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(Second Edition)

Message from the editors:

The Analog Engineer’s Circuit Cookbook: Amplifiers provides amplifier 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 amplifier 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 amplifiers at ti.com/amplifiers.

Ouir circuits require a basic understanding of amplifier concepts. If you’re new to amplifier 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 operational amplifiers (op amps), analog-to-digital converters (ADCs) and more at:

ti.com/precisionlabs.

We hope you find this collection of amplifier circuits helpful in developing your designs. Our goal is to regularly update
the cookbook with valuable ampilifier 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 amplifier
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-Data
Converters-evm

Analog Engineer’s Pocket Reference

ti.com/analogrefguide

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

® e-book, iTunes and Android apps 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

e 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

e 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 Circuit Quick Search and Parametric Search

ti.com/opamp-search

e Search our operational amplifier portfolio by entering key parameters or by
selecting a circuit function

Op Amp Parametric Cross-Reference
ti.com/opampcrossreference
e Find similar TI Amplifiers 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

Want more circuits?

* Download the Analog Engineer’s
Circuit Cookbook for data converters

* Browse a complete list of amplifier
and data converters circuits

Visit ti.com/circuitcookbooks

The platform bar is a trademark of Texas Instruments. © 2019 Texas Instruments Incorporated.
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Buffer (follower) circuit

Input

Output

Freq.

Supply

ViMin

ViMax

VoMin

VoMax

f

Vee

-10V

1ov

-10V

1ov

100kHz

15v

-15Vv

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.

—( Vo

Vi

Design Notes

1.
2.
3.

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

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

The common mode voltage is equal to the input signal.

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

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

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

The transfer function for this circuit follows:
VO = Vi

1. Verify that the amplifier can achieve 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
e 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 achieved 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<V, <15.1 V

e 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=2x1mx10V x 100kHz=6.28V / pus
e 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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6 Submit Documentation Feedback
Copyright © 2018-2019, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA269A

13 TEXAS

INSTRUMENTS

www.ti.com

Design Simulations
DC Simulation Results
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Design References
See the Analog Engineer's Circuit Cookbooks for Tl's comprehensive circuit library.

For more information, see the Capacitive Load Drive Verified Reference Design Using an Isolation
Resistor Tl Design.

See the circuit SPICE simulation file SBOC491 — http://www.ti.com/lit/zip/sboc491.

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

Design Alternate Op Amp

LM7332
Vs 2.5V to 32V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 1.6mV
lq 2mA
Iy 1pA
UGBW 7.5MHz (£5-V supply)
SR 15.2V/ius
#Channels 2
www.ti.com/product/LM7332
OPA192
Vs 4.5V to 36V
Vinem Rail-to-rall
Vout Rail-to-rall
Vs 5uv
lq 1mA
Iy 5pA
UGBW 10MHz
SR 20Vl/ps
#Channels 1,2, 4

www.ti.com/product/opal92

The following device is for battery-operated or power-conscious designs outside of the original design
goals described earlier, where lowering the total system power is desired.

LPV511
Vs 2.7V to 12V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.2mVv
lq 1.2pA
Iy 0.8nA
uGBwW 27KHz
SR 7.5V/ms
#Channels 1
www.ti.com/product/lpv511
Revision History
Revision Date Change
A January 2019 Downscale title.
Added LPV511 table in the Design Alternate Op Amp section.
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Inverting amplifier circuit

Input

Output

Freq.

Supply

ViMin

ViMax

VoMin

VoMax

Vee

-7V

A%

-14V

14v

3kHz

15v

-15Vv

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

—( Vo
U1 TLV170

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 A, test
conditions. The common-mode voltage in this circuit does not vary with input voltage.

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

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

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

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.

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.

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.
Vo=Vix (-§)

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, 100Q), set R,=10kQ for 1%

gain error.
R, = 10kQ
2. Calculate the gain required for the circuit. Since this is an inverting amplifier use Vi, and Vg, for the
calculation.
Vomax __ 14V __ \
C=vo=-w="%

3. Calculate R, for a desired signal gain of —2V/V.
G=— R Ry= — GxRy= — (-2) x 10kQ = 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.
GBPTLV17O = 1 . 2MHZ (
NG= 1+F =3y

GBP 1.2MHz
BW= S — 12Uz _ 400kHz

5. Calculate the minimum slew rate required to minimize slew-induced distortion.
Vo= 5oR i — SR>2xmxfxV,

2xmxf

SR> 2 x 1 x 3kHz x 14V = 263. 89%/ = 0. 26,

e SRy;.170=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
ZXWX(Ccm+Cdm)x(R2"R1) NG
1 1.2MHz

20k X 10kQ 3V/V
2xmwx 3pF+3pF x 20kQ+ 10kQ /

43 . 77TMHz > 400kHz

>

 C.,and Cy 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.
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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

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit SPICE simulation file SBOC492.

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)
Vincm (Vee-0.1V) to (Vcc-2V)
Vout Rail-to-rail
Vos 0.5mV
lg 125pA
Iy 10pA
UGBW 1.2MHz
SR 0.4Vlus
#Channels 1,2, 4
www.ti.com/product/tiv170
LMV358
Ve 2.7t0 5.5V
Vincm (Vee=0.2V) to (V—0.8V)
Vout Rail-to-rail
Vos 1.7mv
lq 210pA
Iy 15nA
UGBW 1MHz
SR 1V/us
#Channels 1 (LMV321), 2 (LMV358), 4
(LMV324)

www.ti.com/product/Imv358

Revision History

Revision

Date

Change

A

January 2019

Downscale title.
Added link to circuit cookbook landing page.
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Non-inverting amplifier circuit

Design Goals

Input Output Supply

ViMin ViMax VoMin VoMax Vcce Vee

-1V v -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, GQ). 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

U1 OPA171

VCC 15

Design Notes

1.

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

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

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

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

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.

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.

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.
Vo=Vix (14 ¢)

1. Calculate the gain.

vo max_vo min (
G = Vlimax_v\:min (
G= W= =10V _ qpov /V
1V— =1V

2. Calculate values for R; and R,.
G=1+§
Choose R;=9.09kQ

_ Ry 9.09kQ _
Re= g 7= vy =5 = 107k

3. Calculate the minimum slew rate required to minimize slew-induced distortion.
SR>2xmxVyxf=2x1mx 10V x 20kHz= 1.257V / us
e The slew rate of the OPA171 is 1.5V/us, 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.

! GBP
2X1T><(Ccm+Cdm)x(R1"R2) G (
1 < 3MHz

2xTx 3pF4 3pF x 1-0kaX9.00k0 10V/V

1.01kQ+ 9. 090

29. 18MHz > 300kHz

 C.,and Cy 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

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit SPICE simulation file SBOC493.

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

OPA171
Vs 2.7V to 36V
Vincwm (Vee=0.1V) to (V—2V)
Vout Rail-to-rall
Vs 250pv
lq 475pA
Iy 8pA
UGBW 3MHz
SR 1.5V/us
#Channels 1,2, 4
www.ti.com/product/opal71
Design Alternate Op Amp
OPA191
Vs 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 5uv
lq 140pA
Iy 5pA
uGBwW 2.5MHz
SR 7.5Viys
#Channels 1,2,4
www.ti.com/product/OPA191
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to '‘Amplifiers'.

Added link to circuit cookbook landing page.
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Inverting summer circuit

Input 1

Input 2

Output

Freq.

VilMin

VilMax

V\ZMin

ViZMax

VoMin

VDMBX

-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.

Vce

L R2 2.05k

Vee 5 = p
+ Vee
R1 20.5k

Vi2
B g (Vo

— — P +
Vee5 = Vil —,_— 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 A, test
conditions. The common-mode voltage in this circuit does not vary with input voltage.

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

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

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

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.

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.

. 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.
Vo=Vi i X (= f)+ Vi x (- §)

1. Select a reasonable resistance value for R,.

R, = 20kQ
2. Calculate gain required for V,;. For this design, half of the output swing is devoted to each input.
G = o = 0.98Y = — 0.175dB
3. Calculate the value of R1
Gyl =) — Ri= ‘GW‘ = gasvy = 20.4kQ =20 . 5kQ (Standard Value)
4. Calculate gain required for Viz. For this design, half of the output swing is devoted to each input.
5. Calculate the value of R,.
Gvol = ) — Ra= |§f,2| = sy = 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.

GBPopai70 = 1.2MHz ( ) ( )
NG = 1+% = 14+ 2 =11.75% =21.4dB
BW— S — 2%, — 102kHz

e 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.
Y :WHSR>2xnxfxv
SR> 2 x 1 x 10kHz x 4. 9V = 307.87% = 0.31%

us
*  SRopai7e=0.4V/us, 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
2x1% (Cont Carr ) x (Ry IR, [IR;) ~ NG
1 2MHz

2xmwXx 3pF+43pF x1.7kQ 11.75V [V

15.6MHz > 102kHz

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

SBOA272A—-February 2018—-Revised January 2019
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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
Vi2 held constant (0V)
Vil swept from -2.5V to 2.5V
) V0=2.44V
>
]
E 0.0
°
>
Vo=-2.44V
25 " " " " i " " " " I i |
-25 0.0

Input voltage (Vil)

25

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—
Vil held constant (OV)
Vi2 swept from -250mV to 250mV
Vo=2.44V
S
Q
3 0.0
o
>
Vo=-2.44V
-25 — T — T — — T — T T |
-250.00m 0.00

Input voltage (Vi2)

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 /
J|Vvi2 BW=114.7kHz
G=19.79dB=9.76V/V
0 /
g Vil _ -
< 1/G=021dB=0.98V/V BW=114.86kHz
5]
o
.20_
-40 T |||||||| T |||||||| T |||||||| T |||||||| T |||||||| T ||||||||
10 100 1k 10k 100k 1M 10M
Frequency (Hz)

Transient Simulation Result

S

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,,
output is within specification.

sine wave. Since both inputs are properly amplified or attenuated, the

2.50 —

Vil _

-2.50—

250.00m —

Vi2 i

-250.00m —

4.85 —

Vo ]
-4.84

0.00

[
1.50m

Time (s)

3.00m

Inverting summer circuit
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit SPICE simulation file SBOC494.

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

OPA170
Vs 2.7V to 36V
Vinem (Vee-0.1V) to (Vcc-2V)
Vout Rail-to-rall
Vos 0.25mV
lq 110pA
Iy 8pA
UGBW 1.2MHz
SR 0.4Vlius
#Channels 1,2, 4
www.ti.com/product/opal70
Design Alternate Op Amp
LMC7101
Vs 2.7V to 15.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 110pv
lq 0.8mA
Iy 1pA
uGBwW 1.1MHz
SR 1.1V/ps
#Channels 1
www.ti.com/product/Imc7101
Revision History
Revision Date Change
A January 2019 Downscale title. Updated title role to 'Amplifiers'.

Added link to circuit cookbook landing page.
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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 Ji NN NN { Vref
N Vi2 =
Vee 2.75 = Vref I Ve
T =
= Vref0 —( Vo
+ = I U1 TLV6001
Vee 2.75 — — Vee
I NN AV

Vee
Vil =

i

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.

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.

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

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

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.

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.
Vo= Vig % (= F) + Vip % (g5 ) x (14 §2) + Vref x (R x (14 F2)

If R, = R, and R; = R, the transfer function for this circuit simplifies to the following equation.
Vo= (Vip—V;q) x {2 + Vref
« Where the gain, G, is R.J/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 - R2 - 10kQ
2. Calculate the gain required for the circuit.

J— VoMavaoMm I 25V7(725V) — M —
G= Vigitax — Vit~ 1.25V—(—1.25V) 2V =6.02dB

3. Calculate the values for R; and R,.
G=2y= R —2xR;=Ry=R,=20kQ
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, o = 0.33.

CMRRy = 20log10( 1S ( | ()

= 1+ 6 = 3 =0.024=0.24%— Use 0.1 % resistors
CMRRgB 50
ax10 20 4%x10 20

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 61.6 435 65.2
1%=0.01 34 55.6 375 59.2
5%=0.05 20 41.6 235 45.2
Difference amplifier (subtractor) circuit o4 SBOA274A—February 2018—-Revised January 2019
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Design Simulations
DC Simulation Results

25—
E Vdiff=Vi2-Vil
15—
500.0m —;
5
Qo
‘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
=
£ -60—
T
. 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 T |
10 20
Frequency (Hz)
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Design References
See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit SPICE simulation file SBOC495.

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

TLV6001
Vs 1.8V to 5.5V
Vincm Rail-to-rail
Vout Rail-to-rail
Vs 7500V
ly 75uA
ly 1pA
UGBW 1MHz
SR 0.5V/us
#Channels 1,24
www.ti.com/product/tiv6001

Design Alternate Op Amp

OPA320
Vs 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 40pvV
lq 1.5mA
Iy 0.2pA
uGBw 20MHz
SR 10V/us
#Channels 1,2
www.ti.com/product/opa320

Revision History

Revision Date Change

A January 2019 Downscale title.
Added link to circuit cookbook landing page.
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Two op amp instrumentation amplifier circuit

Design Goals

Input Vipi(Viz - Vir) Output Supply
ViDiff_Min ViDiff_Max VoMin VoMax Vcc Vee Vref
+/-1V +/-2V -10VvV +10V 15V -15V ov
Vem Gain Range
+/-10V 5V/IV to 10VIV

Design Description

This design amplifiers the difference between V;; and V,, and outputs a single ended signal while rejecting
the common—mode voltage. Linear operation of an instrumentation amplifier depends upon the linear
operation of its primary building block: op amps. An op amp operates linearly when the input and output
signals are within the device’s input common-mode and output—swing ranges, respectively. The supply
voltages used to power the op amps define these ranges.

Rg 7.87k
A%

T R3 5.1k R2 20k

I——5
< 3
g

R4 20k V-
Vref 0 Vref VWV - R15.1k

. ———
+ U2 TLV171 ( Vo

L 7uiTvin

L:III*
C1100n

v+ +

1 vit(/ vi2 v+
V- R

I—lIk—

Design Notes

1. R, sets the gain of the circuit.

2. High—value resistors can degrade the phase margin of the circuit and introduce additional noise in the
circuit.

3. The ratio of R, and R, set the minimum gain when R, is removed.

4. Ratios of R,/R; and R,/R; must be matched to avoid degrading the instrumentation amplifier's DC
CMRR and ensuring the V, gain is 1V/V.

5. Linear operation is contingent upon the input common—mode and the output swing ranges of the
discrete op amps used. The linear output swing ranges are specified under the A, test conditions in
the op amps datasheets.

SBOA281-December 2018 Two op amp instrumentation amplifier circuit

Submit Documentation Feedback 27
Copyright © 2018, Texas Instruments Incorporated



http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA281

i3 TEXAS
INSTRUMENTS

www.ti.com

Design Steps
1. Transfer function of this circuit.
Vo= Vipitt X G+ Vier = (Vip — Vi1) X G+ V¢
when V=0, the transfer function simplifies to the following equation:
Vo= (Vip— V1) xG

where G is the gain of the instrumentation amplifier and G=1+ %-‘r&

2. Select R, and R; to set the minimum gain.
Gmin=1+ &' =5y
Choose R4 = 20kQ
Gmm— 1 + ZOKQ — 5V

Ry= ot = % = 5kQ — Ry;=5.1kQ (Standard Value)

3. Select R; and R,. Ensure that R,/R, and R,/R, ratios are matched to set the gain applied to the
reference voltage at 1V/V.
V&r;:'=< )X (-g)=ghR =1y

R=RoR= R3 =5.1kQand R, = R, = 20kQ (Standad Value)

4. Select R to meet the desired maximum gain G = 10V/V.
G_1+ R4+ 2R2:1+ 52(?]7(%4_ 2x20kQ_ 1OV/V
Ry=8kQ— Rg = 7.87 kQ (Standard Value)

Two op amp instrumentation amplifier circuit SBOA281-December 2018
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Design Simulations
DC Simulation Results

11.00—

V0=9.8V when Vdiff=1
regardless of the

Q common-mode voltage

2

)

ElO.OO*

o

>

9.00 F—————"———T———— T

-10.00 0.00 10.00
Common-Mode voltage (Vcm)
Transient Simulation Results
997.45m —
Vil

-997.45m —
997.45m —

Vi2 ]

-997.45m —
2.00—

NAVAVAVAVAY

0.00 2.50m 5.00m
Time (s)

499.70m—
Vil

-499.56m —
499.56m—;

Vi2 ]

-499.70m —
1.00

Vi2 - Vil 3
-1.00-
10.00 —

Vo /\ A A

-10.00 : /
0.00 2.50m 5.00m
Time (s)
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References:

TI Precision Labs

akrwndE

Design Featured Op Amp

Analog Engineer's Circuit Cookbooks
SPICE Simulation File SBOMAU7

Veum VS. Vour plots for instrumentation amplifiers with two op amps
. Common-mode Range Calculator for Instrumentation Amplifiers

Design Alternate Op Amp

TLV171
Vss 4.5V to 36V
Vinem (Vee—0.1V) to (V—2V)
Vout Rail-to—rail
Vos 0.25mV
lq A475pA
l, 8pA
UGBW 3MHz
SR 1.5V/us
#Channels 1,2,4
www.ti.com/product/tivi71
OPA172
Vo 4.5V to 36V
Vincm (Vee—0.1V) to (V. —2V)
Vout Rail-to-rail
Vs 0.2mV
lq 1.6mA
[ 8pA
UGBW 10MHz
SR 10V/us
#Channels 1,2,4

www.ti.com/product/opal72

Two op amp instrumentation amplifier circuit
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Analog Engineer's Circuit: Amplifiers
SBOA282—-December 2018

Common-
Input Vigisr (Viz - Via) mode Voltage Output Supply
Vi diff Min Vi diff Max ch VoMin VoMax Vcc Vee Vref
-0.5v +0.5V 7V -5V +5V +15V -15V ov

Design Description

This design uses 3 op amps to build a discrete instrumentation amplifier. The circuit converts a differential
signal to a single-ended output signal. Linear operation of an instrumentation amplifier depends upon
linear operation of its building block: op amps. An op amp operates linearly when the input and output
signals are within the device’s input common-mode and output swing ranges, respectively. The supply
voltages used to power the op amps define these ranges.

