mA
Iy 0.5pA
UGBW 44MHz
SR 22V/us
#Channels 1,2,4
www.ti.com/product/opa353
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Analog Engineer's Circuit: Op Amps

SBOA218-January 2018

Slew Rate Limiter Circuit

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
-10V 10V -10V 10V 15V -15V ov

Design Description

This circuit controls the slew rate of an analog gain stage. This circuit is intended for symmetrical slew rate
applications. The desired slew rate must be slower than that of the op amp chosen to implement the slew

rate limiter.

Design Notes

~ U1 OPA192
. V4 ps
Voa1

Op Amp Gain Stage

Vee

Slew Rate Limiter C1470n R1 1.69k

Vce

U2 OPA192

{ Vo
‘% RLoad 10k

Copyright © 2018, Texas Instruments Incorporated

1. The gain stage op-amp and slew rate limiting op amp should both be checked for stability.

2. Verify that the current demands for charging or discharging C, plus any load current out of U, will not
limit the voltage swing of U..
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Design Steps
1. Set slew rate and choose a standard value for the feedback capacitor, C,.

C1=470nF
\
SR=20¢
2. Choose the value of R, to set the capacitor current necessary for the desired slew rate.

_ ey
SR= [

\ IC1 N
20; = 470nF where lc,=9.4 A
Gain stage op amp Vgat = 114 .995 (typical)

V.

o, = Vsat
Cq Ry
9.4 A= 14-,‘;’{25\’, 0 Ry = 1.595 MQ = 1.6MQ (Standard Value)

3. Compensate feedback network for stability. R, adds a pole to the 1/p network. This pole should be
placed so that the 1/p curve levels off a decade before it intersects the open loop gain curve (200Hz,
for this example).

1

_ 1 _ ~
200Hz = ITRx470nE’ S° R1=1.693 kQ = 1.69kQ (Standard Value)
Slew Rate Limiter Circuit 83 SBOA218-January 2018
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Design Simulations
Transient Simulation Results

9.37u

IC1

-9.37u—
10.00

-10.00—
10.00 —

Vo [ Slew Rate = 19.94V/s|

-10.00-
15.00 —

Voal

-15.00 ' T ' T ' T ' |
0.00 2.75 5.50 8.25 11.00
Time (s)

AC Simulation Results

0.00

-12.50 [-3dB Frequency = 11.39kHz|

-25.00+

Gain (dB)

-37.50+

-50.00
0.00

-33.754

-67.50+

Phase [deg]

-101.25+

-135.00

T L | T AL | T L | T L | T R |
10.00 100.00 1.00k 10.00k 100.00k 1.00MEG
Frequency (Hz)
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Design References

See TIPD140, www.ti.com/tool/tipd140.

Design Featured Op Amp

Design Alternate Op Amp

OPA192
Ve 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 5pVv
lq 1mA/Ch
Iy 5pA
UGBW 10MHz
SR 20V/us
#Channels 1,2,4
www.ti.com/product/opa192
TLV2372
Vee 2.7V to 16V
Vincm Rail-to-rail
Vout Rail-to-rail
Vos 2mvV
lq 750uA/Ch
Iy 1pA
UGBW 3MHz
SR 2.1V/us
#Channels 1,2,4

www.ti.com/product/tlv2372

Slew Rate Limiter Circuit
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Analog Engineer's Circuit: Op Amps
SBOA216—February 2018

Single-Ended Input to Differential Output Circuit

Design Goals

Input Output Supply
ViMin ViMax VoDiﬁMin VoDifHVIax Vcc Vee Vref
0.1V 2.4V -2.3V 2.3V 2.7V ov 2.5V

Design Description

This circuit converts a single ended input of 0.1V to 2.4V into a differential output of +2.3V on a single 2.7-
V supply. The input and output ranges can be scaled as necessary as long as the op amp input common-
mode range and output swing limits are met.

R6 49.9k

Design Notes
Op amps with rail-to-rail input and output will maximize the input and output range of the circuit.
Op amps with low V,, and offset drift will reduce DC errors.
Use low tolerance resistors to minimize gain error.
Set output range based on linear output swing (see A,, specification).