V+

| U3 TLV171 R2 10k
+ s — AW AN
= g  Vref R1 10k
Vee 15 = by Vi1
5 | 9
>
-l-_ = Vref0 V-
V_
. C I R6 10k
Vee 15 = S = |
o R10
_—,_ 3 L 2.21k —(Vo
- Vem= : R5 10k U1 TLV171
L ——MW—
v I
- V- V+
vi2 JD
¥ R3 10k R4 10k
—AMA— Vref

U2 TLV171
V+

Design Notes

1. Use precision resistors to achieve high DC CMRR performance

2. R, sets the gain of the circuit.

3. Add an isolation resistor to the output stage to drive large capacitive loads.
4

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

5. Linear operation is contingent upon the input common-mode and the output swing ranges of the
discrete op amps used. The linear output swing ranges are specified under the A, test conditions in
the op amps datasheets.
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Design Steps
1. Transfer function of this circuit:
Vo= (Vig— Vi) X G+ Vi
When V=0, the transfer function simplifies to the following equation:
Vo= (V= Vi1) xG

Ra

where G= fex 14 %38

R10
2. Select the feedback loop resistors Ry and Rg:
Choose R;= Rgz= 10kQ (Standard Value)

3. Select Ry, R,, R;, R,. To set the Vref gain at 1V/V and avoid degrading the instrumentation amplifier's
CMRR, ratios of R,/R; and R,/R,; must be equal.
Choose R;=R,=R3;=R,= 10 kQ (Standard Value)

4. Calculate Ry, to meet the desired gain:

G=Rx(1+%2)=10y ( )
R4:R3:1OKQ
—G= 14+ 20E — 10y — 1+ %€ — 107
B2 =9y — Ryo= 249 =22222Q — Ryp=2.21kQ (Standard Value) 1)

5. To check the common-mode voltage range, download and install the program from reference [5]. Edit
the INA_Data.txt file in the installation directory by adding the code for a 3 op amp INA whose internal
amplifiers have the common-mode range, output swing, and supply voltage range as defined by the
amplifier of choice (TLV172 in this case). There is no V,, shift in this design and the gain of the output
stage difference amplifeir is 1 V/V. The default supply voltage and reference voltages are +15V and 0
V, respectively. Run the program and set the gain and reference voltage accordingly. The resulting V¢
vs. Vqur plot approximates the linear operating region of the discrete INA.
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Design Simulations
DC Simulation Results
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Transient Simulation Results
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References:

TI Precision Labs

akrwndE

Design Featured Op Amp

Analog Engineer's Circuit Cookbooks
SPICE Simulation File SBOMAUS8

Instrumentation Amplifier V¢, vs. Vo1 Plots
Common-mode Range Calculator for Instrumentation Amplifiers

Copyright © 2018, Texas Instruments Incorporated

TLV171
Ve 4.5V to 36V
Vinem (V=) = 0.1V < Vin < (V+) = 2V
Vout Rail-to—rail
Vs 0.25mV
lq 4T5pA
Iy 8pA
UGBW 3MHz
SR 1.5V/us
#Channels 1,2,4
www.ti.com/product/tivi71
Design Alternate Op Amp
OPA172 OPA192
Vs 4.5V to 36V 4.5V to 36V
Vinew V=) (‘V%)IY ;VVi” < | V0.1V to V+0.1V
Vout Rail-to-rail Rail-to-rail
Vos 0.2mv +5uvV
lq 1.6mA 1mA/Ch
Iy 8pA 5pA
uGBwW 10MHz 10MHz
SR 10V/us 20V/us
#Channels 12,4 1,2,4
www.ti.com/product/op | www.ti.com/product/op
al72 al92
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Integrator circuit

Design Goals

Input Output Supply
fMin deB fMax VoMin VoMax Vcc 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.
R2 100M
AN
Vcc
C11.59n
= Vcc 25 I
* Vee
T, Vin
= Vee 25 UL TLVO002 | /0t
I L <
Vee +
Vos -740u—=

Copyright © 2018, Texas Instruments Incorporated

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

SBOA275A—February 2018—-Revised January 2019 Integrator circuit
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Design Steps
The ideal circuit transfer function is given below.
Vo = — gxgJoVin(h dt

1. Set R, to a standard value.

Ry = 100kQ
2. Calculate C, to set the unity-gain integration frequency.
1 1
Ci= 2XTXR Xfogg  2XTWx100kQX1 KHz 1.59nF

3. Calculate R, to set the lower cutoff frequency a decade less than the minimum operating frequency.

= 100MQ

10 10
> >
RZ = 2xwxCyxfy, —  2xmwx1.59nFx10Hz

4. Select an amplifier with a gain bandwidth at least 10 times the desired maximum operating frequency.

GBP 2 10 x fy,, = 10 x 100kHz = 1 MHz

Design Simulations
AC Simulation Results

60—
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Transient Simulation Results
A 1-kHz sine wave input yields a 1-kHz cosine output.

100m—

Vin 0

-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)
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit SPICE simulation file SBOC496.

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

TLV9002
Ve 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Voo 0.4mV
lq 0.06mA
Iy 5pA
uUGBW 1MHz
SR 2Vlius
#Channels 1,2,4
www.ti.com/product/tlv9002
Design Alternate Op Amp
OPA376
Ve 2.2V to 5.5V
Vinewm (Vee-0.1V) to (V-1.3V)
Vout Rail-to-rail
Vos 0.005mV
lq 0.76mA
Iy 0.2pA
UGBW 5.5MHz
SR 2Vlius
#Channels 1,2,4
www.ti.com/product/opa376
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to '‘Amplifiers'.

Added link to circuit cookbook landing page.
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Differentiator circuit

Input Output Supply
fMin fMa>< 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.

Design Notes

Cl|1|5n R1 1k R2 499k
— 1 AN AN
Vout
+2.5V
= S
+———+ U1 TLvoos1
R3 100k~ |

C2 100n

I F—

R4 100k §

vee 5_=_+_‘|‘
]

o
o
o

—
™
O
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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.

dvm

Vout = —R,xCyx gl
1. Set R, to a large standard value.

R, = 499kQ
2. Set the minimum differentiation frequency at least half a decade below the minimum operating

frequency.

C1 2 sxmnnoxi. 2 zxmxassiaxioorz 2 11- 1 NF=16nF (Standard Value)

3. Set the upper cutoff frequency at least half a decade above the maximum operating frequency.
1 1 ~

R1 = 5 axmxew, S 7emxisrxa sz = 1-2kQ=1 kQ (Standard Value)

4. Calculate the necessary op amp gain bandwidth product (GBP) for the circuit to be stable.
Ri+ Ry 499kQ+ 1 kQ
GBP> 2xmxR,2XCy > 2xmwx1 kQ?x15nF > 5.3MHz
e 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.
1

fo= 2XTXR,XCr

6. Calculate the resistor divider values for a 2.5-V reference voltage.
Vcc_vre £
Ry= "4, " *Ry= 5\/2.§v5v *Rs=Ry
R; =R, = 100kQ (Standard Values)
Differentiator circuit SBOA276A—-February 2018—-Revised January 2019
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Design Simulations
AC Simulation Results
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Transient Simulation Results
A 2.5-kHz sine wave input yields a 2.5-kHz cosine output.

20m—

Vin i

-20m--
4.87—

Vout |

228m——N—
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Time (s)
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A 2.5-kHz square wave input produces an impulse output.

Im B

Vin |

-1m-—

3.16 —

Vout

184——+——1t—— -+ [ B R
100.00u 1.30m 2.50m

Time (s)

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

20m —
Vin |
-20m—
2.57 —
\

Vout 1
243‘}—‘

Im 25.5m 50m

Time (s)
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Design Featured Op Amp

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit SPICE simulation file SBOC497.

Design Alternate O

TLV9061

Vee 1.8V to 5.5V
Vincm Rail-to-rail
Vout Rail-to-rall
Vs 0.3mV

lq 0.538mA

Iy 0.5pA

UGBW 10MHz
SR 6.5V/us
#Channels 1,2,4

www.ti.com/product/tiv9061

p Amp
OPA374
Vee 2.3Vto 5V
Vinem Rail-to-rall
Vout Rail-to-rall
Vos 1mv
lq 0.585mA
Iy 0.5pA
UGBW 6.5MHz
SR 0.4V/us
#Channels 1,2, 4
www.ti.com/product/opa374
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to 'Amplifiers'

Added link to circuit cookbook landing page.

SBOA276A—February 2018—Revised January 2019

Submit Documentation Feedback

44

Copyright © 2018-2019, Texas Instruments Incorporated

Differentiator circuit



http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA276A
http://www.ti.com/analog-circuit/circuit-cookbook.html
http://www.ti.com/lit/zip/sboc497
http://www.ti.com/product/TLV9061
http://www.ti.com/product/opa374

I3 TEXAS
INSTRUMENTS

Analog Engineer's Circuit: Amplifiers
SBOA268A—February 2018—Revised January 2019

Transimpedance amplifier circuit

Design Goals

Input

Output

BW

Supply

IiMin

IiMax

VoM\n

VoMax

p

Vee

0A

50pA

ov

5V

10kHz

15v

-15Vv

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+ C1 150p
| ]
c |1
+ ]
Veec 15 = ; R1 100k
O

|
C2100n
2
&
+ < §

Vee 15 =

——( Vout
Ul OPA170

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.

— VuMavaaMm — 5V—ov —
Ry = Yot Yous — S0V _ 100kQ

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

2xWxXR, xf,

Ci1 S sxmviooroxioms < 159pF = 150pF (Standard Value)

2% % 100kQ *x 10kHz
3. Calculate the necessary op amp gain bandwidth (GBW) for the circuit to be stable.

Ci+C;y 6pF+ 150pF
GBW> 2XTTXR,xC,2 > 2 X1 % 100kQ X (150pF)? > 11.03kHz

where C;= C¢ + Cy+ C. = OpF + 3pF + 3pF = 6pF given
« C. Input source capacitance
e C, Differential input capacitance of the amplifier
* C., Common-mode input capacitance of the inverting input

Transimpedance amplifier circuit SBOA268A-February 2018—-Revised January 2019
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Design Simulations
DC Simulation Results
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AC Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit SPICE simulation file SBOC501.

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

Design Featured Op Amp

OPA170
Vee 2.7V to 36V
Vinem (Vee—0.1V) to (V. —2V)
Vout Rail-to-rail
Vos 0.25mV
lq 0.11mA
Iy 8pA
uUGBW 1.2MHz
SR 0.4V/us
#Channels 1,2,4
www.ti.com/product/opal70
Design Alternate Op Amp
OPA1671
Vee 1.7V to 5.5V
Vinem Rail-to-rail
Vout (Veet10mV) to (V-10mV) @
275uA
Ve 250uv
lq 940pA
Iy 1pA
uUGBW 12MHz
SR 5V/us
#Channels 1
www.ti.com/product/opal671
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to 'Amplifiers'.

Updated Design Alternate Op Amp table with OPA1671.
Added link to circuit cookbook landing page.

Transimpedance amplifier circuit
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Single-supply, low-side, unidirectional current-sensing
solution with output swing to GND circuit

Design Goals

Input Output Supply
IIMH‘I IlMax VoMln 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 AYA"A%

s &
= Vcc5 = Vee-230m -
1“7

— — Vi
Y <] U1 0PA320
———( Vo

N
ps R4 10k

. A>

“TC R1 100m 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.

Single-supply, low-side, unidirectional current-sensing
49 solution with outputswing to GND circuit
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Design Steps

1. Determine the transfer function.
Vo=l xRy x (14 §)

2. Define the full-scale shunt voltage and shunt resistance.
Vimax = 100mV at [y = 1A
Ry = Juec — 1000V — 100mQ

I\Max 1

3. Select gain resistors to set the output range.
Vivax = 100mV  and Vo = 4. 9V

C Vews . 4.9V _ 4V
Gain= ' = j50v = 49y

Gain=1+ § =49y
4. Select a standard value for R, and R;.
R, = 7. 5kQ (0.05% Standard Value)
R; = 48 x R, = 360kQ (0.05% Standard Value)

Single-supply, low-side, unidirectional current-sensing SBOA215A-February 2018—-Revised January 2019
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Design Simulations
DC Simulation Results

5.00—

4.00- .
li=1A
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2007 oA
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| | | |
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AC Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit SPICE simulation file SBOC499.

See TIPD129, www.ti.com/tool/tipd129.

Design Featured Op Amp

OPA320
Ve 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Voo 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
Vee 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 400pV
Iy 60pA
Iy 5pA
UGBW 1MHz
SR 2Vius
#Channels 1,2,4
www.ti.com/product/tlv9002
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to 'Amplifiers'.

Added link to circuit cookbook landing page.
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Single-supply, low-side, unidirectional current-sensing

circuit

Design Goals

Input Output Supply Full-Scale Range Error
IiMax ViMax VoMm VoMax Vcc Vee FSRError
1A 250mVv 50mV 4.9V 5V ov 0.2%

Design Description

This single—supply, low—side, current sensing solution accurately detects load current up to 1A and
converts it to a voltage between 50mV and 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.

R2 715 R3 13.3k
NV
vce
l l U1 TLV9062
1t ——( Vo
Vbus 5 =

R1 250m R4 10k

Design Notes

1.

ok wn

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

Tolerance of the shunt resistor and feedback resistors will determine the gain error of the circuit.
Avoid placing capacitive loads directly on the output of the amplifier to minimize stability issues.

If trying to detect zero current with output swing to GND, a negative charge pump (such as LM7705)
can be used as the negative supply in this design to maintain linearity for output signals near QV. [5]

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

. The small-signal bandwidth of this circuit depends on the gain of the circuit and gain bandwidth

product (GBP) of the amplifier.

Filtering can be accomplished by adding a capacitor in parallel with R; . Adding a capacitor in parallel
with R; will also improve stability of the circuit if high—value resistors are used.

For more information on op amp linear operating region, stability, 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.
Vo=lixRyx (14 §)

1. Define the full-scale shunt voltage and calculate the maximum shunt resistance.
ViMax - 250 mV at IiMax - 1 A

I\Max

2. Calculate the gain required for maximum linear output voltage.
Vivax=250mV  and Vg yu=4.9V

H _M_ 49V M
Gain= ¥ = 55y = 19.6

3. Select standard values for R, and R;.
From Analog Engineer’s calculator, use “Find Amplifier Gain” and get resistor values by inputting
gain ratio of 19.6.
R, =715 Q (0.1% Standard Value)
R; = 13.3 kQ (0.1% Standard Value)
4. Calculate minimum input current before hitting output swing—to—rail limit. I, represents the minimum
accurately detectable input current.
Vomin=50mV; R;=250mQ

Vigin = etn — 50V _ 9 55 mV

Gain 19.6 ¢
Vi _ 255mV _
lin = "B = 2551 — 10.2 mA

5. Calculate Full scale range error and relative error. V, is the typical offset voltage found in datasheet.
FSRemor = (y—%y—) % 100 = (55%8%) x 100 = 0.121 %

Relative Error at lya = (3°)x100= (3™ )x100= 0.12 %

VrMax

Relative Error at Ly, = (ﬁ)xmo: (23m¥)x100= 12 %

6. 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

cBP
> G

)
2xTX(Cepit Ci)* (RoIIR3)
! > 10MHz _ 391 MHz > 510 kHz

x v
2erra(pF+3pF)e( TS TE D) 196 )
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Design Simulations
DC Simulation Results

Output
w I (92}
I BT

N
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Vo =55.4m

[u
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li = 500mA
Vo = 2.46V

0 250m

AC Simulation Results
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References:

Tl Precision Labs

akrwndE

Design Featured Op Amp

Analog Engineer's Circuit Cookbooks
SPICE Simulation File SBOC523
Tl Precision Designs TIPD129, TIPD104

Design Alternate Op Amp

TLV9061
Ve 1.8V to 5.5V
Vincm Rail-torail
Vout Rail-to—rail
Vs 0.3mV
lq 538uA
l, 0.5pA
UGBW 10MHz
SR 6.5V/us
#Channels 1,2,4
www.ti.com/product/tiv9061
OPA375
Ve 2.25V to 5.5V
Vincu (V-) to ((V+)-1.2V)
Vout Rail-to—rail
Vs 0.15mV
lq 890pA
Il 10pA
UGBW 10MHz
SR 4.75V/us
#Channels 1

www.ti.com/product/OPA375

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

For battery operated or power conscious designs, outside of the original design goals described earlier,

where lowering total system power is desired.

LPV821
Ve 1.7V to 3.6V
Vincm Rail-to—rail
Vout Rail-to—rail
Vos 1.5uv
lq 650nA/Ch
I 7pA
UGBW 8kHz
SR 3.3Vims
#Channels 1

www.ti.com/product/LPV821
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Low-side, bidirectional current sensing circuit

Design Goals

Input Output Supply
IiM\n IiMa>< VoMin VoMax Vcc Vee Vref
-1A 1A 110mVv 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.

Vcc
+

= Vcc 3.3

Vref
Y

Vce

R5 10k

Rshunt 100m

Design Notes

U2 OPA313
R6 10k
R2 20k §
Vce -
R1 1.3k
MV h Ul OPA313
vt —( Vo
R3 1.3k 1
R4 20k
NV

1. To minimize errors, set R; = R, and R, = R,.
2. Use precision resistors for higher accuracy.

3. Set output range based on linear output swing (see A, specification).
4

Low-side sensing should not be used in applications where the system load cannot withstand small
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,.
Vo = (i x Rgpynt %) + Vies

R
Vref: Vcc x ( R5+6R6 )

2. Determine the maximum shunt resistance.
Vet __ 100mV
Rshunt = # ="7A = 100mQ

3. Set reference voltage.
a. Since the input current range is symmetric, the reference should be set to mid supply. Therefore,
make R; and Ry equal.
R5 — 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— Voumi _ 3.2V—100mV _ \
Gain= oty = (1 A ( ))_15 Sy
Rshuntx llMax IlMln 100mQx (1 A 1A

Gain= ¢ =15.5
Choose R, = R; = 1. 3kQ (Standard Value)
R,=R,=15. 5% x 1. 3kQ=20.15kQ = 20kQ (Standard Value)
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Design Simulations
DC Simulation Results
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4
37
s ]
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o ]
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Closed Loop AC Simulation Results
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Transient Simulation Results

li (A)

Vo (V)

Vref (V)

Vshunt (V) ,

1—

.
3.3 —

0.0
3.30 —

1.65

0.00 —
100m —
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit SPICE simulation file SBOC500.
See TIPD175, www.ti.com/tipd175.

Design Featured Op Amp

OPA313
Vee 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 5000V
lq 50pA/Ch
Iy 0.2pA
uUGBW 1MHz
SR 0.5V/us
#Channels 1,2,4
www.ti.com/product/opa313

Design Alternate Op Amp

TLV9062 OPA376
Vee 1.8V to 5.5V 2.2V to 5.5V
Vinem Rail-to-rail Rail-to-rail
Vout Rail-to-rail Rail-to-rail
Vs 300V 5uv
lq 538uA/Ch 760pA/Ch
Iy 0.5pA 0.2pA
UGBW 10MHz 5.5MHz
SR 6.5V/us 2Vius
#Channels 1,24 1,24
www.ti.com/product/tiv9062 www.ti.com/product/opa376

For battery-operated or power-conscious designs, outside of the original design goals described earlier,

where lowering total system power is desired.

LPV821
Vee 1.7V to 3.6V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 1.5pv
lq 650nA/Ch
Iy 7pA
UGBW 8KHz
SR 3.3Vims
#Channels 1
www.ti.com/product/lpv821
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Revision History

Revision Date Change
B January 2019 Downscale the title. Added link to circuit cookbook landing page.
A May 2018 Changed title role to 'Amplifiers’. Added SPICE simulation file link.
Added LPV821 as a Design Alternate Op Amp for battery-operated or power-conscious
designs.
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High-side, bidirectional current-sensing circuit with
transient protection

Design Goals

Input Output Supply Standoff and Clamp | EFT Level
Voltages
IinMin IinMax VoMin VoMax Vs GND Vref Vwm Ve Vpp
—40A 40A 100mv 4.9V 5V ov 2.5V 36V 80V 2kV 8/20us

Design Description

This high-side, bidirectional current sensing solution can accurately measure current in the range of —40A
to 40A for a 36-V voltage bus. The linear voltage output is 200mV to 4.90V. This solution is also designed
to survive IEC61000-4-4 level 4 EFT stress (Voc = 2kV; Isc = 40A; 8/20ps).

£
=]

Vs
U1 n;;sz

L k4 ¥ o NF 2
E =
L L bt D1 Vo
= T 5 INAZ240A1 ouT £
o o

N

I
|
4;
J
=
(%]
R1 10k
I

Design Notes
1. This solution is targeted toward high-side current sensing.

2. The sense resistor value is determined by minimum and maximum load currents, power dissipation
and Current Shunt Amplifier (CSA) gain.

3. Bidirectional current sensing requires an output reference voltage (Vref). Device gain is achieved
through internal precision matched resitor network.

4. The expected maximum and minimum output voltage must be within the device linear range.

5. The TVS diode must be selected based on bus voltage, the CSA common-mode voltage specification,
and EFT pulse characteristics.
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Design Steps
1. Determine the maximum output swing:
VswN= Vref — VoMin=2.5V—- 0.1V =2.4V
VswP= VoMax — Vref=4.9V—2.5V=2.4V
2. Determine the maximum value of the sense resistor based on maximum load current, swing and

device gain. In this example, a gain of 20 was chosen to illustrate the calculation, alternative gain
versions may be selected as well:

Vswp _ 2.4V _
Rshunt < -0 Gain = doaxz0 = 3M Q2

3. Calculate the peak power rating of the sense resistor:
Pshunt = lin_max® x Rshunt= 40A% x 3m Q = 5W

4. Determine TVS standoff voltage and clamp voltage:
Vwm= 36V and Vc<80V

5. Select a TVS diode.

For example, SMBJ36A from Littelfuse™ satisfies the previous requirement, with peak pulse power
of 600W (10/1000us) and current of 10.4A.

6. Make sure the TVS diode satisfies the design requirement based on the TVS operating curve.

Peak pulse power at given excitation (8/20us) is estimated to be around 3.5kW, which translates to
peak pulse current:

lpp= 3omn X 10.4A = 60A

This is above the maximum excitation (short circuit) current of 40A. The select TVS effectively protects the
circuit against the specified EFT strike.
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Design Simulations
DC Transfer Characteristics
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Transient Simulation Results
The output is a scaled version of the input.
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TVS Diode Transient Response Under EFT Excitation

1x(U2:2)
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V(n002)
{/ )
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

For more information on transient protection of the current sense amplifiers, see TIDA-00302 and the
Current Sense Amplifier Training Videos.

Design Featured Current Sense Amplifier

INA240A1

Vs 2.7V to 5.5V

Vew -4V to 80V

Vs Rail-to-rail

Vs 5uv

Ig 80pA

BW 400kHz

Vos Drift 50nVv/°C
http://www.ti.com/product/INA240

Design Alternate

INA282

A 2.7V to 18V
Ve —14V to 80V
Vos 20uV

lg 25pA
BW 10kHz

Vos Drift 0.3uv/°C
http://www.ti.com/product/INA193

Revision History

Revision

Date

Change

A

February 2019

Changed VinMin and VinMax in the Design Goals table to linMin and linMax, respectively.

SBOA299A—-May 2018 —-Revised February 2019

Submit Documentation Feedback

67 High-side, bidirectional current-sensing circuit with transient protection

Copyright © 2018-2019, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA299A
http://www.ti.com/analog-circuit/circuit-cookbook.html
http://www.ti.com/tool/TIDA-00302
https://training.ti.com/search-catalog/field_language/EN/categories/current-sense-amplifiers
http://www.ti.com/product/INA240
http://www.ti.com/product/INA193

I3 TEXAS

INSTRUMENTS

Design Goals

High-side current-sensing circuit design
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Input

Output

Supply

IiMin

IiMa><

VOM\H

VoMax

50mA

1A

0.25v

5V

36V

ov

Design Description

This single—supply, high—side, low—cost current sensing solution detects load current between 50mA and
1A and converters it to an output voltage from 0.25V to 5V. High—side sensing allows for the system to
identify ground shorts and does not create a ground disturbance on the load.

R3 50.5k
Vce AN l
—1—W
+ ~[_ Ul OPA192
R1100m Vi + (Vo
+ A%
Vbus 36 = R4 1.01k =
MV
lin CV>J.- R5 50.5k

Design Notes

1.

DC common mode rejection ratio (CMRR) performance is dependent on the matching of the gain
setting resistors, R,-Rs.

Increasing the shunt resistor increases power dissipation.

Ensure that the common-mode voltage is within the linear input operating region of the amplifier. The
common mode voltage is set by the resistor divider formed by R,, R;, and the bus voltage. Depending

on the common—mode voltage determined by the resistor divider a rail-to—rail input (RRI) amplifier may
not be required for this application.

. An op amp that does not have a common-mode voltage range that extends to V.. may be used in

low—gain or an attenuating configuration.

. A capacitor placed in parallel with the feedback resistor will limit bandwidth, improve stability, and help

reduce noise.

Use the op amp in a linear output operating region. Linear output swing is usually specified under the
Ao, test conditions.
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Design Steps
1. The full transfer function of the circuit is provided below.
Vo= ln xRy x 2
Given R,=R; and R;=R;

2. Calculate the maximum shunt resistance. Set the maximum voltage across the shunt to 100mV.

_ Vivax __ 100mV __
Ry = Y = 190mY _ 100mQ)

3. Calculate the gain to set the maximum output swing range.

N — Vomax— Vomin 5V—0.25V _ M
Gain= (Iyax— i) ¥Ry~ (1A—0.05A)x 100mQ — 50v

4. Calculate the gain setting resistors to set the gain calculated in step 3.
Choose R,=R,;=1.01kQ (Standard value)
R;=Rs;=R, xGain=1.01kQ x 50% = 50. 5k Q (Standard value)

5. Calculate the common—mode voltage of the amplifier to ensure linear operation.
Vem=Vee X mir; = 36V X 1gnsaos = 35.294 V
6. The upper cutoff frequency (f,) is set by the non—inverting gain (noise gain) of the circuit and the gain
bandwidth (GBW) of the op amp.
fi= oW 10MHz _ 196 .1 kHz

Noise Gain 513

High-side current-sensing circuit design SBOA310A-December 2018—-Revised February 2019

69 Submit Documentation Feedback

Copyright © 2018-2019, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA310A

13 TEXAS
INSTRUMENTS

www.ti.com

Design Simulations
DC Simulation Results
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References:

1. Analog Engineer's Circuit Cookbooks

2. SPICE Simulation File SBOMAV4

3. TI Precision Labs

Design Featured Op Amp

OPA192
Ve 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to—rail
Vos Y
lq 1mA
Iy 5pA
UGBW 10MHz
SR 20Vl/ps
#Channels 1,2, 4
www.ti.com/product/OPA192
Design Alternate Op Amp
OPA2990
Ve 2.7V to 40V
Vinem Rail-to—rail
Vout Rail-to—rail
Vs 250uV
lq 120pA
ly 10pA
UGBW 1.25MHz
SR 5V/us
#Channels 2
www.ti.com/product/OPA2990
Revision History
Revision Date Change
A February 2019 Downstyle title.

Added Design Alternate Op Amp table.
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3-decade, load-current sensing circuit

Input Output Supply
IiMm IiMax VoMin VoMax Vcc Vee Vref
10pA 10mA 100mVv 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 =

Design Notes

li 10u J,

R1 25

r1 P
{ m
‘ U1 INA326

1. Use a maximum shunt resistance to minimize relative error at minimum load current.

c210p
| 1
|1
R2 10M
NN
C3194p
| 1
J_* 11 ] Swi _
Vee 5 = 1 AAA
€1100n R3 511k
Vi 1
bé r2 —
§ R4 50k VWA
R5 100

C4 1u

N

2. Select 0.1% tolerance resistors for R;, R,, R;, and R, in order to achieve approximately 0.1% FSR gain

error.

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.
R1 — M —_ 250mV — 259

livax 10mA
2. Select gain resistors to set output range.

— VoMax — VoMax — 4.9V — M
Giivax = T RiXlya  25Q%10mA — 19.6y

VuMax
T Vomin — _ Vomin 100mV _ M
Giimin = Viin — RiXlwin — 25Q%10pA 400V

R, X 50kQ % 400V
R,= % ZGan _ St = 10MQ

2

Rs = r2e0 = 515.25kQ = 511kQ (Standard Value)

Ry [| Ry = RexCuma — SO219-8y _ 490k0

3. Select a capacitor for the output filter.

— 1 _ 1 o
fp_ 2XTMXRsxC, — 2XmWx100Q%1 puF — 1.59kHz

4. Select a capacitor for gain and filtering network.

— 1 — 1 —
C2= gxmxr,xf, = 2xmxtomax1 5oz — 10PF
1 1
Cs= 2x X (Ry|[Ra)xf, Co= 2xmx(10MQ||511kQ) % 1.59kHz — 10pF

C,; = 196pF = 194pF (Standard Value)
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Design Simulations
DC Simulation Results

5.0

4.0—

3.0

Voltage (V)

—19.6Y
G=19.65;

G=400 v

AC Simulation Results

60

2.5m 5.0m 7.5m 10.0m

Input current (A)

40

1 |G=51.94dB

BW=852.6Hz

N
o
\

[G=25.71dB| |[BW=1.02kHz]|

o

Gain (dB)
R
o

A
o

o
o
L

oo
o
\

-100—+—

10

100

I TTT \H‘ I
1k
Frequency (Hz)

10k

100k

M
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit SPICE simulation file SBOC498.
See TIPD104, www.ti.com/tool/tipd104.

Design Featured Op Amp

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

www.ti.com/product/ina326

Revision History

Revision Date

Change

A January 2019

Added link to circuit cookbook landing page.

Downscale the title and changed title role to ‘Amplifiers'.
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High-voltage, high-side floating current sensing circuit
using current output, current sense amplifier

Input Output Supply
Iload Min Iload Max Vout Min Vout Max ch Min ch Max Vee
0.5A 9.9A 250mVv 4.95V 12v 400V GND (0V)

Design Description

This cookbook is intended to demonstrate a method of designing an accurate current sensing solution for
systems with high common mode voltages. The principle aspect of this design uses a unidirectional circuit
to monitor a system with V., = 400V by floating the supplies of the device across a Zener diode from the
supply bus (V.,). This cookbook is based on the High Voltage 12 V — 400 V DC Current Sense Reference
Design.

Rshunt 50m
L 4 L 4
J: Load 500m
— Vcm 400 INA138 l
I Vin+ Vin-
L S AN S out -
—
—
N
- GND
C1100n l
® Q1
my
~ Vout
™
i S
Te)
5
- @)
x
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Design Notes

1. The Getting Started with Current Sense Amplifiers video series introduces implementation, error
sources, and advanced topics for using current sense amplifiers.

2. This example is for high V¢, high-side, unidirectional, DC sensing.

3. To minimize error, make the shunt voltage as large as the design will allow. For the INA138 device,
keep Viense >> 15mV.

4. The relative error due to input offset increases as shunt voltage decreases, so use a current sense
amplifier with low offset voltage. A precision resistor for Ry, iS necessary because Ry, iS @ major
source of error.

5. The INA138 is a current-output device, so voltages referenced to ground are achieved with a high
voltage bipolar junction transistor (BJT).

e Ensure the transistor chosen for Q1 can withstand the maximum voltage across the collector and
emitter (for example, need 400V, but select > 450V for margin).

« Multiple BJTs can be stacked and biased in series to achieve higher voltages
« High beta of this transistor reduces gain error from current that leaks out of the base

Design Steps
1. Determine the operating load current and calculate R,

¢« Recommended V. is 100mV and maximum recommended is 500mV, so the following equation
can be used to calculate Ry, Where V... < 500mV:

Vsense max N O'SV
10A

Rshun‘c -

= 50mQ

Iload max

* For more accurate and precise measurements over the operating temperature range, a current
monitor with integrated shunt resistor can be used in some systems. The benefits of using these
devices are explained in Getting Started with Current Sense Amplifiers, Session 16: Benefits of
Integrated Precision Shunt Resistor.

2. Choose a Zener diode to create an appropriate voltage drop for the INA138 supply:

e The Zener voltage of the diode should fall in the INA138 supply voltage range of 2.7V to 36V and
needs to be larger than the maximum output voltage required.

e The Zener diode voltage regulates the INA138 supply and protects from transients.
« Data sheet parameters are defined for 12-V V,,, to the GND pin so a 12-V Zener is chosen.
3. Determine the series resistance with the Zener diode:

e This resistor (R3) is the main power consumer due to its voltage drop (up to 388V in this case). If
R3 is too low, it will dissipate more power, but if it is too high R3 will not allow the Zener diode to
avalanche properly. Since the data sheet specifies |, for Vg = 5V, estimate the max quiescent
current of the INA138 device at V5 = 12V to be 108uA and calculate R3 using the bias current of
the Zener diode, 5mA, as shown:

Vou = Viener 400V — 12V
lener +lina13g  SmA + 108pA

R; = ~ 75.96kQ)

standard value — 75Kk()

« The power consumption of this resistor is calculated using the following equation:

V.. —V 2 400V — 12V)2
Powerps = ( cm RSZener) 5 ( = ) ~ 2.007W

High-voltage, high-side floating current sensing circuit SBOA295-June 2018
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4. Calculate R, using the equation for output current in the INA138 data sheet.
e This system is designed for 10V/V gain where V,,, = 1V if Ve = 100mV:

HA HA
lout INA138 = 2007 X (Vsense max) - 2007 X (OSV) = 100pA

Vout max SV

- = 50kQ
lout INa138 100pA

Rout =

Design Simulations
DC Simulation Results

The following graph shows a linear output response for load currents from 0.5A to 10A and
12V <V, <400V. I, and V,, remain constant over a varying V, once the Zener diode is reverse biased.

100u —

lout = SUA @ 0.5A 4

lout lout = 99UA @ 9.90A, 4
V= 251mV @ 0.5A
Vout out @ 0-5A10ag Vou = 496V @ 9.90A
\Y% =25mV @ 0.5A
Vshunt300m shunt load —
200m Vhunt = 495mV @ 9.90A, 4
100m
0 | T | T | T | T | T | T | T | T | T | T |
500.00m1.45 2.40 3.35 4.30 5.25 6.20 7.15 8.10 9.05 10.00
Input current (A)
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Steady State Simulation Results

The following image shows this system in DC steady state with a 2-A load current. The output voltage is
10x greater than the measured voltage across Ry

Vshunt 100mV

Rshunt 50m

+

—= Vcm 400

=

Vsupply_ina 12.16
|

V

l Load 2
INA138
Vin+ vin- [

! LS 2 Vo_ina 388.4V

lo_ina 20.08uA

R3 75k

4

C1100n GND

L |\‘Q1
INA_GND 387.84V
lout 20.05uA

Vout 1V

Rout 50k
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit SPICE simulation file SGLCO001.

Getting Started with Current Sense Amplifiers video series:

https://training.ti.com/getting-started-current-sense-amplifiers

Abstract on Extending Voltage Range of Current Shunt Monitor:
http://www.ti.com/lit/an/slla190/slla190.pdf
High Voltage 12V — 400V DC Current Sense Reference Design:
http://mwww.ti.com/tool/TIDA-00332
Cookbook Design Files:

http://proddms.itg.ti.com/stage/lit/sw/sglc00la/sglc00l1a.zip

Current Sense Amplifiers on Tl.com:

http://www.ti.com/amplifier-circuit/current-sense/products.html

For direct support from Tl Engineers use the E2E community:

http://e2e.ti.com

Design Featured Current Shunt Monitor

INA138
Vs 2.7V to 36V
Vin em 2.7V to 36V
Vout Up to (V+) - 0.8V
Vs +0.2mV to +1mV
g 25pA to 45 pA
Iy 2 pA
UGBW 800kHz
# of Channels 1

http://www.ti.com/product/inal38

Design Alternate C

urrent Shunt Monitor

INA168
Vs 2.7V to 60V
Vin em 2.7V to 60V
Vout Up to (V+) - 0.8V
Vs +0.2mV to £1mV
lq 25pA to 45 pA
Iy 2 pA
uGBw 800kHz
# of Channels 1

http://www.ti.com/product/inal68
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Low-drift, low-side, bidirectional current sensing circuit
with integrated precision gain resistors

Design Goals

Input

Output

Supply

IinMin

IinMax

ch

VoutMin

VoutM lax

Vref

—4A

4A

12.5v

0.5V

4.5V

5V

2.5V

Design Description

The low-side bidirectional current-shunt monitor solution illustrated in the following image can accurately
measure currents from —4A to 4A, and the design parameters can easily be changed for different current
measurement ranges. Current-shunt monitors from the INA21x family have integrated precision gain
resistors and a zero-drift architecture that enables current sensing with maximum drops across the shunt
as low as 10mV full-scale.

Load Sense resistor
—
/-\ R1 5m
> " \\\¢
J: \Z/
Vcm 125 = lin 5 N
o 14
I C18u
— I_0 —
In+ In-] U1 INA214C
9 V+ Out
IF )
Vsb = — GND Ref
I 18 1T 1™

Design Notes

« To avoid additional error, use R; = R, and keep the resistance as small as possible (no more than
10Q, as stated in INA21x Voltage Output, Low- or High-Side Measurement, Bidirectional, Zero-Drift
Series, Current-Shunt Monitors)

» Low-side sensing should not be used in applications where the system load cannot withstand small
ground disturbances or in applications that need to detect load shorts.

e The Getting Started with Current Sense Amplifiers video series introduces implementation, error
sources, and advanced topics that are good to know when using current sense amplifiers.

Low-Drift, low-side, bidirectional current sensing
circuit with integrated precision gain
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Design Steps

1. Determine V,, based on the desired current range:
With a current range of —4A to 4A, then half of the range is below 0V, so set:
Ver=3%=5=2.5V
2. Determine the desired shunt resistance based on the maximum current and maximum output voltage:

To not exceed the swing-to-rail and to allow for some margin, use V uax = 4.5V. This, combined
with maximum current of 4A and the V, calculated in step 1, can be used to determine the shunt
resistance using the equation:

_ Voutmtax— Vier __ 4.5—2.5 __
R1 - GainxlloadMax - 100x4 5mQ

3. Confirm V,, will be within the desired range:
At the maximum current of 4A, with Gain = 100V/V, R, = 5mQ, and V = 2.5V:
Vout = lioag X Gainx Ry + V,s=4%100x0.005+2.5=4.5V
At the minimum current of 4A, with Gain = 100V/V, R; =5mQ, and V,, = 2.5V:
Vout = lioag X GaiNX Ry + V,ie= —4%x100x0.0054+2.5=0.5V
4. Filter cap selection:
To filter the input signal at 1kHz, using R; = R, = 10Q:

_ 1 _ 1 _ -6 4
Ci= 2R+ Ry)F—aqs  2m(10+ 10)1000 — 7.958x10 8uF

For more information on signal filtering and the associated gain error, see INA21x Voltage Output, Low- or
High-Side Measurement, Bidirectional, Zero-Drift Series, Current-Shunt Monitors.

Low-Drift, low-side, bidirectional current sensing SBOA300-June 2018
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Design Simulations
DC Analysis Simulation Results

The following plot shows the simulated output voltage V,, for the given input current [,

5.00—

4.00—

w
i

Voltage (V)

ro
7

I ' | ' I ' | ' |
-6.00 -4.00 -2.00 0.00 2.00 4.00 6.00
Input current (A)

AC Analysis Simulation Results

The following plot shows the simulated gain vs frequency, as designed for in the design steps.

0.00—
] [-3dB frequency = 1kHz |
-20.00—
o
=
£ 7]
[
@ ]
-40.00—
-6000- T T IIIIII| T T I|IIII| T T IIIIII| T IIIIIII|
10 100 1k 10k 100k
Frequency (Hz)
SBOA300-June 2018 Low-Drift, low-side, bidirectional current sensing
Submit Documentation Feedback 83

. circuit with integrated precision gain
Copyright © 2018, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA300

13 TEXAS
INSTRUMENTS

www.ti.com

Transient Analysis Simulation Results

The following plot shows the simulated delay and settling time of the output V,, for a step response in |,

from —4A to 4A.

4.00
lin |
-4.00-
5.00—
Vout i
0.00 . | —— i . , —
0.00 1.00m 2.00m 3.00m
Time (s)
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

Circuit SPICE simulation File: http://proddms.itg.ti.com/fnview/sboc518

Getting Started with Current Sense Amplifiers video series: https://training.ti.com/getting-started-current-

sense-amplifiers

Current Sense Amplifiers on Tl.com: http://www.ti.com/amplifier-circuit/current-sense/products.html

For direct support from Tl Engineers use the E2E community: http://e2e.ti.com

Design Featured Current Sense Amplifier

INA214C
Vs 2.7V to 26V
Vem GND-0.1V to 26V
Vout GND-0.3V to V+0.3V
Vs +1pV typical
lq 65pA typical
Iy 28pA typical

http://www.ti.com/product/INA214

Design Alternate Current Sense Amplifiers

INA199C
Vs 2.7V to 26V
Vem GND-0.1V to 26V
Vout GND-0.3V to V+0.3V
Vs +5uV typical
lq 65pA typical
Iy 28pA typical

http://www.ti.com/product/INA199

INA181
A 2.7V to 5.5V
Vem GND-0.2V to 26V
Vout GND-0.3V to V+0.3V
Vs +100uV typical
lq 65pA typical
[ 195pA typical

http://www.ti.com/product/INA181
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Overcurrent event detection circuit

Input

Overcurrent Conditions

Output

Supply

Iload Min

Iload Max

loc_tH

IReIeaseiTH

VoulﬁOC

Voulﬁrelease

VS VREF

1.5A

40A

35A

32A

2.8V

2.61V

3.3V 2.8V

Design Description

This is a unidirectional current sensing solution generally referred to as overcurrent protection (OCP) that
can provide an overcurrent alert signal to shut off a system for a threshold current and re-engage the
system once the output drops below a desired voltage (Vo reease) lOWer than the overcurrent output
threshold voltage (V,, oc). In this particular setup, the sensing range is from 1.5A to 40A, with the
overcurrent threshold defined at 35A (Ioc ). The system re-asserts the ALERT to high once the current
has dropped below 32A (Izgease 11)- The current shunt monitor is powered from a 3.3-V supply rail. OCP
can be applied to both high-side and low-side topologies. The solution presented in this article is a high-
side implementation.

Vs 3.3V

Design Notes

5

+

=\/cm 12V

§R94m

<V>l LOAD

Vs
ci11o00nF T R11 10k
|
il vouT
- Ul INA381A1 ALERT:1
I7) {
np 2 ALERT]|
INA381£l ouT
INN w
R g & PN R12 47.5k R10 10MEG
zZ w =
O xx O
Vs —
CMPIN
R2 5.9k
= R133.2k

1. Use low-tolerance, high-precision resistors if using a voltage divider for CMPREF and consider
buffering the voltage. Otherwise consider using a low-dropout regulator (LDO), reference or buffered
reference voltage circuit to supply the CMPREF.