Keep feedback resistors low or add capacitor in parallel with R, for stability.

1.

ok wbd

R5 49.9k

R4 49.9k

C1100n
—

R2 49.9k
MV
R1 49.9k
—— AANN—¢
R3 49.9k
U2 OPA344

Vo-

VoDiff
g

Vo+

U1 OPA344

Copyright © 2018, Texas Instruments Incorporated
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Design Steps

1. Buffer V, signal to generate V,,.
Vo+ =V

2. Invert and level shift V., using a difference amplifier to create V,_.

R
Vo- :(Vref—Vo+)x(ﬁﬁ)

3. Select resistances so that the resistor noise is smaller than the amplifier broadband noise.

En = 30% (Voltage noise from op amp)
\ z

If Ri=R2=R3=R4=49.9%Q then

_ (] 2 (] 2 nv
Enr = | 4xkBxTx(RiR2)|"+(| 4xkBxTx(Rs[Ra)) =287 (<Eny)
4. Select resistances that protect the input of the amplifier and prevents floating inputs. To simplify the bill
of materials (BOM), select R; = Rq.
Rs=Rg=49.%Q

Single-Ended Input to Differential Output Circuit 87 SBOA216—February 2018
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Design Simulations

DC Simulation Results

2.30 7

1.15 —

0.00 —

VoDiff(V)

-1.15 —

-2.30

100.00m

T
675.00m

AC Simulation Results
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0
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o
|
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S
o
\

@
S
\

-40
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100

1k

10k
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Design References

See TIPD131, www.ti.com/tool/tipd131.

Design Featured Op Amp

Design Alternate Op Amp

OPA344
Ves 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 0.2mVv
lq 150pA
Iy 0.2pA
UGBW 1MHz
SR 0.8V/us
#Channels 1,2, 4
www.ti.com/product/opa344
OPA335
Vs 2.7V to 5.5V
Vinem Vee—0.1V to V —1.5V
Vout Rail-to-rail
Vos MY,
Iy 285pA/Ch
Iy 70pA
UGBW 2MHz
SR 1.6Vius
#Channels 1,2

www.ti.com/product/opa335

Single-Ended Input to Differential Output Circuit
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Analog Engineer's Circuit: Op Amps
I ’.{‘IE)S({ARSUMENTS SBOA261-February 2018

Inverting Op Amp With Inverting Positive Reference
Voltage Circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
-5V -1V 0.05V 3.3V 5V ov 5V

Design Description

This design uses an inverting amplifier with an inverting positive reference to translate an input signal of
-5V to —1V to an output voltage of 3.3V to 0.05V. This circuit can be used to translate a negative sensor
output voltage to a usable ADC input voltage range.

R2 1.04k R1 845
N ’ 4%%Y

¥ R3 5.56k

1 = Vref5 { Vo

U1 TLV9062
+
= Vcc 5

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1. Use op amp linear output operating range. Usually specified under Ay, test conditions.
Common mode range must extend down to or below ground.

Vs output must be low impedance.

Input impedance of the circuit is equal to R..

Choose low-value resistors to use in the feedback. It is recommended to use resistor values less than
100kQ. Using high-value resistors can degrade the phase margin of the amplifier and introduce
additional noise in the circuit.

6. The cutoff frequency of the circuit is dependent on the gain bandwidth product (GBP) of the amplifier.
Additional filtering can be accomplished by adding a capacitor in parallel to R,. Adding a capacitor in
parallel with R, will also improve stability of the circuit if high-value resistors are used.

o s~
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Design Steps
R R
o iR v

1. Calculate the gain of the input signal.

' _ Vo_max—Vo_min _ 3.3V-0.05V _ \
Ginput = Viimax—Vimin  -NV-(-5V) =0.8125y

2. Calculate R, and R.,.
Choose R{=845Q

Ro= ol = Rl 104 ko
Ginput  0.8125Y

3. Calculate the gain of the reference voltage required to offset the output.

R
Gref= R_;

R R
— Vi_min X (R*;) — Vref X (Ri;l,) =Vo_min
R
Rq Vo_min+Vi_min X(Rig) 0.05V+(-1 V)(1804‘1'5k(§22) V
R — - . =0.1525)

4. Calculate R;.

3:GR71:84759V:5_54 kQ=5.56 kQ
ref 0'1525V

Inverting Op Amp With Inverting Positive Reference Voltage Circuit g4 SBOA261-February 2018
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Design Simulations

DC Simulation Results
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AC Simulation Results
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Design References
See Designing Gain and Offset in Thirty Seconds.