2. Use decoupling capacitors to ensure the device supply is stable, such as C1. Also place the
decoupling capacitor as close to the device supply pin as possible.
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Design Steps

1. Calculate the Ry, value given 20V/V gain. Use the nearest standard value shunt, preferably lower
than the calculated shunt to avoid railing the output prematurely .

Vout max Vs —0.02V 3.3V —0.02V
gain X I, gainxI,, 20V/VX40A
Ritandard shune = 4m{Q (standard 1% value)

Rehunt = = 0.0041Q

2. Determine the voltage at the current shunt monitor output for the overcurrent threshold.
Vout_35A = IOC_TH X Rstandard shunt X gain = 35A X 4mQ X ZOV/V = 2.8V

3. Choose a standard resistor value for R; and solve for R,.

A resistor with kilo-ohm resistance or higher is desired to minimize power loss. Through calculation,
33.2kQ and 5.9kQ were chosen for resistances R;and R,.

R ( Vs 1) R (3'3V 1) 33.2kQ = 5.9kQ
=|——-1)xR; =(z—==—-1)%x33.2kQ = 5.
27 \Vour 35a ' \28v

4. Calculate the resistance (R,,) required for the proper hysteresis.
V0ut_35A - (IRelease _TH X Rstandard shunt X gain + VHyst _def)

RHyst = I
Hyst
2.8V — (32A X 4mQ x 20V/V + 50mV)
Ryyst = A = 47.5kQ
Overcurrent event detection circuit SBOA297-July 2018
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Design Simulations
Transient Simulation Results

Considering error, V,, oc is expected to be approximately 2.8V, while Vo eease IS €Xpected to be
approximately 2.61V.

High-Side OCP Simulation Results

3.27

ALERT (V) ‘
0.00
3.02,

CMPIN (V) m
0.00
35.40—

LOAD (A) m
10.00
2.83,

VOUT (V) m
0.00 , : , |

0.00 150.00u 300.00u
Time (s)

The device exhibits an active low on the Alert pin when the load reaches 35A and re-asserts Alert to high
when the load drops below 32A. If the user zooms in and looks at the VOUT voltage, and accounts for an
expected propagation delay of 0.4us, the device output is 2.69V at I, 14, Which only has an error of
0.39% with respect to the ideal output of 2.8V. At |,,e.se Th the alert re-asserts to high when the output
dropped to 2.58V, which only has an error of 1.15% with respect to the ideal output of 2.61V.
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

Key files for Overcurrent Protection Circuit:

Source files for this design:
High-Side OCP Tina Model
Low-Side OCP Tina Model

Getting Started with Current Sense Amplifiers video series:

https://training.ti.com/getting-started-current-sense-amplifiers

Design Featured Current Sense Amplifier

INA381
Vg 2.7V to 5.5V
Ve GND-0.3V to 26V
Vour GND+5pV to V¢-0.02V
Vos +100 typical
lg 250pA typical
Ig 80pA typical
http://www.ti.com/product/INA381
Design Alternate Current Sense Monitor
INA301 INA302 INA303
Vg 2.7V to 5.5V 2.7V to 5.5V 2.7V to 5.5V
Vem GND-0.3V to 40V -0.1V to 36V -0.1V to 36V
Vour GND+0.02 to V¢-0.05V | GND+0.015 to Vs-0.05V | GND+0.015 to V¢-0.05V
Vos Gain Dependent Gain Dependent Gain Dependent
lq 500pA typical 850pA typical 850pA typical
lg 120uA typical 115pA typical 115pA typical
Comparator Single Comparators Dual Comparators Window Comparators
http://www.ti.com/product | http://www.ti.com/product | http://www.ti.com/product
/INA301 /INA302 /INA303

SBOA297-July 2018

89 Submit Documentation Feedback
Copyright © 2018, Texas Instruments Incorporated

Overcurrent event detection circuit


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA297
http://www.ti.com/analog-circuit/circuit-cookbook.html
http://proddms.itg.ti.com/stage/lit/sw/sboc520/sboc520.zip
http://proddms.itg.ti.com/stage/lit/sw/sboc519/sboc519.zip
https://training.ti.com/getting-started-current-sense-amplifiers
http://www.ti.com/product/INA381
http://www.ti.com/product/INA301
http://www.ti.com/product/INA301
http://www.ti.com/product/INA302
http://www.ti.com/product/INA302
http://www.ti.com/product/INA303
http://www.ti.com/product/INA303

I3 TEXAS
INSTRUMENTS

Analog Engineer's Circuit: Amplifiers
SBOA212A-January 2018—-Revised January 2019

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
—_—— - A ————— — — 1 e omT
I 1T
R,?/\J}(ik I R7 5.9k 1
C1 100p | VVV
H Vsin Vee U3 OPA365| -
—

Vref

Vce

U2 TLV3501
Vi
Vref

U4 TLV3501

R1 10k

R6 10k R5 8.45k

R2 10k

C2100n

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.
Gain= — Rt = — 1y
Select R; = R, = 10kQ
2. Determine R; and R, to divide V, to cancel the non-inverting gain.
Vo o= (14 R (g . ) % Vref
Ri=R;=R3=R;=10ke, Vode=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.

Vyi (Amplitude) = ¢ x V,(Amplitude)
Select Rg to be 10kQ, then compute Rj

Rs = % = 8.4kQ = 8 . 45kQ (Standard Value)

4. Set the oscillation frequency to 500kHz.
Re
fi= 4xR;XRg%xCy
Set C; = 100pF, then compute R,

R7 = xixpxc, = 5-92kQ =5 . 90kQ (Standard Value)

5. Choose C, to limit amplifier bandwidth to below switching frequency.
fp = 2><1T><1R4><c1

C, = 100pF — f, = 159KkHz

6. Select C, to filter noise from V.
C, = 100nF (Standard Value)

fyy= ——— <= = 320Hz
R1 X R
2XmXCX e Tk
PWM generator circuit SBOA212A-January 2018—Revised January 2019
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Design Simulations
DC Simulation Results

5.0

45

40—

3.5

3.0

2.5

Output

2.0 -

15—

1.0

500.0m |

0'07““““\““““\
-2.0 -1.0 0.0
Input voltage (V)

Transient Simulation Results

2.0

1.0+

VIN 0.0~
-1.0-

-2.0-

5.0 1 M T T T T T

1.0

Vout 2.5

2.0

0.0 T T ; Cd LD
50.0u 60.0u 70.0u 80.0u
Time (s)

90.0u

100.0u
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit SPICE simulation file SBOC502.

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

Design Featured Op Amp

OPA2365
Vg 2.2V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Voo 100pVv
lq 4.6mA
Iy 2pA
uUGBW 50MHz
SR 25V/us
#Channels 2
www.ti.com/product/opa2365
Design Comparator
TLV3502
Ve 2.2V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 1mv
lq 3.2mA
Iy 2pA
UGBW -
SR -
#Channels 2
www.ti.com/product/tlv3502
Design Alternate Op Amp
OPA2353
Vs 2.7V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rall
Vs 3mv
lq 5.2mA
Iy 0.5pA
UGBW 44MHz
SR 22Vlus
#Channels 2
www.ti.com/product/opa2353
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to 'Amplifiers'.

Added link to circuit cookbook landing page.

PWM generator circuit

Copyright © 2018-2019, Texas Instruments Incorporated

93

SBOA212A-January 2018—Revised January 2019

Submit Documentation Feedback


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA212A
http://www.ti.com/analog-circuit/circuit-cookbook.html
http://www.ti.com/lit/zip/sboc502
http://www.ti.com/tool/tipd108
http://www.ti.com/product/opa2365
http://www.ti.com/product/tlv3502
http://www.ti.com/product/opa2353

1 Analog Engineer's Circuit: Amplifiers
I —{‘IE)S(’;AREUMENTS SBOA246—-January 2019

Adjustable reference voltage circuit

Design Goals

Input Output Supply
Vi VoMin VDMBX VCC Vee
1oV -10V 1oV 15V -15V

Design Description

This circuit combines an inverting and non-inverting amplifier to make a reference voltage adjustable from
the negative of the input voltage up to the input voltage. Gain can be added to increase the maximum
negative reference level.

R2 20k
Vce
AVAVAY
+
— Vce 15
Vee
R1 20k
AVAVAY
— +
- L + REF102 . (Vo
— Veels = 10 N U1 OPA277
€ o= 100% Vee
Vee — P1 50k
- o a= 0%

Design Notes
1. Observe the common-mode and output swing limitations of the op amp.

2. Mismatch in R; and R, results in a gain error. Selecting R, > R, increases the maximum negative
voltage, and selecting R, < R; decreases the maximum negative voltage. In either case, the maximum
positive voltage is always equal to the input voltage. This relationship is inverted if a negative input
reference voltage is used.

3. Select the potentiometer based on the desired resolution of the reference. Generally, the
potentiometers can be set accurately to within one-eighth of a turn. For a 10-turn pot this means alpha
(«x) may be off by as much as 1.25%.
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Design Steps

Alpha represents the potentiometer setting relative to ground. This is the fraction of the input voltage that
will be applied to the non-inverting terminal of the op amp and amplified by the non-inverting gain.

Pla
) , _P1b
PL L° P1

o Plb P1=Pla+ Plb

The transfer function of this circuit follows:
V= Rtate )

1. If R, = R, = 20kQ, then the equation for V, simplifies as the following shows:
Vo= (20— 1) %V,

2. If V,=10V and « = 0.75, the value of V, can be determined.
Vo=(2%x0.75—1)%x10= 5V

Design Simulations

DC Simulation Results

10—

Voltage (V)
o
|

-5
'10 T | T | T | T |
0 25 50 75 100
Alpha (%)
Adjustable reference voltage circuit SBOA246—January 2019
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See the TINA-TI™ circuit simulation file, SBOMAU2.

See Tl Precision Labs - Op Amps.
Design Featured Op Amp

OPA277
Vs 4V to 36V
Vincwm Veet2V to V —2V
Vout Ve +0.5V to V1.2V
Vos 10pVv
lq 790pA/Ch
Iy 500pA
UGBW 1MHz
SR 0.8V/us
#Channels 12,4
http://www.ti.com/product/opa277

Design Alternate Op Amp

OPA172
Vs 4.5V to 36V
Vincwm V¢e—0.1V to V -2V
Vout Rail-to-rail
Vos 200pv
lq 1.6mA/Ch
Iy 8pA
uUGBW 10MHz
SR 10V/us
#Channels 12,4
http://www.ti.com/product/opal72
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Low-level voltage-to-current converter circuit

Analog Engineer's Circuit: Amplifiers
SBOA233-January 2019

Design Goals

Input Output Supply Load Resistance (R,)
ViMin ViMax ILMin ILMax Vcc Vee RLMin RLMax
0.49v 4.9v 1pA 10pA 5V ov 0Q 390kQ

Design Description

This circuit delivers a precise low-level current, I, to a load, R,. The design operates on a single 5-V
supply and uses one precision low-drift op amp and one instrumentation amplifier. Simple modifications
can change the range and accuracy of the voltage-to-current (\V-I) converter.

R3 100k
M

C110n R4 100k

| |
| T A%
x
VOOPA =]
A N
&
U1 OPA333 4 ~
©
p
Rset 100k § Vset 0‘3{ { VoINA
= Vi49 o R1 U2 INA326
I INAgain = 4.9
{ VLoad
RL 390k

+
a
<

Vee 5

I

Design Notes

1. Voltage compliance is dominated by op amp linear output swing (see data sheet A, test conditions)
and instrumentation amplifier linear output swing. See the Common-Mode Input Range Calculator for
Instrumentation Amplifiers for more information.

Voltage compliance, along with Ry, Rimax @Nd R bound the I range.
Check op amp and instrumentation amplifier input common-mode voltage range.
Stability analysis must be done to choose R, and C, for stable operation.

Loop stability analysis to select R, and C, will be different for each design. The compensation shown is
only valid for the resistive load ranges used in this design. Other types of loads, op amps, or
instrumentation amplifiers, or both will require different compensation. See the Design References
section for more op amp stability resources.

akrwn
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Design Steps
1. Select R, and check |, based on voltage compliance.

I — VoOPAMax
LMax Rset+ RLMax

10pA = 7Rseti%\é0k9 — Reet= 100kQ

I L= Voorain
LMin Rse(+ RLMin
_ 0.1V _
limin = Fookaroa = THA
R3
AA%AY
Cl R4
—I—( VoOPA
N N
8} o
0.100V +5V
To
h
U1 OPA333 RSN - T
+ —
= Vi +5V Rset § o { VoINA
I Vset Rl U2 INA326
= L 0.075V
|VOItage Compliance Considerations |
{ VLoad
RL
+5V
IE
— Vcc 5

Compute instrumentation amplifier gain, G.
VsetMin = ILMin x Rset = 1l~lA x 100kQ = 0.1V
VsetMax = ILMax . Rset = 1OIJA x 100kQ = 1V

G — Vivax— Vimin
VsetMax - Vsele

_ 4.9V—0.49V _
G= V=01V 4.9

Choose R, for INA326 instrumentation amplifier gain, G. Use data sheet recommended R, = 200kQ
and C, = 510pF.

G=2x(g)
R»]: 2><GR2

R, = (222902 — 81,6327k = 81.6kQ2

. The final transfer function of the circuit follows:

|| = i
L Gx Rset

|, = Vi _ VY
L™ 4.9x100kQ — 490kQ

V= 0.49V — I = 1pA
V,=4.9V I = 10pA

Low-level voltage-to-current converter circuit SBOA233-January 2019
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Design Simulations

DC Simulation Results

VOOPA VDINA
Vi B b Voora Compliance Voina Compliance
0.49V 0Q 0.999627pA 99.982723mV 100mV to 4.9V | 490.013346mV | 75mV to 4.925V
0.49V 390kQ 0.999627pA 489.837228mV 100mV to 4.9V | 490.013233mV | 75mV to 4.925V
4.9V 0Q 9.996034pA 999.623352mV 100mV to 4.9V 4.900016V 75mV to 4.925V
4.9V 390kQ 9.996031pA 4.898075V 100mV to 4.9V 4.900015Vv 75mV to 4.925V
10u— /
9u /"
Tu— /’
6u—| -
Au—|
3u—
2u—|
1u—|
0.0 500.0m 1.0 15 2.0 25 3.0 35 4.0 4.5 5.0
Vi (V)
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Design References
See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See the TINA-TI™ circuit simulation file, SBOMATS.
See TIPD107, http://www.ti.com/tool/TIPD107.
See Solving Op Amp Stability Issues - E2E FAQ.
See Tl Precision Labs - Op Amps.
Design Featured Op Amp
OPA333
Vs 1.8V to 5.5V
Vinem Rail-to-rall
Vout Rail-to-rall
Voo 2uv
I 17pAICh
Iy 70pA
UGBW 350kHz
SR 0.16V/us
#Channels 1,2
http://www.ti.com/product/opa333
Design Featured Instrumentation Amplifier
INA326
Ves 2.7V t0 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Voo 20uv
Iy 2.4mA
Iy 0.2nA
UGBW 1kHz (set by 1kHz filter)
SR 0.012V/us (set by 1kHz filter)
#Channels 1
http://www.ti.com/product/INA326
Low-level voltage-to-current converter circuit SBOA233-January 2019
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INSTRUMENTS
AC coupled (HPF) inverting amplifier circuit

Design Goals

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

Design 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
| | o
. | —aw AN
Vi
| - U1 LMV981 { Vo
—
= SD
Vref +5V I § R2 4.99k
== \cc +5V
— Vinp
C210u § R3 4.99k

Design Notes

1.
2. Use low feedback resistances to reduce noise and minimize stability concerns.

3.

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

R, sets the AC input impedance. R, loads the op amp output.

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

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.
R,=1 kQ (Standard Value)
Ry=R; % G,/ =1 kQx |-10y|= 10kQ (Standard Value)

2. Select R, and R; to set the DC output voltage to 2.5V.
R; = 4 .99kQ (Standard Value)

Ry= RVet — Ry= 499XV _ 4 99kQ = 4. 99kQ

3. Choose a value for the lower cutoff frequency, f,, then calculate C,.
fi= 16Hz
Ci= 5gn ! = 9. 94pF = 10pF (Standard Value)

2XTXR,Xf,  2Xmx1 kQx16Hz

4. Choose a value for fg,, then calculate C,.
fdiV = 6 . 4HZ

_ RyXRs _ 4.99kQ%4.99kQ __
Raiv = R,+R; — 4.99%kQ+4.99%Q — 2. 495kQ

C,= ! = ! = 9. 96uF = 10pF (Standard Value)

2XTWXRg, Xfg,  2XTX2.495kQ%6.4Hz

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
Grose= 1+ i =1+ {4 =11

fo= gon = 1-5KH2 — 136 . 3kHz

Groise 1y

AC coupled (HPF) inverting amplifier circuit SBOA222A-February 2018—-Revised January 2019

102 Submit Documentation Feedback
Copyright © 2018-2019, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA222A

13 TEXAS
INSTRUMENTS

www.ti.com

Design Simulations
AC Simulation Results

20+ ﬁ
A
N Gac=10V/V
S
s fL=16.04Hz [ H=129.06kHz
£
[©)
-40
0,
=)
(0] |
k=)
[0) K
» |
3]
<
o
-300 ——— ———— —_
100m 100 100k 100MEG
Frequency (Hz)
Transient Simulation Results
240
Vi (V)
-240m
57
Vinp (V)
07
57
Vo (V) i
o;
0 4m 8m
Time (s)
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Design References
See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit SPICE simulation file SBOC504.
See TIPD185, www.ti.com/tool/tipd185.
Design Featured Op Amp

LMV981
Vee 1.8V to 5V
Vincwm Rail-to-rail
Vout Rail-to-rail
Vos imVv
lq 116pA
Iy 14nA
uUGBW 1.5MHz
SR 0.42Vius
#Channels 1,2
www.ti.com/product/Imv981-n

Design Alternate Op Amp

LMV771
Vee 2.7V to 5V
Vinem Ve t0 (V~0.9V)
Vout Rail-to-rail
Vs 0.25mV
lq 600pA
I -0.23pA
UGBW 3.5MHz
SR 1.5V/ps
#Channels 1,2
www.ti.com/product/Imv771
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to 'Amplifiers'.
Added link to circuit cookbook landing page.
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AC coupled (HPF) non-inverting amplifier circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
—240mV 240mVv 0.1V 4.9v 5V ov 5V
Lower Cutoff Freq. (f,) Upper Cutoff Freq. (f,) AC Gain (G,.)
16Hz 2 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.

Cl15u  R11k R4 9k

I [ e

Vref +5V

R2 4.99k

N2 T Vo
C2 6.8u U1l TLV9062 3 . (
| o n 1
| L z
Vinp Vee +5V
+ R3 4.99k

NV

Vi

Design Notes

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

R, and R; load the input signal for AC frequencies.

Use low feedback resistance for low noise.

Set the output range based on linear output swing (see A, specification of op amp).

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)).

akrwn
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Design Steps

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

Ry=R; % (Gap—1)=1 kQx (10 - 1) = 9kQ (Standard Value)

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

RSXVref . kQx 5V
R, = Ry — Ry= 990xV _ 4 99kQ = 4. 99kQ

3. Select C, based on f, and R;.
fL = 16Hz

Ci= 2><Ter1>:( = zew o3 = 15 . 5uF = 15uF (Standard Value)

1.557
4. Select C, based on f, R,, and R;.

_ RyXRs; _ 4.99kQX4.99kQ __
Raiv = Ro+R; — 4.99kQ+4.99%kQ 2. 495kQ

C,= 1 = 1 = 6.4yuF — 6. 8uF(StandardValue)

2x-|-|-deNx(1 f;L57 ) 2XTx2,.495kQ % 10.3Hz

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).
fH — GBW of TLV9062 __ 10MHz —1 MHz

Gac 10y
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Design Simulations

AC Simulation Results
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Transient Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit SPICE simulation file SBOC505.

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

Design Featured Op Amp

TLV9062
Ve 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 300pv
lq 538pA
Iy 0.5pA
uUGBW 10MHz
SR 6.5V/us
#Channels 1,2,4
www.ti.com/product/tlv9062
Design Alternate Op Amp
OPA192
Ve 4.5V to 36V
Vincm Rail-to-rail
Vout Rail-to-rall
Vos 5uV
lq 1mA/Ch
Iy 5pA
UGBW 10MHz
SR 20Vlps
#Channels 1,2, 4
www.ti.com/product/opal92
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to 'Amplifiers'.

Added link to circuit cookbook landing page.
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Band pass filtered inverting attenuator circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
100mV,, 50V, 1mvV,, 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.

Cllu  R1100k R2 1k
\4 ANV
+ C21.2n
|1
Vi I
= Vee
k R38.2
Vee . MV { Vo
% U1 OPA1612 _L
L C368n
Vce 15 = . Vce I
Vref 0 =
- +
Vee 15 = 1
Vee

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.
Gain= — F2 = —0.01y (— 40dB)
R, = 100kQ
R,=0.01 xR;=1 kQ
2. Set high-pass filter pole frequency (f,,) below f,.
fi=10Hz, f,;= 2.5 Hz

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

f, = 100kHz
foo = 150kHz
fo3 22 % f, = 300kHz
fo3 = 300kHz
4. Calculate C, to set the location of f;.
C1= smxryxr, = amwioskaxzsiz = 0-636 uF =1 yF (Standard Value)

5. Select components to set f,, and ;.
R; = 8.2Q (provides stability for cap loads up to 100nF)

_ 1 _ 1
CZ T 2wx(Ry+ R3)xf,, — 2mx1008.2Q % 150kHz

= 1052pF = 1200pF (Standard Value)

Cy= 1l L = 64 .7 nF = 68nF (Standard Value)

2MXRyXfy; . 2mx8.2Q% 300kHz

Band pass filtered inverting attenuator circuit SBOA213A-February 2018—-Revised January 2019
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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—
n fl = 10Hz fh = 100kHz
Gain = -40.11dB Gain = -40.5dB
-45.00
a ]
z
£ -50.00—
©
o -
-55.00
-60.00 T T T T T T T T T T T T T T T T T
1 10 100 1k 10k 100k 1IMEG

Frequency (Hz)

Transient Simulation Results

25.00—

Vi 0.00]

-25.00—
249.86m—

Vo 0.00-]
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit SPICE simulation file SBOC503.

See TIPD118, www.ti.com/tool/tipd118.

Design Featured Op Amp

OPA1612
Vg 4.5V to 36V
Vinewm Veet2V to V —2V
Vout V1t0.2V to V0.2V
Voo 100pVv
lq 3.6mA/Ch
Iy 60nA
UGBW 40MHz
SR 27Vlus
#Channels 1,2
www.ti.com/product/opal612
Design Alternate Op Amp
OPA172
Ve 4.5V to 36V
Vinewm Vee—100mV to V, —2V
Vout Rail-to-rail
Vos 200pV
Iy 1.6mA/Ch
Iy 8pA
UGBW 10MHz
SR 10V/ps
#Channels 1,2,4
www.ti.com/product/opal72
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to 'Amplifiers'.

Added link to circuit cookbook landing page.
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Fast-settling low-pass filter circuit

Design Goals

Input Output Supply
ViMin ViMax VoMm VoMaX Vcc Vee
-12v 12v -12Vv 12v 15V -15V
Cutoff Frequency (f.) Diode Threshold Voltage (V,)
10kHz 20mv

Design Description

This low-pass filter topology offers a significant improvement in settling time over the conventional single-
pole RC filter. This is achieved through the use of diodes D, and D,, that allow the filter capacitor to
charge and discharge much faster when there is a large enough difference between the input and output

voltages.
Vcc
R4 10k
MWy T N U1 OPA827
+ C3160p
Vi I >
- Vee
C233p
| |
11
Vce
l R3100%
— Vcc 15
[ee] [ee]
< <
- = Vee 15 g g
i zN\ Y3
— N
Vee [a] [a]

Design Notes

1.

2.
3.
4. The selected op amp should have sufficient output drive capability to charge C,. R; limits the maximum

Observe the common-mode input limitations of the op amp.
Keeping C, small will ensure the op amp does not struggle to drive the capacitive load.
For the fastest settling time, use fast switching diodes.

charge current.
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Design Steps

1. Select standard values for R, and C, based on f; = 10kHz.
R, = 10kQ
Ci= srxixr, = \ — 1.6nF

2mXfo xR,  2mx10kHzx10kQ —

2. Set the diode threshold voltage (V,). This threshold is the minimum difference in voltage between the
input and output that will result in diode conduction (fast capacitor charging and discharging).

Vi= Ve = 08 — 20mVv

1+ 4R
Ry= (28 _1)xR,=290kQ = 300kQ (standard 5% value)

3. Select components for noise pre-filtering.
foo = 10 % f, = 100kHz

fc2 = 2TT><|;4><C3
Select R,= R;= 10kQ
Cs= 52 = 160pF

4. Add compensation components to stabilize U,. R, limits the charge current into C; and also serves to
isolate the capacitance from the op amp output when the diodes are conducting. Larger values will
improve stability but increase C,; charge time.

Select R; = 100Q

5. C, provides local high frequency feedback to counteract the interaction between the input capacitance
with the parallel combination of R, and R,. To prevent interaction with C,, select C, as the following
shows:

Select C,= % = 32pF = 33pF (standard value)
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Design Simulations
AC Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See TINA-TI™ circuit simulation file, SBOMAUL1.

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

Design Featured Op Amp

OPA827
Ve 8V to 36V
Vinem Veet3V to V—3V
Vour Veet3V to V3V
Vs 75UV
Iy 4.8mA
Iy 3pA
UGBW 22MHz
SR 28V/us
#Channels 1

http://www.ti.com/product/opa827

Design Alternate Op Amp

TLCO72
Vss 4.5V to 16V
Vinem V,e+0.5V to V,—0.8V
Vout Ve +350mV to V1V
Vos 390pv
lq 2.1mA/Ch
Iy 1.5pA
UGBW 10MHz
SR 16V/us
#Channels 1,2,4

http://www.ti.com/product/tlc072
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Low—pass filtered, inverting amplifier circuit

Design Goals

BW

Input

Output

Supply

ViMin

Vintax

VOMin

VoMax

Vee

-0.1v

0.1v

2V

2kHz

-2.5V

2.5V

Design Description

This tunable low—pass inverting amplifier circuit amplifies the signal level by 26dB or 20V/V. R, and C, set
the cutoff frequency for this circuit. The frequency response of this circuit is the same as that of a passive
RC filter, except that the output is amplified by the pass—band gain of the amplifier. Low—pass filters are
often used in audio signal chains and are sometimes called bass—boost filters.

C13.9n
Vcc I I
.
= Vcc25 R2 20k
A
+ —
= Vee25
I ee Vee
R1 1k
Vee MWV - Vout
e
+ N {
; £
Vin ﬂ TLV9002
Vce

Design Notes

1.
2.

N o ok

C, and R, set the low—pass filter cutoff frequency

The common-mode voltage is set by the non—inverting input of the op amp, which in this case is
mid—supply.

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

R, and R; set the gain of the circuit.
The pole frequency f, of 2kHz is selected for an audio bass—boost application.
Avoid placing capacitive loads directly on the output of the amplifier to minimize stability issues.

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.

For more information on op amp linear operation 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 DC transfer function of this circuit is given below.
Vo= Vix (- 52)
1. Pick resistor values for given passband gain.
Gain= g =20 y (26 dB)
Ri=1kQ
R,=Gainx (R)=20yx1kQ =20kQ

2. Select low—pass filter pole frequency f,

fo=2kHz
3. Calculate C, using R, to set the location of f,.
fp == m == 2 kHZ
Ci= smxroxt, = arwaokaxzkiz = 3-98nF =3.9nF (Standard Value)

4. Calculate the minimum slew rate required to minimize slew—induced distortion.
Vo= 5= SR > 2xmxfxV,

SR >2xmx2kHzx2V=1025

5. SRyveo02 = 2VIus, therefore it meets this requirement

Low-pass, filtered, inverting amplifier circuit SBOA293-December 2018
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Design Simulations
AC Simulation Results
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Transient Simulation Results

A 100 Hz, 0.2 V,, sine wave yields a 4 V,, output sine wave.
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A 100 kHz, 0.2 V,,, sine wave yields a 0.1 V,,, output sine wave.

100m —
1 Vin
Vin _
-100m —
"M Gai _55.49mV_0555Y_ 51ldB/
] &N Toomy T OOy T
| Vout
Vout |
-42.23M — [ T |
240u 250u 260u 270u
Time (s)
Low-pass, filtered, inverting amplifier circuit SBOA293-December 2018

120
Copyright © 2018, Texas Instruments Incorporated

Submit Documentation Feedback


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA293

13 TEXAS
INSTRUMENTS

www.ti.com

References:

1.
2.
3.
4,

Analog Engineer's Circuit Cookbooks
SPICE Simulation File SBOC523

TI Precision Designs TIPD185

TI Precision Labs

Design Featured Op Amp

TLV9002
Vs 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.4mV
lq 60pA
Iy 5pA
UuGBW 1MHz
SR 2V/us
#Channels 12,4
www.ti.com/product/tlv9002
Design Alternate Op Amp
OPA375
Vi 2.25V to 5.5V
Vinem Ve 10 Vo 1.2V
Vout Rail-to—rail
Vs 0.15mV
Iy 890pA
Iy 10pA
UGBW 10MHz
SR 4.75V/us
#Channels 1
www.ti.com/product/opa375
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Half-wave rectifier circuit

Input

Output

Supply

ViMm

ViMax

VOM\H

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

e

P ——C vo

SD1

Ul OPA322

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.

V,= GainxV,
Gain= — g'= — 1

Ri= Ry =2xR,
*  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.
E.,= \ 4xk,xTx Req

R, < E» _ _ (Enbb)

€4 7 4xk,xTx3?

_7.gnv _ (75x107)° 4940

/Hz 4x%1.381%x10 2x298x 32

Ri= R, =£760Q — 750Q (Standard Value)

Design Simulations
DC Simulation Results

a
2.3 g
e | Output is linear until input reaches -2.3V
1.8 4
2 144
@
o
© b
=)
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455.4m
00— 77— ' | ' |
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Transient Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit SPICE simulation file SBOC509.

Design Featured Op Amp

OPA322
Vs 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 500V
lq 1.6mA/Ch
Iy 0.2pA
UGBW 20MHz
SR 10V/ps
#Channels 1,2,4
www.ti.com/product/opa322
Design Alternate Op Amp
OPA2325
Vs 2.2V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rall
Vs 40pVv
lq 0.65mA/Ch
Iy 0.2pA
uGBw 10MHz
SR 5V/us
#Channels 2u
www.ti.com/product/opa2325
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to 'Amplifiers'.

Added link to circuit cookbook landing page and link to Spice simulation file.
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SBOA217A-January 2018—-Revised January 2019

Full-wave rectifier circuit

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
+25mV +10V 25mVv 1ov 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 AAY
D1 1N4148 Vee
SZ C147p T
Vee p—
Y
- U2 TLV172
N uLTLvizz D2 1N4148
N W E
. 11 b
| 1

+

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

distortion (THD).

Vce

R3 1k

Vce

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

4. 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.

5. Use a fast switching diode.

_(Vo
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Design Steps
1. Select gain resistors.

a. Gain for positive input signals.
Vo _qV
vV, — 'V
b. Gain for negative input signals.
Yo _R_ _qVv
\Y

v, 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.

R;=1 kQ
4. Select C, based on the desired transient response. See the Design Reference section for more
information.
C,=47pF
Full-wave rectifier circuit SBOA217A-January 2018—Revised January 2019
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Design Simulations
Transient Simulation Results
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o
|
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o
|
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit SPICE simulation file SBOC517.

See TIPD139, www.ti.com/tool/tipd139.

Design Featured Op Amp

TLV172
Ve 4.5V to 36V
Vinem Vee to (Vcc-2V)
Vout Rail-to-rail
Voo 0.5mV
lq 1.6mA/Ch
Iy 10pA
uUGBW 10MHz
SR 10V/us
#Channels 1,2,4
www.ti.com/product/tlv172
Design Alternate Op Amp
OPA197
Ve 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 25V
Iy 1mA/Ch
Iy 5pA
UGBW 10MHz
SR 20V/us
#Channels 1,2,4
www.ti.com/product/opal97
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to 'Amplifiers'.

Added link to circuit cookbook landing page and Spice simulation file.
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1 Analog Engineer's Circuit: Amplifiers
I ’-{‘IE)S(’;A‘SUMENTS SBOA214A—February 2018—Revised January 2019
Single-supply, low-input voltage, full-wave

rectifier circuit

Design Goals

Input Output Supply
V|M|n V|Max VoMln VoMax Vcc Vee Vref
5mVpp 400mVpp 2.5mVpp 200mVpp 5V -0.23Vv 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.

R1 1k R2 1k
Vee
Vce Vee
iy * Vee — Vo
Veess= 3 Vee-230m U1B OPA350
I \L R3 1k Vee
- - AN
, ULA OPA350 D1 14148
+ ™~
vi Vce

U2 OPA350

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.

SBOA214A-February 2018—-Revised January 2019 Single-supply, low-input voltage, full-wave rectifier circuit
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Design Steps

1. Circuit analysis for positive input signals.

v=R)+ (1) =1
Vo:Vi

R1

R2

A
il

5v

-0.23V

2. Circuit analysis for negative input signals.

R1

R2

-0.23V

D1 1N4148

—CVo

M 'A%
1kQ 1kQ
5v
5V ~
R3 —( Vi
M s °
/_L/ ko 2023V —>
- -0.23Vv
Vi D1 1N4148 Vo
L
0 — i —
v=_(-g)=—-1
Vo - = VI
3. Select Ry, R,, and R;.
Vo _ _ Ry
Vi T R4
If R2 - R1 then VO - - Vi
SetR1:R2:R3:1 kQ
Single-supply, low-input voltage, full-wave rectifier circuit 131 SBOA214A—February 2018—-Revised January 2019
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Design Simulations
Transient Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit SPICE simulation file SBOC506.

See TIPD124, www.ti.com/tool/tipd124.

Design Featured Op Amp

OPA350
Vg 2.7V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Voo 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
Ve 2.7V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 3amv
Iy 5.2mA
Iy 0.5pA
UGBW 44MHz
SR 22V/us
#Channels 1,2,4
www.ti.com/product/opa353
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to 'Amplifiers'.

Added links to circuit cookbook landing page and SPICE simulation file.
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Slew rate limiter circuit

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
-10V 1ov -10V 1ov 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

Op Amp Gain Stage

Slew Rate Limiter

C1470n R11.69k

{ Vo

—wA—
+
Vee IC1,
U1 OPA192 Vee
R2 1.6MEG
v T WA > U2 OPA192
o o
Vce —
- Vce

RLoad 1t

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,.
C,=470nF

SR=20Y

2. Choose the value of R, to set the capacitor current necessary for the desired slew rate.
SR= ¢
20Y = 2o where o, = 9.4 yA

Gain stage op amp Vg,:= + 14.995 (typical)

[~ = Ve
Ci ™ R,

9.4 A= %, so R, = 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/f curve levels off a decade before it intersects the open loop gain curve (200Hz,
for this example).

f ! = 200Hz

P~ 2wxR,xC,
200Hz = so R, = 1.693kQ=1.69kQ (Standard Value)

1
2R, x470nF *

Slew rate limiter circuit SBOA218A-January 2018—Revised February 2019
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Design Simulations
Transient Simulation Results

9.37u
IC1 B
-9.37u—
10.00
Vi 1
-10.00— —
10.00 —
Vo ] [Slew Rate = 19.94V/m
-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+
-37.50+

Gain (dB)

-50.00
0.00

el -33.754 \
Q
S,
O -67.50
@
<
o

-101.254

-135.00 ey ey ey ey e

10.00 100.00 1.00k 10.00k 100.00k 1.00MEG
Frequency (Hz)
SBOA218A—January 2018—Revised February 2019 136 Slew rate limiter circuit

Submit Documentation Feedback
Copyright © 2018-2019, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA218A

I

TEXAS
INSTRUMENTS

www.ti.com

Design References
See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See the circuit SPICE simulation file SBOC508.
See TIPD140, www.ti.com/tool/tipd140.

Design Featured Op Amp

OPA192
Vee 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 5uv
lq 1mA/Ch
Iy 5pA
UGBW 10MHz
SR 20V/us
#Channels 1,2,4
www.ti.com/product/opal92
Design Alternate Op Amp
TLV2372
Vee 2.7V to 16V
Vincm Rail-to-rail
Vout Rail-to-rall
Vs 2mv
lq 750pA/Ch
Iy 1pA
uGBw 3MHz
SR 2.1Vlus
#Channels 1,2, 4
www.ti.com/product/tiv2372
Revision History
Revision Date Change
A February 2019 Downscale the title and changed title role to 'Amplifiers'.

Added links to circuit cookbook landing page and SPICE simulation file.
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i TEXAS Analog Engineer's Circuit: Amplifiers
SBOA216A—February 2018—Revised February 2019

INSTRUMENTS
Single-ended input to differential output circuit

Design Goals

Input Output Supply
ViMin ViMax VoDiffMin VoDiffMax 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.

R2 49.9k
AA'A%
R1 49.9k
 ———"AY ]
Vo-
R3 49.9k
U2 OPA344
Vref 2.5 = x 5
=2 S )
2 8 I / VoDiff
— 3 = — Vce
Vo+
R5 49.9k ® (

Ul OPA344

R6 49.9k

Design Notes

1. 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.

akrwn
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Design Steps

1. Buffer V; signal to generate V,,.
Vot =V,

2. Invert and level shift V,, using a difference amplifier to create V,_.
Vo = (Veer=Voi ) X (22
3. Select resistances so that the resistor noise is smaller than the amplifier broadband noise.
E.= 30% (Voltage noise from op amp)
" Z

E, = R§4kaxTxunHRgf+m§4kaxTxﬁgHRq>2=28.7£L(<EW)
\“ \ \ VHZ

4. Select resistances that protect the input of the amplifier and prevents floating inputs. To simplify the bill
of materials (BOM), select Ry = Rq.

Rs = Rg = 49. 9kQ

Single-ended input to differential output circuit SBOA216A—February 2018—-Revised February 2019
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Design Simulations
DC Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See the circuit SPICE simulation file SBOC510.

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

Design Featured Op Amp

OPA344
Ve 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.2mVv
lq 150pA
Iy 0.2pA
uUGBW 1MHz
SR 0.8V/us
#Channels 1,2,4
www.ti.com/product/opa344

Design Alternate Op Amp

OPA335
Vs 2.7V to 5.5V
Vinem Vee—0.1V to V ~1.5V
Vout Rail-to-rail
Vos 1pv
lg 285UA/Ch
Iy 70pA
UGBW 2MHz
SR 1.6V/ips
#Channels 1,2
www.ti.com/product/opa335

Revision History

Revision

Date

Change

A

February 2019

Downscale the title and changed title role to 'Amplifiers'.
Added links to circuit cookbook landing page and SPICE simulation file.
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Inverting op amp with inverting positive reference
voltage circuit

Analog Engineer's Circuit: Amplifiers
SBOA261A—February 2018—Revised February 2019

Design Goals

Input Output Supply
V|M|n V|Max VoMln 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
MV ’ MV

+ R3 5.56k

+

= vref5 ( Vo
I Ul TLV9062

Vce 5

I~

Design Notes

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

S A
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Design Steps
Vo= = Vix (§1) = Vi X (&)

1. Calculate the gain of the input signal.
Vo,mavao,mm — 3.3V—0.05v . \Y
Ginput: Vima—Vimn  —1v—(—5v) 0. 8125V
2. Calculate R; and R,.

Choose R;= 845Q

_ Ry __ Ry
Ry = Gt 0.8125) 1.04 ke

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

_ Ry
Grer= £ () ()
R4 Ry _
- Vi_min x R, Vref x Ry Vo_min
Ry 8450
& _ Vo_min Tt Vi_min X Ry 0.05Vv+ -1V 1.04kQ v
Ry Yo - i = 0.1525Y

4. Calculate R,.
Ry= o= 8% _ 5 54 kQ=5.56 kQ

Gt 0.1525Y

Inverting op amp with inverting positive reference voltage circuit SBOA261A—-February 2018—-Revised February 2019
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Design Simulations

DC Simulation Results

AC Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See the circuit SPICE simulation file SBOC511.
See Designing Gain and Offset in Thirty Seconds .