Design Featured Op Amp
TLV9062
Vo 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.3mV
lq 538uA
Iy 0.5pA
UGBW 10MHz
SR 6.5V/us
#Channels 1,2,4
www.ti.com/product/tiv9062
Design Alternate Op Amp
OPA197
Vs 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 25uV
lq 1mA
Iy 5pA
UGBW 10MHz
SR 20V/us
#Channels 1,2,4
www.ti.com/product/opa197

SBOA261—-February 2018
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Non-Inverting Op Amp With Inverting Positive Reference

Voltage Circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
2V 5V 0.05V 4.95V 5V ov 2.5V

Design Description

This design uses a non-inverting amplifier with an inverting positive reference to translate an input signal
of 2V to 5V to an output voltage of 0.05V to 4.95V. This circuit can be used to translate a sensor output
voltage with a positive slope and offset to a usable ADC input voltage range.

R2 777 R1 1k
AN AN
+
= Vref25
R3 402 . —( Vo
A4 * : U1 TSVO12

Vi R4 1 Vce 5

1

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1.
2.

Use op amp linear output operating range. Usually specified under A, test conditions.

Check op amp input common mode voltage range. The common mode voltage varies with the input
voltage.

V. must be low impedance.
Input impedance of the circuit is equal to the sum of R; and R,.

Choose low-value resistors to use in the feedback. It is recommended to use resistor values less than
100kQ. Using high-value resistors can degrade the phase margin of the amplifier and introduce
additional noise in the circuit.

The cutoff frequency of the circuit is dependent on the gain bandwidth product (GBP) of the ampilifier.
Adding a capacitor in parallel with R, will improve stability of the circuit if high-value resistors are used.
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Design Steps
_\. Ra \(Ri+R2) _ R1
Vo=Vix| i, |\ “Rg 2 )~ Veer gy
1. Calculate the gain of the input to produce the largest output swing.

R R1+R
Vo_max—Vo_min :( Ra )(R1+R2)
Vi_max—Vi_min R3+R4 Ro
4.95V-0.05V __ ( R4 )( R1+R2)

5V_2V Rs+Rs )l Ry
V_[ R Ri+Ro
1,633y = (s R, )| "Ry

2. Select a value for R; and R, and insert the values into the previous equation. The other two resistor
values must be solved using a system of equations. The proper output swing and offset voltage cannot
be calculated if more than two variables are selected.

Ri=R4=1 kQ

1_633%:( 1kQ )(1 kQ+R2)

R3+1kQ Ro

3. Solve the previous equation for R ; in terms of R ,.
_ 1MQ+(1kQxRp)
R3="""1633R, 1T ko

4. Select any point along the transfer function within the linear output range of the amplifier to set the
proper offset voltage at the output (for example, the minimum input and output voltage).

R R+R R
Vo_min = Vi_min X (R’;:,T4R4)( 1;2 2)—Vref X (R7;)
0.05V=2Vx( 1kQ )(1kQ+R2)_Vrefx(@)

R3+1kQ Ro Ro
5. Insert R; from step 3 into the equation from step 4 and solve for R,.
1kQ 1kQ+Ro 1kQ
0.05V=2Vx — Vyef X
1TMQ+1 KQxRy ( R2 ) re ( R2 )
“TegaxRy o 1KQH1KQ

Ry =777.2Q=777Q

6. Insert R, calculation from step 5, and solve for R.
Ra— 1MQ+(1kQxRy

) _
1633xRy 1k
_ IMQ+1kQx(777Q) _ ~
Ra= 1633(777%) 1 kQ =400.49Q=402Q
Non-Inverting Op Amp With Inverting Positive 95 SBOA262-February 2018
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Design Simulations
DC Simulation Results
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Design References

See Tl Precision Lab Videos on Input and Output Limitations.