Design Featured Op Amp

TLV9062
Vg 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.3mV
lq 538pA
Iy 0.5pA
UGBW 10MHz
SR 6.5V/us
#Channels 1,2,4
www.ti.com/product/tlv9062
Design Alternate Op Amp
OPA197
Ve 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 25V
Iy 1mA
Iy 5pA
UGBW 10MHz
SR 20V/us
#Channels 1,2,4
www.ti.com/product/opal97
Revision History
Revision Date Change
A February 2019 Downscale the title and changed title role to 'Amplifiers'.

Added links to circuit cookbook landing page and SPICE simulation file.
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INSTRUMENTS

Non-inverting op amp with inverting positive reference
voltage circuit

Design Goals

Input Output Supply
V|M|n V|Max VoMln 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
AAYAY AAAY
+
= Vref25
R3 402 . ——( Vo
N ) Ul TSV912
Vi R4 1 Vce 5

+
| T
Design Notes

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

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

3. V, 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

Vo: Vi x ( RJ—T—AR‘, ) R1|:2R2 )— Vref x (%)

1. Calculate the gain of the input to produce the largest output swing.

Vo,max - Vo,min = (Vi,max_ Vi,min)( R )( R1|:2R2 )

Ra+ Rq
Vo,max_ Vo,mm — R4 R1 + RZ
Vl,max_ V\,mln Rs+ R4 Rz
4.95V—10.05vV __ R4 Ri+ R,
5V—2V  — Rut+R, R,
vV _ Ra R+ R,
1.633y = &1k, R,

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 (
v k 1 kQ+R,
1.633y = R31+ 1QkQ R,

3. Solve the previous equation for R ; in terms of R ,.

_ 1 M+ (1 kexR,)
Rs= 1.633%R, -1 kQ

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).
Vo_min: Vi_min x (ﬁ)(%ﬁz) - Vref x (%)

_ 1 kQ 1 kQ+R, 1 kQ
0.08V=2Vx gt 1k Vigr % 18

5. Insert R; from step 3 into the equation from step 4 and solve for R,.

1 kQ 1 kQ+ R 1 kQ

0.085V =2V x ( ) YV x (1)
. 1 Mot 1 kaXR R ref R
IR k41 kO 2 2

Ry =777.2Q=T777Q

6. Insert R, calculation from step 5, and solve for R;.

1 MO+ (1 kQxR,) ( )
Rs= 1.633%R, -1 kaQ ( )
R, = ML KX 7779 _ 4 1) = 400 . 49Q = 402Q
1.633%x 777Q
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Design Simulations
DC Simulation Results

4.95 —
S
]
(@]
8
S 25 —
5
o
5
o
S0m

2 3 4 5
Input voltage (V)

AC Simulation Results

[6)]

o

BW=5.65MHz

&

=
o

Gain (dB)

) N =
)] o o1
cl |

@
o

T HHH‘ T HHH‘ T HHH‘ T HHH‘ T HHH‘ T HHH‘ T H'HH‘
10 100 1k 10k 100k 1IMEG 10MEG 100MEG
Frequency (Hz)

SBOA262A—-February 2018—Revised February 2019 Non-inverting op amp with inverting positive reference voltage circuit
Submit Documentation Feedback 148
Copyright © 2018-2019, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA262A

I

TEXAS
INSTRUMENTS

www.ti.com

Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit SPICE simulation file SBOC512.
See Tl Precision Lab Videos on Input and Output Limitations.

Design Featured Op Amp

TSV912
Vg 2.5V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 0.3mV
lq 550pA
Iy 1pA
uUGBW 8MHz
SR 4.5V/us
#Channels 1,2,4
www.ti.com/product/tsv912
Design Alternate Op Amp
OPA191
Ve 4.5V to 36V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 5uv
Iy 140pA/Ch
Iy 5pA
UGBW 2.5MHz
SR 5.5V/us
#Channels 1,2,4
www.ti.com/product/opal91l
Revision History
Revision Date Change
A February 2019 Downscale the title and changed title role to 'Amplifiers'.

Added links to circuit cookbook landing page and SPICE simulation file.
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Non-inverting op amp with non-inverting positive
reference voltage circuit

Design Goals

Input Output Supply
V|M|n V|Max VoMln 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

Vce 5

N
R4k  —
Vi
.
Twefz.s -

Copyright © 2018, Texas Instruments Incorporated

Design Notes
1. Use op amp linear output operating range. Usually specified under A, 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

_ Rs Ri+R, Rs Ri+R;
Vo= Vix (g 'r, )(Tr, )+ Veer X (537, ) (TR,

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

_ Ry Ri+ R,
Ginput = ( R+ Ra )( R, ) (
_ R, Ri+ R,
Vo,max - Vo,min - Vi,max - Vi,min Rs;+ R, R,

Vo_max_ Vo_mm — R4 R1 + R2

Vi_max - V\_rnin R3+ R4 Rz
4.95V—0.05V __ Ry Ri+ Ry

V- —1V Rs+R, R,

_ R4 Ri+R,

1.225V= R Rt

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 (
1 kQ+ R,
1.225V= %G R

3. Solve the previous equation for R; in terms of R,.

1 Mo+ (1 kQxR,)
Rs= 1.225%R, = —1 kQ
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).
Vo_min = Vi_min x ( RB'j.AR4 ) m%RZ) + Vier X ( R3'-T-3R4 ) %ZRZ

_ 1 kQ 1 kQ+R, Rs 1 kQ+R,
0.08V=—1 Vx the 1R 5 gyx R 1

5. Insert R; into the equation from step 1 and solve for R,.
1 Mo+ 1 kaR2_1 KO

0.05V= — 1 VX( 1 kQ )(1kQ+R2)+2.5Vx( 1.225 X Ry )(1KQ+R2)
TuatiaXR 1 ka+1 kO Re Tt OXR2 1 kot 1 ke R
R,=1360.5Q =1370Q
6. Insert R, into the equation from step 1 to solve for R,.
__ 1 MQ+1 kQx(1370Q)

Rs= 1.225%(1370Q) 1 kQ

R;=412.18Q=412Q
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Design Simulations
DC Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See the circuit SPICE simulation file SBOC513.
See Designing Gain and Offset in Thirty Seconds.

Design Featured Op Amp

MCP6292
Vg 2.4V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 0.3mV
lq 600pA
Iy 1pA
uUGBW 10MHz
SR 6.5V/us
#Channels 1,2,4
www.ti.com/product/MCP6292
Design Alternate Op Amp
OPA388
Ve 2.5V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 0.25uv
Iy 1.9mA
Iy 30pA
UGBW 10MHz
SR 5V/us
#Channels 1,2,4
www.ti.com/product/opa388
Revision History
Revision Date Change
A January 2019 Downscale the title and changed title role to '‘Amplifiers'.

Added links to circuit cookbook landing page and SPICE simulation file.
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Inverting op amp with non-inverting positive reference
voltage circuit

Design Goals

Input Output Supply
V|M|n V|Max VoMln 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

AA'A% ANV

.
Vi
N
( Vo
.
+/4TLV9001
.
— +

Vref 1.259 I — vces

Design Notes

1.

ok~ wn

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

Vs 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.
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Design Steps
Vo= — Vix (§) + Ve X (14 §1)

1. Calculate the gain of the input signal.

— R4
Giput= — & ( o)
— R
Vo_max - Vo_min - Vi_max - Vi_min R,
_ & — Vo max— Vo.min __ _ 4.95V—0.05vV __ _ v
R2 - Vl,max_vl,mln - 2V— —1V - 1 " 633\/

2. Select R, and calculate R;.

R,=6.81 kQ
Ri= Giput X Ry = 1.633Y% x6.81 kQ=11.123kQ=11.1 kQ (Standard Value)

3. Calculate the reference voltage.

Vomin= — Vimax X (%)+Vrefx (1+%)

0.05V= —2Vvx L1k 4\ x q, 111Kk

6.81 kQ 6.81 kQ
Vo_minT Vimax X R 0.05V42vx 1111 ko
Vref = R Re + e.s1k0  — 4 259V
1+ é 14+ 161..8111 kkgslz
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Design Simulations
DC Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See the circuit SPICE simulation file SBOC514.

See the Designing gain and offset in thirty seconds application report.

Design Featured Op Amp

TLV9001
Vg 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
V% 0.4mV
lq 60pA
Iy 5pA
uUGBW 1MHz
SR 2Vlius
#Channels 1,2,4
www.ti.com/product/tlv9002
Design Alternate Op Amp
OPA376
Ve 2.2V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vos 5uv
Iy 760uA
Iy 0.2pA
UGBW 5.5MHz
SR 2Vius
#Channels 1,2,4
www.ti.com/product/opa376
Revision History
Revision Date Change
A February 2019 Downscale the title and changed title role to '‘Amplifiers'.
Added links to circuit cookbook landing page and SPICE simulation file.
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Single-supply diff-in to diff-out AC amplifier circuit

Design Goals

Diff. Input V; Diff. Output (Vo — Vop) Supply
ViMin ViMax VoMin VoMax Vcc Vee Vref
-500mV +500mV —2.5V +2.5V +5 ov +2.5V
Lower Cutoff Freq. Upper Cutoff Freq.
16Hz > 1MHz

Design Description

This circuit uses 2 op amps to build a discrete, single-supply diff-in diff-out amplifier. The circuit converts a
differential signal to a differential output signal.

C21u
] |
[

R3 10k

Vref
vi @

L
1 an |

Vce

Design Notes

1. Ensure that R, and R, are well matched with high accuracy resistors to maintain high DC common-
mode rejection performance.

2. Increase R, and Rg to match the necessary input impedance at the expense of thermal noise
performance.

3. Bias for single-supply operation can also be created by a voltage divider from V. to ground.

4. V. sets the output voltage of the instrumentation amplifier bias at mid-supply to allow the output to
swing to both supply rails.

5. Choose C, and C, to select the lower cutoff frequency.

6. Linear operation is contingent upon the input common-mode and the output swing ranges of the
discrete op amps used. The linear output swing ranges are specified under the Aol test conditions in
the op amps data sheets
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Design Steps
1. The transfer function of the circuit is shown below.
Vopitt = Vi X G + Vi
where V,= the differential input voltage
V.= the reference voltage provided to the amplifier
G=1+2x(f)
2. Choose resistors R; = R, to maintain common-mode rejection performance.
Choose R;=R,=20kQ (Standard value)

3. Choose resistors R, and R; to meet the desired input impedance.
Choose R,=R;=10kQ (Standard value)

4. Calculate R, to set the differential gain.
Gain=1+ (3f)=57
Ry =R,= 20kQ

G=1+22C =575y 1="F2=4-Ry= " =10kQ (Standard value)

5. Set the reference voltage V,; at mid-supply.

Vigr= 52 = %' — Vi = 2.5V

6. Calculate C, and C, to set the lower cutoff frequency.
fo= sxmxm,xc, = 16 Hz
R4 = R5 == 10 kQ

fe= sxmxioraxe, = 16 Hz = Ci = sxaxiowaxtsnz = 0 - 99uF — C; = C, = 1uF (Standard value)

Single-supply diff-in to diff-out AC amplifier circuit SBOA256-December 2018
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Design Simulations
AC Simulation Results

In the following figure, notice the lower —3-dB cutoff frequency is approximately 16Hz and the upper cutoff

frequency is > 1MHz as required for this design.
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References

1. Analog Engineer's Circuit Cookbooks

2. SPICE Simulation File SBOMAUS.
3. TI Precision Labs
Design Featured Op Amp

OPA374
Vs 2.3V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rall
Vos imv
lq 585UA/Ch
Iy 0.5pA
UGBW 6.5MHz
SR 5V/us
#Channels 124
www.ti.com/product/opa374
Design Alternate Op Amp
TLV9061
Vs 1.8V to 5.5V
Vinem Rail-to-rall
Vout Rail-to-rall
Vs 0.3mv
lq 0.538mA
Iy 0.5pA
UGBW 10MHz
SR 6.5V/ps
#Channels 1,2,4
www.ti.com/product/tiv9061
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Inverting dual-supply to single-supply amplifier circuit

Design Goals

Input Output

Supply
ViMin ViMax VoMin

VoMax Vcc Vee Vdd Vref
-10V +10V +0.2V +4.8V +15V

-15v +5V +4.096V

Design Description

This inverting dual-supply to single-supply amplifier translates a +10-V signal to a 0-V to 5-V signal for use
with an ADC. Levels can easily be adjusted using the given equations. The buffer can be replaced with

other +15-V configurations to accommodate the desired input signal, as long as the output of the first
stage is low impedance.

Vce Vee Vdd Vref
% Vcce 15 :l[Vee -15 % Vdd 5 % Vref 4.096
¢ Voal C143p
|
Vee H

R1 100k R2 23k

* A\ A\

%ﬂ OPA140

Vce -

v {
A

(Vo
N

U2 OPA2376
Vref vdd

T—’VVV A% r—C Vshift
R3 10k R4 162 l 1

R6 10k

R5 10k i €2 1u

Design Notes
1. Observe common-mode limitations of the input buffer.

2. A high-impedance source will alter the gain characteristics of U, if buffer amplifier U1 is not used.

3. Rg provides a path to ground for the output of U, if the £15-V supplies come up before the 5-V supply.
This limits the voltage at the inverting pin of U, through the voltage divider created by R;, R,, and Rq
and prevents damage to U, as well as to any converter that may be connected to its output. To best
protect the devices a transient voltage suppressor (TVS) should be used at the power pins of U..

4. A capacitor across R will help filter V,; and provide a cleaner V.
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Design Steps
The transfer function for this circuit follows:

Vo= — % xVi+ (1+%) * Vhitt
1. Set the gain of the amplifier.
AVy _ Voyax—Vown _ _48V—02V _
Av, T ViV = 10V—(= 10V) — 0.23
AV, _ R,
AV, — Ry
R2 == 023XR1

Choose R;= 100kQ (standard value)
R, =23kQ (for standard values use 22kQ and 1kQ in series)

2. Set Vg, to translate the signal to single supply.
At midscale, V,,= 0V

Then Vo= (14 ) X Ve

VShift == (1_:_/052 ) - % - 2.033V

3. Select resistors for reference voltage divider to achieve V.

Ve = 4.096V
— Rs
Vshift - Vref X (Rs+ R4+ Rg

Vehit __ 2.033V __ Rs

Vier 4096V — (Ry+Ry)+Rs
R;+ R, = 1.0161 x R;
Select a standard value for Rj

Ry = 10kQ
Ry + R, = 10.161kQ
R, = 10kQ

R4 = 162Q (standard 1% value)

4. Large feedback resistors can interact with the input capacitance and cause instability. Choose C; to
add a pole to the transfer function to counteract this. The pole must be lower in frequency than the
effective bandwidth of the op amp.

C,=43pF

fo= smxr;xc, = 160.3kHz

Inverting dual-supply to single-supply amplifier circuit SBOA234—January 2019
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Design Simulations
DC Simulation Results
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Transient Simulation Results
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o
L

-10
0
Time (s)
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See TINA-TI™ circuit simulation file, SBOMATO.
See TIPD148, http://www.ti.com/tool/TIPD148.

Design Featured Op Amp

OPA376
Vss 2.2V to 5.5V
Vincm Vee to Vce-1.3V
Vout Rail-to-rail
Vos 5uV
lq 760pA/Ch
Iy 0.2pA
uUGBW 5.5MHz
SR 2Vlius
#Channels 12,4

http://www.ti.com/product/opa376

Design Featured Op Amp

OPA140
Vs 4.5V to 36V
Vinem Vee-0.1V to Vcc-3.5V
Vout Rail-to-rail
Vs 30pv
lq 1.8mA/Ch
Iy +0.5pA
UGBW 11MHz
SR 20V/us
#Channels 12,4

http://www.ti.com/product/opa375
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Analog Engineer's Circuit: Amplifiers
I ’.{‘IE)S({ARIEUMENTS SBOA232-December 2018
Dual-supply, discrete, programmable gain amplifier circuit

Design Goals

Input Output Supply
ViMin ViMax VoMin VoMax Vcc Vee
-1.25V +1.25V -2.4V +2.4V +2.5V -2.5V
Gain Cutoff Frequency
6dB (2V/V) to 60dB (1000 V/V) 7kHz

Design Description

This circuit provides programmable, non-inverting gains ranging from 6dB (2V/V) to 60dB (1000V/V) using
a variable input resistance. The design maintains the same cutoff frequency over the gain range.

C1220p
] |
[
V+
R2 100k
+ ——— A \N—
Vee 2.5 — V-
R3 100 R1
_,_—'\M A% -
= |, L 0 — 100k ( Vo
+
Vee 2.5 — + Ul OPA364
+
Vi V+
V-

Design Notes

1. Choose a digital potentiometer, such as TPL0102 for R, to design a low-cost digital programmable
gain amplifier.

2. R, sets the maximum gain when R, approaches 0Q.
A feedback capacitor limits the bandwidth and prevent stability issues.

4. Stability should be evaluated across the selected gain range. The minimum gain setting will likely be
most sensitive to stability issues.

5. Some digital potentiometers can vary in absolute value by as much as +/-20% so gain calibration may
be necessary.

w
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Design Steps
1. Choose R, and R, to set the maximum gain when R, approaches 0:
Grax= 1+ §
Grax— 1= g—ﬁ—> R2= (Gmax— 1) X Rs
Set R;=100Q
R, = (1000 %— 1)%x100= 99 kQ — R, = 100 kQ (Standard value)

2. Choose the potentiometer maximum value to set the minimum gain:

— Ry
Gmin_ 1 + Rﬂ,max+ R3

1 — 2
Gmin 1 - R1,max+R3
R
R1,max+ R3: G z

min— 1

Rimax= g5 — Rg= 2% — 1000 = 99.9kQ — Ry ax = 100kQ (Standard value)

min— 1

Rimin=0Q (Wiper resistance, typically 25Q, will introduce some error)

3. Choose the bandwidth with a feedback capacitor:

_ GBW __ 7MHz __
fo= Gmax 1000y 7kHz

fo=7kHz — Cy = 5-yo s = 227pF — C,= 220pF (Standard Value)

2 X Ry X f,

4. Check for stability at minimum gain (2V/V), which is when R,=100kQ. To satisfy the requirement f
(circuit bandwidth) must be less than f,, (zero created by the resistive feedback network and the
differential and common-mode input capacitances).

fo= oo m =7 kHz

= 2wxC xR, —

[ L = !
28M0 ™ 211X (Cem+ Cair) X (R || Ry) 2x1-r><(3pF+2pF)X(1°°"“X‘°°k“)

100 kQ—+ 100 kQ
froro = 637 kHz
7 kHz < 637 kHz — f, < f e

Dual-supply, discrete, programmable gain amplifier circuit SBOA232-December 2018
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Design Simulations
Transient Simulation Results
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AC Simulation Results
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References:

1.
2.
3.
4,

Analog Engineer's Circuit Cookbooks
SPICE Simulation File SBOC521

TI Precision Designs TIPD204

TI Precision Labs

Design Featured Op Amp

OPA364
Vi 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Ve 1mv
lq 1.1mA
Iy 1pA
UuGBW 7TMHz
SR 5Vips
#Channels 1,2,4
www.ti.com/product/opa364
Design Alternate Op Amp
OPA376
Vs 2.2V to 5.5V
Vinem Rail-to-rall
Vout Rail-to-rall
Vs 5uV
lq 760pA
Iy 0.2pA
UGBW 5.5MHz
SR 2Vlus
#Channels 1,2,4
www.ti.com/product/opa376

Dual-supply, discrete, programmable gain amplifier circuit
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AC coupled instrumentation amplifier circuit

Analog Engineer's Circuit: Amplifiers
SBOA242—-January 2019

Design Goals

Input Output Supply
ViM\n ViMax VoM\n VoMax Vcc Vee
-13V 13v -14.85V 14.85 15 -15
Lower Cutoff Frequency (f,) Gain Input
16Hz 1 +2VAC; +10VDC

Design Description

This circuit produces an AC-coupled output from a DC-coupled input to an instrumentation amplifier. The
output is fed back through an integrator, and the output of the integrator is used to modulate the reference
voltage of the amplifier. This creates a high-pass filter and effectively cancels the output offset. This circuit
avoids the need for large capacitors and resistors on the input, which can significantly degrade CMRR due
to component mismatch.