Design Featured Op Amp

Design Alternate O

TSV912
Vs 2.5V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.3mV
lq 550pA
Iy 1pA
UGBW 8MHz
SR 4.5V/us
#Channels 1,2,4
www.ti.com/product/tsv912
p Amp
OPA191
Vo 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 50V
lq 140pA/Ch
Iy 5pA
UGBW 2.5MHz
SR 5.5V/us
#Channels 1,2,4

www.ti.com/product/opa191

Non-Inverting Op Amp With Inverting Positive
Reference Voltage Circuit
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Non-Inverting Op Amp With Non-Inverting Positive
Reference Voltage Circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
-1V 3V 0.05V 4.95V 5V ov 2.5V

Design Description

This design uses a non-inverting amplifier with a non-inverting positive reference to translate an input
signal of —1V to 3V to an output voltage of 0.05V to 4.95V. This circuit can be used to translate a sensor
output voltage with a positive slope and negative offset to a usable ADC input voltage range.

R2 1.37k R1 1k

———(Vo
U1 MCP6292

+
= Vcc b
Vi R4 1k
-
T Vref25
Copyright © 2018, Texas Instruments Incorporated

Design Notes
1. Use op amp linear output operating range. Usually specified under Ay, test conditions.

2. Check op amp input common mode voltage range.

3. V., output must be low impedance.

4. Input impedance of the circuit is equal to the sum of R; and R,.

5. Choose low-value resistors to use in the feedback. It is recommended to use resistor values less than
100kQ. Using high-value resistors can degrade the phase margin of the amplifier and introduce
additional noise in the circuit.

6. The cutoff frequency of the circuit is dependent on the gain bandwidth product (GBP) of the amplifier.

7. Adding a capacitor in parallel with R, will improve stability of the circuit if high-value resistors are used.
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Design Steps

L R4 R1+R2 R3 R1+R2
Vo=Vix |y, || WRa 2 ) Veer o | s 2

1. Calculate the gain of the input voltage to produce the desired output swing.

Gy — [ R4 |(R+R2
input = R3+R4 Ry
R R1+R
Vo_max —Vo_min = (Vi_max _Vi‘min)( R3+4R4 )(1R722)
Vo_max—Vo_min :( R4 )(R1+R2)

Vi_max—Vi_min R3+R4 /1 R2
4.95v70.05v_( R4 )(R1+R2)

3V-(-V) R3+Rg R>
[ R4 R1+R2 )
1.225V = (R3+R4 )( Ro

2. Select a value for R, and R, and insert the values into the previous equation. The other two resistor
values must be solved using a system of equations. The proper output swing and offset voltage cannot
be calculated if more than two variables are selected.

R1=R4=1 kQ

[ 1kQ \[1kQ+Ry
1'225V_(R3+1k9)( = )

3. Solve the previous equation for R; in terms of R,.
_ 1TMQ+(1kQxRo

)
R3=""1225.R, 1K
4. Select any point along the transfer function within the linear output range of the amplifier to set the
proper offset voltage at the output (for example, the minimum input and output voltage).

Ry R4 \(R1+R2 Rz \(Ri+R2
Vo_mln—Vl_mlnx(R3+R4)( R2 )+Vrefx(R3+R4 R2

_ 1kQ+Ro R3 1kQ+Ro
0.05V=—1 Vx (R3+1 kQ)( Ry )*2'5\/" (R3+1 kQ)( Ry
5. Insert R; into the equation from step 1 and solve for R,.
TMQH1KQR2 4
- 1kQ 1kQ+Ro 1225xRy 1kQ+Ro
0.05V=—1 Vx +2.5V %
1 MQ+1kQxRo ( Ro ) 1 MQ+1kQxRo ( Ro )
T1205R, -1kQ+1kQ T 1225xRy -1kQ+1kQ
R2=1360.5Q =1370Q
6. Insert R, into the equation from step 1 to solve for R;.
~ 1MQ+1kQx(13700Q)
R3a="1225q13700) 1 K@
R3=412.18Q=412Q
Non-Inverting Op Amp With Non-Inverting Positive 99 SBOA263—January 2018
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Design Simulations
DC Simulation Results
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Design References

See Designing Gain and Offset in Thirty Seconds.