Vce Vi
[\ \Vcc
.
Vee 15 = Heo
g
+
C Vo
Ref
+ vac (/- U2 INAB28
Vee 15 = C> = i
.
1 Vdc 10 = Vee C1 100n
Vee | ]
|1
£ Vee
R1 100k
AA
Vref )

u1 omw%T

Vcce -

Design Notes

1. The DC correction from output to reference is unity-gain. U, can only correct for a signal within its
input/output limitations, thus the magnitude of DC voltage that can be corrected for will degrade with
increasing instrumentation amplifier gain. See the table in Design Steps for more information.

2. Large values of R; and C, will lower the cutoff frequency, but increase startup transient response time.
Startup behavior can be observed in the Transient Simulation Results.

3. When AC-coupling this way, the total input voltage must remain within the common-mode input range
of the instrumentation amplifier.

SBOA242—-January 2019

AC coupled instrumentation amplifier circuit
Submit Documentation Feedback

171
Copyright © 2019, Texas Instruments Incorporated


http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA242

13 TEXAS
INSTRUMENTS

www.ti.com

Design Steps

1. Set the lower cutoff frequency for circuit (integrator cutoff frequency). The upper cutoff frequency will
be dictated by the gain and instrumentation amplifier bandwidth.

fL: m:‘]GHZ

2. Choose a standard value for R, and C,.

C, - 100 nF
Ri= sxrooiexiams = 9947 kQ=100 kQ (standard value)

3. The DC rejection capabilities of the circuit will degrade with gain. The following table provides a good
estimate of the DC correction range for higher gains.

Gain DC Correction Range
A% +10V
10VIV +1V
100V/IV +0.1V
1000VIV +0.01V
AC coupled instrumentation amplifier circuit 172 SBOA242—-January 2019
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Design Simulations
AC Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See TINA-TI™ circuit simulation file, SBOMAUO.

See TIPD191, http://www.ti.com/tool/tipd191.

Design Featured Instrumentation Amplifier

Design Featured Op Amp

Design Alternate Op Amp

INA828
Vo 4.5V to 36V
Vincm Ve +2V to V —2V
Vout Ve +150mV to V ~150mV
Vs 20pv
lq 600pA
Il 150pA
UGBW 2MHz
SR 1.2Viys
#Channels 1
www.ti.com/product/INA828
OPA188
Vs 8V to 36V
Vinem Ve t0 V—1.5V
Vout Rail-to-rail
Vos 6uvV
lq 450pA
Iy +160pA
UGBW 2MHz
SR 0.8V/us
#Channels 12,4
www.ti.com/product/OPA188
TLV171
Vo 2.7V to 36V
Vinem Vee—0.1V to V -2V
Vout Rail-to-rail
Vs 750pV
lq 525pA
[ +10pA
UGBW 3MHz
SR 1.5V/us
#Channels 1,2,4

www.ti.com/product/OPA188

AC coupled instrumentation amplifier circuit
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1 Analog Engineer's Circuit: Amplifiers
I ’.{‘IE)S({ARIEUMENTS SBOA258—-December 2018

Discrete wide bandwidth INA circuit

Design Goals

Input Output Bandwidth Supply
ViMin ViMax VoMin VoMax BW Vcc Vee Vref
-0.24V +0.24V +0.1V +4.9V 10MHz +2.5V ov 2.5V

Design Description

This design uses 3 op—amps to build a discrete wide bandwidth instrumentation amplifier. The circuit
converts a differential, high frequency signal to a single—ended output.

V+
Ul OPA354 R4 500
———A\W ANN—
R3 500
L R1500 =
V+ Vref Vi W -
! @ R11111 + —(Vo
.. + A 2”U3 OPA354
Vec5= =Vref25 ' R2500
— V+
L L R5 500
————AW— Vref
U2 OPA354 R6 500
Vref V+

Design Notes

Reduce the capacitance on the output of each op amp to avoid stability issues.

Use low gain configurations to maximize the bandwidth of the circuit.

Use precision resistors to achieve high DC CMRR performance.

Use small resistors in op—amp feedback to maintain stability.

Set the reference voltage, V,, at mid—supply to allow the output to swing to both supply rails.
Phase margin of 45° or greater is required for stable operation.

R,; sets the gain of the instrumentation amplifier.

Linear operation depends upon the input common-mode and the output swing ranges of the discrete
op amps used. The linear output swing ranges are specified under the A, test conditions in the op
amps datasheets.

9. V,; also sets the common-mode voltage of the input, V,, to ensure linear operation.

© N kM WDNE
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Submit Documentation Feedback 175
Copyright © 2018, Texas Instruments Incorporated


http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA258

13 TEXAS
INSTRUMENTS

www.ti.com

Design Steps
1. The transfer function of the circuit is given below.
Vo= Vix (14 22%) X (£2) 4 Vet
where V,;= the differential input voltage

V.= the reference voltage provided to the amplifier

Gain=(1+ R )x Fe

2. To maximize the usable bandwidth of design, set the gain of the diff amp stage to 1V/V. Use smaller
value resistors to minimize noise.

Choose R;=R,;= R;= Rgz=500Q (Standard value)

3. Choose values for resistors R; and R,. Keep these values low to minimize noise.
R, = R, = 500Q (Standard value)

4. Calculate resistor R,, to set the gain of the circuit to 10V/V

_ 2XRy\ _ 4V 2x500Q _ 4V | 2%X500Q _ qV
G=(1+ R11)—10Vﬂ1+ Ry, =10y — Roy = 9y

Riyp= 1952 =111.11Q — Ry;= 111 Q (Standard value)
\
5. Calculate the reference voltage to bias the input to mid-supply. This will maximize the linear output
swing of the instrumentation amplifier. See References for more information on the linear operating
region of instrumentation amplifiers.

V=2 =2/=25V

Discrete wide bandwidth INA circuit SBOA258—-December 2018
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Design Simulations
DC Simulation Results
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|
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-300m -150m 0 150m 300m
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Transient Simulation Results
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AC Simulation Results
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References

akrwnE

Design Alternate Op Amp

Analog Engineer's Circuit Cookbooks
SPICE Simulation File SBOMAUG6

Tl Precision Labs

Instrumentation Amplifier V¢, vs. Vo1 Plots
. Common-mode Range Calculator for Instrumentation Amplifiers
Design Featured Op Amp

OPA354
Ve 2.5V to 5.5V
Vincm Rail-to—rail
Vout Rail-to—rail
Vs 2mv
lq 4.9mA/Ch
l, 3pA
UGBW 250MHz
SR 150V/us
#Channels 1,2,4
www.ti.com/product/opa354
OPA322
Vo 1.8V to 5.5V
Vinem Rail-to—rail
Vout Rail-to—rail
Vs 500pVv
lq 1.6mA/Ch
I 0.2pA
UGBW 20MHz
SR 10V/us
#Channels 1,2,4

www.ti.com/product/opa322

Discrete wide bandwidth INA circuit
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1 Analog Engineer's Circuit: Amplifiers
I —{‘IE)S(’;ARIEUMENTS SBOA286—-December 2018

Low-noise and long-range PIR sensor
conditioner circuit

Design Goals

AC Gain Filter Cut Off Frequency Supply
QOdB fL fH VCC Vee
0.7Hz 10Hz 5v ov

Design Description

This two stage amplifier design amplifies and filters the signal from a passive infrared (PIR) sensor. The
circuit includes multiple low—pass and high—pass filters to reduce noise at the output of the circuit to be
able to detect motion at long distances and reduce false triggers. This circuit can be followed by a window
comparator circuit to create a digital output or connect directly to an analog—to—digital converter (ADC)
input.

C815n

c4 150 —
f——9—Cvo1
C7\33“ R9 6.81k R101.2MEG

C333u  Ra6.81k R5 1.2MEG —1
Vce L —
—t
— Vee

.
Vee 0 Vee VEE

+
Vees =

I

<
®
®
R7 13.7k

R11 1.5k

<

@

@
R213.7k

R6 1.5k C6 33u Vo_2

{ | U1 TLV9062

R12 5k R1 1.5k C233u ’ i Lt
. . I + U2 TLV9062 l
: Vee
Vee I

s
<
Vnoise
C10100n
C5 10u
R8 13.7k
C9 10u

I

C110u

b
|
I

R3 13.7k

Design Notes

1. The common mode voltage and output bias voltage are set using the resistor dividers between R, and
R; (and R; and Ry).

2. Two or more amplifier stages must be used to allow for sufficient loop gain.

Additional low—pass and high—pass filters can be added to further reduce noise.

4. Capacitors C, and Cq filter noise by decreasing the bandwidth of the circuit and help stabilize the
amplifiers.

5. RC filters on the output of the amplifiers (for example, R; and C;) are required to reduce the total
integrated noise of the amplifier.

6. The maximum gain of the circuit can be affected by the cutoff frequencies of the filters. The cutoff
frequencies may need to be adjusted to achieve the desired gain.

w
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Design Steps

1. Choose large—valued capacitors C,, Cs, and C, for the low—pass filters. These capacitors should be
selected first since large—valued capacitors have limited standard values to select from compared to
standard resistor values.

C1 = 05: C9: 1OHF
2. Calculate resistor values for R, Rg, and R, to form the low—pass filters.
1 1
Ri=Rs=Ry1= 2wxf xC, — 2wx0.7Hzx10uF — 1.592kQ

Choose R;=Rg=R;;=1.5kQ (Standard value)

3. Select capacitor values for C,, C;, Cq, and C, for the high—pass filters.
CZZ C3: C6: C7: 33HF
4. Calculate the resistor values for R, and R, for the high—pass filters.
1 1
Ri=Ry= 2mxfyxC,  2mX10HzX33uF 6. 89kQ

Choose R;=Rg=6.81kQ (Standard value)

5. Set the common—mode voltage of the amplifier to mid—supply using a voltage divider. The equivalent
resistance of the voltage divider should be equal to R, to properly set the corner frequency of the
high—pass filter.

R,=R;=R;=Rg=2%xR,=2x6.81kQ= 13.62kQ
Choose R,=R;=R;=Rg=13.7kQ (Standard value)

6. Calculate the gain required by each gain stage to achieve the total gain requirement. Distribute the
total gain target of the circuit evenly between both gain stages.

Gain= °%® = 45dB= 177 . 828y,

7. Calculate Rq to set the gain of the first stage.
Rs= (Gain-1) xR, = (177.828%— 1) x6.81kQ=1.204MQ
Choose 1.2MQ

8. Calculate C, to set the low—pass filter cut off frequency.
Ci= e = ! = 13.263nF

2T X Rs Xf, 27X 1.2MHz % 10Hz
Choose C,= 15nF

9. Since the gain and cut off frequency of the first gain stage is equal to the second gain stage, set all
component values of both stages equal to each other.
R1 - RG = SKQ
R;=Rg= 13.7kQ
Rg=R,=6.81kQ
R10: R5: 1 ZMQ

CS = C4 = 15I‘1F
10. Calculate R,; to set the cut off frequency of the low—pass filter at the output of the circuit.
— 1 _ 1 _
R11 T 2mxCoxf. — 2mx10puFx10Hz — 1. 592k
Choose Ry;=1.5kQ
Low-noise and long-range PIR sensor conditioner circuit 180 SBOA286-December 2018

Submit Documentation Feedback
Copyright © 2018, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SBOA286

13 TEXAS
INSTRUMENTS

www.ti.com

Design Simulations

AC Simulation Results
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References:

1. Analog Engineer's Circuit Cookbooks
2. SPICE Simulation File SBOC524

3. TI Precision Labs

Design Featured Op Amp

TLV9062
Vs 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 12,4
www.ti.com/product/tiv9062
Design Alternate Op Amp
OPA376
Vs 2.2V to 5.5V
Vinewm Ve 10 V—1.3V
Vout Rail-to—rail
Vs 5uV
Iy 760uA/Ch
Iy 0.2pA
UGBW 5.5MHz
SR 2Vlius
#Channels 1,2, 4
http://www.ti.com/product/opa376
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Temperature sensing with NTC circuit

Design Goals

Temperature Output Voltage Supply
TMin TMax VoutMin VoutMax Vdd Vee Vref
25°C 50 °C 0.05Vv 3.25V 3.3V ov 1.659V

Design Description

This temperature sensing circuit uses a resistor in series with a negative—temperature—coefficient (NTC)
thermistor to form a voltage divider, which has the effect of producing an output voltage that is linear over
temperature. The circuit uses an op amp in a non—inverting configuration with inverting reference to offset
and gain the signal, which helps to utilize the full ADC resolution and increase measurement accuracy.

VDD VDD
T R2 1k R3 2.87k
l ANV ANV
! iE
vdd 3.3 = lﬂ\ 1* vref
l NTC T 1.659
Vin)>—

Design Notes

1.

Use the op amp in a linear operating region. Linear output swing is usually specified under the A, test
conditions.

The connection, Vin, is a positive temperature coefficient output voltage. To correct an NTC output
voltage, switch the position of R, and the NTC thermistor.

R, is chosen based on the temperature range and the NTC's value.

V. can be created using a DAC or voltage divider. If a voltage divider is used the equivalent resistance
of the voltage divider will influence the gain of the circuit.

Using high value resistors can degrade the phase margin of the amplifier and introduce additional
noise in the circuit. It is recommended to use resistor values around 10 kQ or less.

A capacitor placed in parallel with the feedback resistor will limit bandwidth, improve stability and help
reduce noise.
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Design Steps

_ R4 R;+Rs ~ Rs
Vout— Vdd x Rnre+ Ry X R, R, x Vref

1. Calculate the value of R, to produce a linear output voltage. Use the minimum and maximum values of
the PTC to obtain a range of values for R;.

Rute_max = Rnte @2sic = 2.252 kQ,  Ryre_min = Rnrc @s0rc = 819.7 Q
R»] - \ RNTC @25°C % RNTC @50°C — \ 2252 ka 8197 Q - 1359 kQ = 137 kQ

2. Calculate the input voltage range.

Vinmin = Vaq ¥ =33Vx 30K 1248V

Ry
Rurc_max+ R4 2.252 kQ+ 1.37 kQ

- R _ 137k
Vinmax = Vaa X 7 o7/, = 33V X gig7a+ 157k — 2060V

3. Calculate the gain required to produce the maximum output swing.

— VoutMax_ chle __ _325V—-0.05V __ M
Gigea = Vimax— Viewin  2.085 V—1.248V — 3917y

4. Select R, and calculate R, to set the gain in Step 3.
Gain= RZRLZ%
R,=1kQ (Standard value)
Rs= Ry X (Gigea— 1) = 1 kQ x (3.917y - 1) = 2.917 kQ
Choose R;=2.87 kQ (Standard value)
5. Calculate the actual gain based on standard values of R, and R,.

_ Ry+Rs _ 1kQ+287kQ __ \
Gactual - R, — 1KQ = 3.87 v

6. Calculate the output voltage swing based on the actual gain.
Vout_swing = (Vinmax— Vinmin) X Gactual = (2.065 V- 1.248 V) x 3.87 % =3.162 V

7. Calculate the maximum output voltage when the output voltage is symmetrical around mid—supply.

- Voutswing __ Vag— V. Voutswng __ 3.3V—0V 3.162V _
Voutmax = Vimid— suppy + — 2 = ot = 2 + === 3.231 V

8. Calculate the reference voltage.

— Rs
VoutMax - VinMax x Gactual R, x Vref

3.231V=12.065V x 3.87  — 28K x \/

2.065Vx3.87 Y —3.231V
Vref = 25T =1.659V

1kQ
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Design Simulations
DC Transfer Results

3.30

[Temp=50C,Vout=3.231v

[Temp=25C,Vout=0.071V |

Output (V)
H
(o2
T

Temp=37.5C,Vout=1.717V

0.00 : :
25.00 30.00

T | | |
35.00 40.00 45.00 50.00

Temperature (C)

AC Simulation Results

12.00; \
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i_g/ 6.00
£
]
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)
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)
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References:

1. Analog Engineer's Circuit Cookbooks

2. SPICE Simulation File SBOMAV6
3. TI Precision Labs
Design Featured Op Amp:

TLV9002
Vee 1.8Vto 55V
Vinem Rail-to-rail
Vout Rail-to—rail
Ve 1.5mv
lq 0.06mA
Iy 5pA
UGBW 1MHz
SR 2V/us
#Channels 1,2,4

http://www.ti.com/product/TLV9002

Design Alternate Op Amp:
OPA333
Ve 1.8Vto55V
Vincm Rail-to—rail
Vout Rail-to—rail
Voo 2uv
I 17pA
Iy 70pA
UGBW 350kHz
SR 0.16V/us
#Channels 1,2, 4

http://www.ti.com/product/OPA333
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Temperature sensing with PTC circuit

Design Goals

Temperature Output voltage Supply
TMin TMax VoutMin VoutMax Vdd Vee Vref
0°C 50 °C 0.05Vv 3.25V 3.3V ov 1.646V

Design Description

This temperature sensing circuit uses a resistor in series with a positive—temperature—coefficient (PTC)

thermistor to form a voltage—divider, which has the effect of producing an output voltage that is linear over
temperature. The circuit uses an op amp in a non—inverting configuration with inverting reference to offset
and amplify the signal, which helps to utilize the full ADC resolution and increase measurement accuracy.

VDD VDD
T R2 1k R3 11.5k
L WV ANV
1*vdd J:
= 33 R1 g = Vref
10K < 1.646

1

[

U1 TLV9002

VDD

Vin)—
\%PTC

Design Notes

1.

Use the op amp in a linear operating region. Linear output swing is usually specified under the A, test
conditions.

The connection, V,,, is a positive temperature coefficient output voltage. To correct a
negative—temperature—coefficient (NTC) output voltage, switch the position of R, and PTC resistor.

Choose R, based on the temperature range and the PTC'’s value.

V. can be created using a DAC or voltage divider. If a voltage divider is used the equivalent resistance
of the voltage divider will alter the gain of the circuit and should be accounted for.

Using high—value resistors can degrade the phase margin of the amplifier and introduce additional
noise in the circuit. It is recommended to use resistor values around 10kQ or less.

A capacitor placed in parallel with the feedback resistor will limit bandwidth, improve stability and help
reduce noise.
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Design Steps

_ Rprc Ro+Rs _ Rs
Vou= Vg ¥ Rprc+ Ry x Rz Rz X Vies

1. Calculate the value of R, to produce a linear output voltage. Use the minimum and maximum values of
the PTC to obtain a range of values for R;.

Rprc_max = Rerc @soc = 11.611 kQ
Rere_vin = Rprc @oic = 8.525 kQ
Ry = | Rerc @oc * Rprc @soc = | 8.525 kQx 11.611 kQ = 9.95 kQ = 10 kQ

2. Calculate the input voltage range.

Retc min 8.525 kQ
T— X = X e —
Vinmtin = Vad Rerc_mint R 3.3V X gsmskartoka = 1919V

— Retc_max 11.611 kQ
] X = X T —
Vinmax = Vad Rprc_max+ Ry 3.3V X gkt oka = 1773V

3. Calculate the gain required to produce the maximum output swing.

_ Voumax— Voumin __ _3.25V—0.06V __ \
Gigeal = Vimax— Viewin  1.773V—=1519V — 12.598 y

4. Select R, and calculate R; to set the gain calculated in Step 3.
Gain= Ref R
R, =1kQ
R;=R; % (Gjgea— 1) =1 kQ % (12.598 — 1) = 11.598 kQ
Choose R;= 11.5kQ (Standard value)

5. Calculate the actual gain based on standard values of R, and R,.

_ RytR; _ 1kQ+11.5kQ \
Gactual - R, — 1kQ =125 iV

6. Calculate the output voltage swing based on the actual gain.
Voutswing = (Vinmax— Vinmin) X Gactyar = (1.773 V- 1.519 V) x 12.5 % =3.175V

7. Calculate the maximum output voltage when the output voltage is symmetrical around mid—supply.
VoutMax — Vmid_ supply + Vautéswlng — Vdd;Vee 4 Voutéswmg — 3.3 V2—OV 4 3.1;5V — 3238 V

8. Calculate the reference voltage.

— Rs
VoutMax - VinMax x Gactual R, x Vref

3238V=1.773Vx 1257 - 13K xy

1.773Vx 12,5 {—3.238 V

Viet = e = 1.646 V

1kQ
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Design Simulations
DC Transfer Results

3.30
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AC Simulation Results
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References:

1. Analog Engineer's Circuit Cookbooks

2. SPICE Simulation File SBOMAV5

3. TI Precision Labs
Design Featured Op Amp

TLV9002
Vee 18Vto55V
Vinem Rail-to—rail
Vout Rail-to-rail
Vs 1.5mVv
lq 0.06mA
I 5pA
UGBW 1MHz
SR 2Vlius
#Channels 1,2,4

http://www.ti.com/product/TLV9002

Design Alternate Op Amp

OPA333
Ve 18Vto55V
Vinem Rail-to—rail
Vout Rail-to—rail
Vs 2uv
lq 17pA
Iy 70pA
UGBW 350kHz
SR 0.16V/us
#Channels 1,2, 4

http://www.ti.com/product/OPA333
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Differential input to differential output circuit using a
fully-differential amplifier

Design Goals

Input Output Supply
Differential Differential Ve Vee
1Vpp 16Vpp 10v ov
Output Common-Mode 3dB Bandwidth AC Gain (Gac)
5V 3MHz 16VIV

Design Description

This design uses a fully differential amplifier (FDA) as a differential input to differential output amplifier.