Design Featured Op Amp

Design Alternate O

MCP6292
Vs 2.4V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.3mV
lq 600pA
Iy 1pA
UGBW 10MHz
SR 6.5V/us
#Channels 1,2,4
www.ti.com/product/MCP6292
p Amp
OPA388
Veo 2.5V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 0.25uV
lq 1.9mA
[ 30pA
UGBW 10MHz
SR 5V/us
#Channels 1,2,4

www.ti.com/product/opa388
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Inverting Op Amp With Non-Inverting Positive Reference

Voltage Circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
-1V 2V 0.05V 4.95V 5V ov 1.259v

Design Description

This design uses an inverting amplifier with a non-inverting positive reference voltage to translate an input
signal of —1V to 2V to an output voltage of 0.05V to 4.95V. This circuit can be used to translate a sensor
output voltage with a positive slope and negative offset to a usable ADC input voltage range.

R2 6.81k R111.1k
A% A%
+
Vi
N ( Vo
N
U1 TLV9001

Vref 1.25

AL L
1

Copyright © 2018, Texas Instruments Incorporated

Design Notes

1.

ok w0bd

Use op amp linear output operating range. Usually specified under A, test conditions.
Amplifier common mode voltage is equal to the reference voltage.

V. can be created with a voltage divider.

Input impedance of the circuit is equal to R..

Choose low-value resistors to use in the feedback. It is recommended to use resistor values less than
100kQ. Using high-value resistors can degrade the phase margin of the amplifier and introduce
additional noise in the circuit.

The cutoff frequency of the circuit is dependent on the gain bandwidth product (GBP) of the ampilifier.

Additional filtering can be accomplished by adding a capacitor in parallel to R,. Adding a capacitor in
parallel with R, will also improve stability of the circuit, if high-value resistors are used.

SBOA264

—February 2018
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Design Steps
Vo= —Vix [} L Vyerx 14 R0
0= Ry ref Ry

1. Calculate the gain of the input signal.

Ginput = - %
Vo_max — VYo_min = (Vi_max —Vi_min)( —%)
_Ri_ _ Vo max—Vomin _ _ 495V-0.05V _ —1.633¥
R2 Vi_max—Vi_min 2V-(-1V) \Y
2. Select R, and calculate R;.
Ro=6.81 kQ

R1:Ginputh2:1.633¥x6.s1 kQ=11.123kQ=11.1 kQ (Standard Value)

3. Calculate the reference voltage.

R R
Vo_min= — Vi_max ¥ (R_;) + Vref % (1+ R—;)

_ 1111 kQ 1111 kQ
0.05V = —2V><( 6.81 kO )+Vref"(1+ 6.81 kQ )

R
Vo_min+Vi_max X | 0.05V+2Vx 11.11 kQ
V. R2 6.81 kQ
ref = R =1.259V
1R (1+11.11kQ
Ro 6.81 kQ
Inverting Op Amp With Non-Inverting Positive 103 SBOA264—February 2018
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Design Simulations
DC Simulation Results
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AC Simulation Results
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Design References

See Designing Gain and Offset in Thirty Seconds.
Design Featured Op Amp

TLV9001
Vo 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.4mV
lq 60uA
Iy 5pA
UGBW 1MHz
SR 2Vius
#Channels 1,2,4
www.ti.com/product/tiv9002
Design Alternate Op Amp
OPA376
Vs 2.2V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 5pv
lq 760pA
[ 0.2pA
UGBW 5.5MHz
SR 2Vlius
#Channels 1,2,4
www.ti.com/product/opa376
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Comparator With and Without Hysteresis Circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
ov 5V ov 5V 5V oV 5V
V, (Lower Threshold) V, (Upper Threshold) Vy =V,
2.3V 2.7V 0.4v

Design Description

Comparators are used to compare two different signal levels and create an output based on the input with
the higher input voltage. Noise or signal variation at the comparison threshold will cause the comparator
output to have multiple output transitions. Hysteresis sets upper- and lower-threshold voltages to eliminate
the multiple transitions caused by noise.

Vi Voo 0V Vee 0V
U1
53 U2 TLV3201 _(Vo 7 TLV3201
<) Vnoise Vref 5V Vref 5V
+ Vce 5V R4
Vtriangle R1 100K
100k
it R3
576k
R2 R5
100k 100k
Comparator With Hysteresis Comparator Without Hysteresis

Copyright © 2018, Texas Instruments Incorporated

Design Notes
1. Use a comparator with low quiescent current to reduce power consumption.

2. The accuracy of the hysteresis threshold voltages are related to the tolerance of the resistors used in
the circuit.

3. The propagation delay is based on the specifications of the selected comparator.
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Design Steps
1. Select components for the comparator with hysteresis.
a. SelectV,, V,, and R,.
VL =2.3V
Vy=2.7V
R1=100kQ (Standard Value)
b. Calculate R,.

VL 23V _
Ro= Voo Vi R1= gy 57y * 100k =100k (Standard Value)
c. Calculate R,.
Vv 23V _ -
R3= ViV, xR1= > 23y > 100kQ = 575kQ = 576kQ2 (Standard Value)
d. Verify hysteresis width.
—V = RixR2
VH=VL= RyRp+RaRo)+ (RixR) * Vee
100kQx100kQ x5V — 0.399V

~ (576kQx100kQ)+(576kQx100k2)+ (100k2x100k2)
2. Select components for comparator without hysteresis.

a. SelectV,and R, .
Vih=2.5V

R4 =100k (Standard Value)
b. Calculate R;.

_ Vi _ 25V _
Rs = Voo Vi Ra= 5,5 5y * 100k =100kQ (Standard Value)
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Design Simulations
Transient Simulation Results
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SBOA219-January 2018 108 Comparator With and Without Hysteresis Circuit

Submit Documentation Feedback
Copyright © 2018, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA219

13 TEXAS
INSTRUMENTS

www.ti.com

Design References

See TIPD144, www.ti.com/tool/tipd144.

Design Featured Comparator

TLV3201
Ve 2.7V to 5.5V
Vinem Extends 200mV beyond either rail
Vout (Veet230mV) to (V,—210mV) @ 4mA
Vos imV
lq 40pA
I 1pA
UGBW -
SR -
#Channels 1,2
www.ti.com/product/tiv3201
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Window Comparator Circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
ov 5V ov 36V 5V ov 2.5V
V, (Lower Threshold) V,, (Upper Threshold) Upper to Lower Threshold Ratio
1.66V 3.33v 2

Design Description

This circuit utilizes two comparators in parallel to determine if a signal is between two reference voltages.
If the signal is within the window, the output is high. If the signal level is outside of the window, the output
is low. For this design, the reference voltages are generated from a single supply with voltage dividers.

<
o

¢ V|

i)
c

Vce 5 Vpu 10

I
I

Vcee

R3 10k §

Vh)———9

R2 10k § *
( Vo

Vce
D
Iy
Vtri Vce {
+
+

Vpu

Rp 5.1k
U2 TLV1701

vID>—9

Vref

U1 TLV1701
R1 10k

4A"A%

— Copyright © 2018, Texas Instruments Incorporated

Design Notes
1. The input should not exceed the common mode limitations of the comparators.

2. If higher pullup voltages are used, R, should be sized accordingly to prevent large current draw. The
TLV1701 supports pullup voltages up to 36V.

3. Comparator must be open-drain or open-collector to allow for the ORed output.
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Design Steps
1. Define the upper (V) and lower (V) window voltages.

_ Ri+Ro
VH = VCC X R1+R2+R3 = 3 33 V

_ R4 _
VL=Vec* g ipaig, =166V

Vi Ry 3.33V
v, = 1R, = 166V =2

2. Choose resistor values to achieve the desired window voltages.
VH _ Rz _

A =1+ =250 Ry =Rq
R1=Rpy= 10kQ (Selected standard values)
Ry = RiYes — (Ry+Ry)

R3= 12k§6*\§v —20kQ =10 .12 kQ = 10kQ (Standard Value)

Design Simulations
Transient Simulation Results

10.00 —
7.50
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£
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H
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Design References

See TIPD178, www.ti.com/tool/tipd178.

Design Featured Op Amp

SBOA221-January 2018

TLV1702
Ve 2.2V to 36V
Vinem Rail-to-rail
Vout Open Collector (36V Max)
Vs 2.5mV
lq 75uA/Ch
I 15nA
Rise Time 365ns
Fall Time 240ns
#Channels 1,2,4

www.ti.com/product/tlv1702
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Photodiode Amplifier Circuit

Input Output BW Supply
IiMin IiMax VoMin VoMax fp Vcc Vee Vref
0A 2.4pA 100mV 4.9V 20kHz 5V ov 0.1v

Design Description

This circuit consists of an op amp configured as a transimpedance amplifier for amplifying the light-
dependent current of a photodiode.

C13.3p
I
1|
R1 2M
AV
Vref N (Vo
i(v)] Z=csip M1 U1 OPA322
R2 13 7k
AN
.
= C21u—— §R:wan = VCCH

FPhotodiode Model

Copynght @ 2018, Texas Instruments Incorporated

Design Notes

1.

2.
3.

A bias voltage (V) prevents the output from saturating at the negative power supply rail when the
input current is OA.

Use a JFET or CMOS input op amp with low bias current to reduce DC errors.
Set output range based on linear output swing (see A, specification).
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Design Steps
1. Select the gain resistor.
Ry= VoMax—VoMin _ 4.9V-0.V _ 51

limax 24A

2. Select the feedback capacitor to meet the circuit bandwidth.

1
<_
C1= 2xmxRqxfp

C <3.97pF = 3. 3pF (Standard Value)

< 1
1 sSsS
2xx2MQ x20kHz
3. Calculate the necessary op amp gain bandwidth (GBW) for the circuit to be stable.

GBW> CitC1 o 200F3BF 470,
2xRCE 2xTTx2MQx(3.3pF

where Cj=Cj+Cq+Ccm=11pF + 5pF + 4pF = 20pF given

* C;: Junction capacitance of photodiode

« C, Differential input capacitance of the amplifier

* C,,: Common-mode input capacitance of the inverting input
4. Calculate the bias network for a 0.1-V bias voltage.

VCC_

— Vec— Vref
R2_ Vref XR3

_ 5v-0.v
R2="own *R
Ro =49 xRj3
Closest 1% resistor values that yield this relationship are
Ro =13 .7kQ and R3 =280Q

5. Select C, to be 1yF to filter the V,; voltage. The resulting cutoff frequency is:

_ 1 _ 1 .
fp_ 2x1xC2x(R2IR3) T 2x1x1 nFx(13.7k1280) = 580Hz
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Design Simulations

DC Simulation Results
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AC Simulation Results
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Design References

See TIPD176, www.ti.com/tool/tipd176.

Design Featured Op Amp

Design Alternate Op Amp

OPA322
Vee 1.8V to 5.5V
Vincm Rail-to-rail
Vout Rail-to-rail
Vos 0.5mV
lq 1.6mA/Ch
[ 0.2pA
UGBW 20MHz
SR 10V/us
#Channels 1,2,4
www.ti.com/product/opa322
LMP7721
Ve 1.8V to 5.5V
Vincw Voo to (V. —1V)
Vout Rail-to—rail
Vs 26pV
lq 1.3mA/Ch
[ 3fA
UGBW 17MHz
SR 10.43V/us
#Channels 1

www.ti.com/product/Imp7721
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Texas Instruments Incorporated (‘TI”) technical, application or other design advice, services or information, including, but not limited to,
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developing applications that incorporate TI products; by downloading, accessing or using any particular TI Resource in any way, you
(individually or, if you are acting on behalf of a company, your company) agree to use it solely for this purpose and subject to the terms of
this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl
products, and no additional obligations or liabilities arise from TI providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources.
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(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
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anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that
might cause harm and take appropriate actions. You agree that prior to using or distributing any applications that include TI products, you
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ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TlI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

You agree to fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.

This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, Tl products and services.
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