R2 16k Vout+
) AAAY * (
Vin- i
AmpVin- Ve U1 THS4561
R1 1k  —
Vin| | AN .
Voecm —— @j
NN Vout
R3 1k —
Vee Vce
Vin+ R4 16k Vout-
I——"AN * (
AmpVin+
SBOA331-January 2019 Differential input to differential output
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Design Notes
1. The ratio R2/R1, equal to R4/R3, sets the gain of the amplifier.

2. For a given supply, the output swing for and FDA is twice that of a single ended amplifier. This is
because a fully differential amplifier swings both terminals of the output, instead of swinging one and
fixing the other to either ground or a Vref. The minimum voltage of an FDA is therefore achieved when
Vout+ is held at the negative rail and Vout- is held at the positive rail, and the maximum is achieved
when Vout+ is held at the positive rail and Vout- is held at the negative rail.

3. FDAs are useful for noise sensitive signals, since noise coupling equally into both inputs will not be
amplified, as is the case in a single ended signal referenced to ground.

4. The output voltages will be centered about the output common-mode voltage set by Vocm.
5. Both feedback paths should be kept symmetrical in layout.

Differential input to differential output SBOA331-January 2019
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Design Steps

» Set the ratio R2/ R1 to select the AC voltage gain. To keep the feedback paths balanced,
R =R3 =1kQ (Standard Value)

R, =R =R«(Gpc) = 1kQ-[16%j =16kQ (Standard Value)

« Given the output rails of 9.8V and 0.2V for Vs = 10V, verify that 16Vpp falls within the output range

available for V., = 5V.

In normal operation:
AmpViy, = AmpVy_

Vout+ = Yoem = Voem — VouTt-

Vout = Vout+ — Vout-

* Rearrange to solve for each output voltage in edge conditions

Vout- =2Voem — Vourt+

Vout- = Vout+ — Vour

2Vouts =2Voem + Vour

V,
VOUT+ = Vocm 02UT

V,
VOUT— = Vocm - C)2UT

» Verifying for Vout = +8V and Vocm = +5V,

VOUT+ :5+g:9V<9.8V

VOUT— — 5—% — 1\/ > 02V

» Verifying for Vout = -8V and Vocm = +5V,

-8

Vour, =5+—-=1V>02V

-8

VOUT* = 5—7 = 9V > 98V
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Note that the maximum swing possible is:
(9.8V -0.2V)-(0.2V -9.8V)=18.4V,,, or +9.4V

» Use the input common mode voltage range of the amplifier and the feedback resistor divider to find the
signal input range when the output range is 1V to 9V. Due to symmetry, calculation of one side is
sufficient.

Min(AmpV,\.. ) = Min(AmpV,\_) = Vee - 0.1V = -0.1V
Max(AmpVy, ) = Max(AmpV,y_) = Vcc -1.1V = 8.9V
AmMpVin- —Vin- _ Vout: —AMPViN-

R1 R2
VIN— _ Amp\/IN— _ VOUT+ _AmpVIN—
Ry
R1
Min(Vjy_) = -0.1V _V-EONV) L pesv
V
16 —
\Y,
Max(Vy_) = 8.9V + 8V _g4v
V
16—
V
Differential input to differential output 194 SBOA331-January 2019
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Design Simulations

AC Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See the TIDA-01036 tool folder for more information.
Design Featured Op Amp

THS4561

Vs 3V to 13.5V
Vinem Vee-0.1V to Vcc-1.1V
Vout Vee+0.2V to Vcc-0.2
Vs TBD

lq TBD

Iy TBD

UGBW 70MHz
SR 4.4V/us
#Channels 1
http://www.ti.com/product/THS4561

Design Alternate Op Amp

THS4131
Vs 5V to 33V
Vinem Vee+1.3V to Vcc-0.1V
Vout Varies
Vs 2mv
lq 14mA
Iy 2uA
uGBw 80MHz
SR 52Vlius
#Channels 1
http://www.ti.com/product/THS4131
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Single-ended input to differential output circuit using a
fully-differential amplifier

Analog Engineer's Circuit: Amplifiers
SBOA332-January 2019

Design Goals

Input Output Supply
Single-Ended Differential Ve Vee
0V to 1V 16Vpp 1ov ov
Output Common-Mode 3dB Bandwidth AC Gain (Gac)
5V 3MHz 16VIV

Design Description
This design uses a fully-differential amplifier (FDA) as a single-ended input to differential output amplifier.

Vce
R2 16k Vout+
. D ANA——4 (
S AmpVin- Viee U1 THS4561
E‘é —
+
Vocm F— @j
= EhAA . Vout
T .
§ o Vinl+ R31k S
& @ Vee Vcc
R4 16k Vout-
\/__ r— ) —— NN hd (
e AmpVin+
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Design Notes
1. The ratio R,/R;, equal to R,/(Rs||Rs), sets the gain of the amplifier.

2. The main difference between a single-ended input and a differential input is that the available input
swing is only half. This is because one of the input voltages is fixed at a reference.

3. Itis recommended to set this reference to mid-input signal range, rather than the min-input, to induce
polarity reversal in the measured differential input. This preserves the ability of the outputs to
crossover, which provides the doubling of output swing possible with an FDA.

4. The impedance of the reference voltage must be equal to the signal input resistor. This can be done by
creating a resistor divider with a Thevnin equivalent of the correct reference voltage and impedance.

Design Steps
» Find the resistor divider with that produces a 0.5V, 1-kQ reference from Vs = 10V.
Re _ F 0.5V Rs -Rg
Rs +Rg 10V Rs +Rg
Re (1-F)

F
Re(1-F)/F-Rg
Re(1-F)/F+Rg

Re? - (1-F)/F
(Rg /F-Rg)+Rg
Re®-(1-F)/F

Re /F
Re¢-(1-F) E
Re E kO
1-F 1-0.05
1.05Q(1-0.05)

0.05

e Verify that the minimum input of OV and the maximum input of 1-V result in an output within the 9.4-V
range available for Vocm = 5V.

Since the resistor divider acts like a 0.5V reference, the measured differential input for a 0-V V,y is:
Vjy =0V -0.5V =-0.5V

* The output is:

-0.5V- ]'GTV -8V >-9.8Vv

E=1kQ

1.05kQ

5 20kQ

» Likewise, for a 1-V input:
Viy =1V -0.5V =0.5V

0.5V~167V 8V < 9.8V

NOTE: With a reference voltage of 0V, a 1-V input results in an output voltage greater than the
maximum output range of the amplifier.
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Design Simulations

AC Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See the Tl Precision Labs video — Op Amps: Fully Differential Amplifiers — Designing a Front-End Circuit
for Driving a Differential Input ADC, for more information.

Design Featured Op Amp

THS4561
Vs 3V to 13.5V
Vinem Vee-0.1V to Vcc-1.1V
Vout Vee+0.2V to Vcc-0.2
Vs TBD
lq TBD
Iy TBD
uGBwW 70MHz
SR 4.4V/us
#Channels 1
http://www.ti.com/product/THS4561

Design Alternate Op Amp

THS4131
Ve 5V to 33V
Vincwm Vee+1.3V to Vce-0.1V
Vout Varies
Vos 2mv
lq 14mA
Iy 2UA
uUGBW 80MHz
SR 52V/us
#Channels 1
http://www.ti.com/product/THS4131
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Signal and clock restoration circuit

Design Goals

Supply Attenuated Input Signal
Vcc Vee Vi ch f
5V ov 200mV,,, 2.5v 20MHz

Design Description

The signal restoration circuit is used in digital systems to retrieve distorted clock or data waveforms.
These clock and data signals can be attenuated and distorted on long traces due to stray capacitance,
stray inductance, or reflections on transmission lines.The comparator is used to sense the attenuated and
distorted input signal and convert it to a full scale digital output signal.

Vcc

+ Vout
+ -

Vcc L~ LMV7219
Data Source

Vin

()
4
/

Vcc

I
|

Design Notes
1. Select a comparator with low input offset voltage and fast propagation delay.

2. A comparator with a toggle frequency larger than the input signal frequency should be used in order to
properly process the incoming digital signal. A margin of 30% is sufficient.

3. If level translation is also required, use a comparator with seperate input and output supplies.

4. If a differential output is required, use a comparator with a compatible output stage such as the LVDS
compatible output on the LMH7220.
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Design Steps

1. Calculate the maximum toggle frequency of the comparator to ensure it can process the 20MHz input
signal.

fax = (trise + tran + toa i + tpd_th1
fax = (1.3ns + 1.25ns + 7ns + 7ns) ' = 35.4 MHz

2. Set the inverting input of the comparator to the common mode voltage of 2.5V through the resistor
divider R, R,.

ch = (Vcc) X (RE:RZ) - 25V

R y_ 1
(R+R) = 2

3. SetR; =R, =100k.
4. Set the noninverting input of the comparator to the input data signal.
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Design Simulations

Transient Simulation Results

Output

T T T
50.02n

175.01n

300.00n
Time (s)
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See circuit spice simulation file, SNOM661.

For more information on many comparator topics including hysteresis, propagation delay and input
common mode range please see, Tl Precision Labs.

Design Featured Comparator

LMV7219

Voo 2.7V to 5V
Vinem Rail-to-rai

toa mns

Vos 1mv

Viys 7mv

Iy 0.9mA
Output Type Push-Pull
#Channels 1

www.ti.com/product/Imv7219

Design Alternate Comparator

TLV3501 LMH7220
Vs 2.7t0 5.5V 2.7V to 12V
Vinem Rail-to-rail Rail-to-rail
toa 4.5ns 2.9ns
Vs imVv 9.5mVvV
Vivs 6mv na
lq 3.2mA 6.8
Output Type Push-Pull LVDS
#Channels 1 1
www.ti.com/product/tlv | www.ti.com/product/Im
3501 h7220
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INSTRUMENTS
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 OV
U1
+ U2 TLV3201 ort 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

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,.
V,=2.3V
Vy=2.7V
R, = 100kQ (Standard Value)
b. Calculate R,.

Rz = vy, X Ry = 523y X 100kQ = 100kQ (Standard Value)

c. Calculate R,.
Rs= .oy, X Ri= 57055y ¥ 100kQ = 575kQ = 576kQ (Standard Value)

d. Verify hysteresis width.

Vy— V.= Ry xRy xV
B TL™ (RyxR, )+ (RoxRy )+ (RyxR,) C

— 100kQ % 100kQ x 5V: O 399V
(576kQx 100kQ ) + ( 576kQx 100kQ ) + ( 100kQ % 100kQ ) ’

2. Select components for comparator without hysteresis.
a. SelectV,and R, .
Vin=2.5V
R, = 100kQ (Standard Value)
b. Calculate R;.

Rs =y X Ry= 2%%; x 100kQ = 100k (Standard Value)
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Design Simulations
Transient Simulation Results

5] —I I—
| Vo1=0ov@Vi>27v |
Vo1l _|
[Vo1=5vV @ Vi<2.3V |
I
0
5
Vi
0—
5—
= i>
vo2 | Vo2=0V @ Vi > 2.5V |
[ Vo2=5v @ Vi<25V |
0 I‘ R |
0 100u 200u 300u
Time (s)
Noise Only Present From Os to 120ps
5 —
Vo1 _|
0 —
2.7 " 'l'
Vi :
25—
2.3; II . f“
5
Vo2 |
0 —_— uy _
40u 57u 75u Q2u 110u

Time (s)

Zoomed in From 40us to 110us
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See the circuit SPICE simulation file SBOC515.

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
Vo 1mv
Iy 40pA
Iy 1pA
uGBwW -
SR -
#Channels 1,2
www.ti.com/product/tlv3201
Revision History
Revision Date Change
A February 2019 Downscale the title and changed title role to ‘Amplifiers'.
Added links to circuit cookbook landing page and SPICE simulation file.
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High-side current sensing with comparator circuit

Design Goals

Analog Engineer's Circuit: Amplifiers

SBOA306—September 2018

Load Current (l.)

System Supply (Vs)

Comparator Output Status

Over Current (loc)

Recovery Current (Izc)

Typical

Over Current

Normal Operation

1A

05A

oV

Vo< 0.4V

Vou =Vpy =33V

Design Description

This high-side, current sensing solution uses one comparator with a rail-to-rail input common mode range
to create an over-current alert (OC-Alert) signal at the comparator output (COMP OUT) if the load current
rises above 1A. The OC-Alert signal in this implementation is active low. So when the 1A threshold is
exceeded, the comparator output goes low. Hysteresis is implemented such that OC-Alert will return to a
logic high state when the load current reduces to 0.5A (a 50% reduction). This circuit utlizes an open-drain
output comparator in order to level shift the output high logic level for controlling a digital logic input pin.
For applications needing to drive the gate of a MOSFET switch, a comparator with a push-pull output is

NV
R3 1k

preferred.
Vs Vp Vs
+ + o
= 10 = 33 &
5 U1 TLV1701
§ ©
— — §‘C_'> L
© 2
x Te}
o
AAY A%
V_LOAD )—¢ Vs R2 2MEG
l |_LOAD
| R 1
| T2 T3 |
: — Current |
, ™ Mirror |
|
I .
| |
. 1 !
\ —

Design Notes

L ( COMPOUT

1. Select a comparator with rail-to-rail input common mode range to enable high-side current sensing.
2. Select a comparator with an open-drain output stage for level-shifting.
3. Select a comparator with low input offset voltage to optimize accuracy.
4,

Calculate the value for the shunt resistor (Rg) so the shunt voltage (Vsyunt) iS at least ten times larger
than the comparator offset voltage (Vo).
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Design Steps

1. Select value of Rs so Vgt IS at least 10x greater than the comparator input offset voltage (Vo). Note
that making Rg very large will improve OC detection accuracy but will reduce supply headroom.
VSHUNT: (IOC X RG) 2 10 X VlO = 55mV
set Rg=100mQ for lopc=1A & Vi g=5.5mV

2. Determine the desired switching thresholds for when the comparator output will transition from high-to-
low (V) and low-to-high (V). V, represents the threshold when the load current crosses the OC level,
while V, represents the threshold when the load current recovers to a normal operating level.

Vi =Vg— (lopcxRg)=10—(1x0.1)=0.9V

VH:VS_ (|RCXR6):10—(0.5X0.1):0.95V

< <

A

> >

t t

ViL=0.9v Vi =0.95v

3. With the non-inverting input pin of the comparator labeled as V;, and the comparator output in a logic
low state (ground), derive an equation for V, where V,, represents the load voltage (V oap) When the
comparator output transitions from low to high. Note that the simplified diagram for deriving the
equation shows the comparator output as ground (logic low).

(Non-Inverting
'"ptjltT:’i”) ——¢—( COMP OUT
LogigLow
Output
Vi y A . AN
(V_LOAD) "1 R2

VTH = VH X ( R1RT2R2 )
4. With the non-inverting input pin of the comparator labeled as V;, and the comparator output in a high-
impedance state, derive an equation for V;, where V, represents the load voltage (V oap) When the
comparator output transitions from high to low. Applying "superposition” theory to solve for V, is

recommended.
Vpu
Sk
(Non-Inverting
Input Pin) COMP OUT
Vin 1 (High-Z Output)
VL
AA%Y% o AA%Y%
(V_LOAD) R1 Ro

_ R;+ R R,
Vin= Vo * (g ¥r1r, ) + Veu X (RyriTw, )

5. Eliminate variable V., by setting the two equations equal to each other and solve for R,. The result is
the following quadratic equation. Solving for R, is less desirable since there are more standard values
for small resistor values than the larger ones.

0= (Vpy) * Ry*+ (Vpy X Ry + V| % (Rg+ Ry) — Vi x Ry) X Ry + (V| — Vi) x (R” + R, X Ry)

High-side current sensing with comparator circuit SBOA306—-September 2018
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6. Calculate R, after substituting in numeric values for Vp, R,, V|, V4, and R,. For this design, set
Vp,=3.3, R,=2M, V,=9.9, V,;=9.95, and R;=1k. Please note that R; is significantly smaller than R,
(Rs<<R,). Increasing R; will cause the comparator logic high output level to increase beyond V,, and
should be avoided. For example, increasing R; to a value of 100k can cause the logic high output to be
3.6V.

0=(3.3) xR+ (6.591M) x R, — (200. 1G)
the positive root for R;=29.9kQ
using standard 1% resistor values, R;= 30.1kQ

7. Calculate V4, using the equation derived in Design Step 3; use the calculated value for R;. Note that
V44 is less than V| since V,y is less that V,.

Vin=Vy % (g7, ) = 9.802V

8. With the inverting terminal labeled as V., derive an equation for V, in terms of R,, R;, and V.
V= Vg % (%)

9. Calculate R, after substituting in numeric values R;=1M, V4=10, and the calculated value for V.
Ry = (%) = 20, 15kQ
using standard 1% resistor values, R,= 20.5kQ
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Design Simulations
DC Simulation Results

3.30
COMP OUT |
156.68m —
10.00 —
V_LOAD |
9_80 T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T T
0.00 500.00m 1.00 1.50 2.00

|_LOAD (A)

Transient Simulation Results

3.30

COMP OUT

156.68m —

150 —
IoC=1.0A /\

|_ LOAD 4

- N IREC=0.5 A / N
0.00 — \/
10.00 —

/\ VH=9.95V
V_LOAD v \
- /
VL=9.9V
985 I ‘ 1 “ T ““‘T““‘
0.00 500.00m 1.00 1.50 2.00
Time (s)
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See Circuit SPICE Simulation File SLOM456, http://www.ti.com/lit/zip/slom456.

Design Featured Comparator

TLV170x-Q1, TLV170x
Vg 22Vto36V
Vinem Rail-to-rail
Vour Open-Drain, Rail-to-rail
Vos 500V
lo 55 pA/channel
teomy 460 ns
#Channels 1,2,4
www.ti.com/product/tiv1701-ql
Design Alternate Comparator
TLV7021 TLV370x-Q1, TLV340x
Vs 16Vto55V 27Vtol6V
Vinem Rail-to-rail Rail-to-rail
Vour Open-Drain, Rail-to-rail Push-Pull, Rail-to-rall
Vos 500 pv 250 pv
lo 5 pA 560 pA/Ch
tepy 260 ns 36 ps
#Channels 1 1,24
www.ti.com/product/tiv7021 www.ti.com/product/tiv3701-q1
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High-speed overcurrent detection circuit
Design Goal
Overcurrent Levels Supply Transient Response Time
I (Min) I N (Max) V+ V— t
0A 1.0A 5V ov < 10us

Design Description

This high-speed, low-side overcurrent detection solution is implemented with a single zero-drift fast-settling
amplifier (OPA388) and one high-speed comparator (TLV3201). This circuit is designed for applications
that monitor fast current signals and overcurrent events, such as current detection in motors and power
supply units.

The OPA388 is selected for its widest bandwidth with ultra-low offset and fast slew rate. The TLV3201 is
selected for its fast response due to its small propagation delay of 40ns and rise time of 4.8ns. This allows
the comparator to quickly respond and alert the system of an overcurrent event all within the transient
response time requirement. The push-pull output stage also allows the comparator to directly interface
with the logic levels of the microcontroller. The TLV3201 also has low power consumption with a quiescent
current of 40pA.

Typically for low-side current detection, the amplifier across the sense resistor can be used in a
noninverting configuration. The application circuit shown, however, uses the OPA388 as a differential
amplifier across the sense resistor. This provides a true differential measurement across the shunt resistor
and can be beneficial in cases where the supply ground and load ground are not necessarily the same.

—

VREF 2.5 = §

F<

R5 100k

V+ 5=
COMP_REF

I
|
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VM1 § &
pa
w
> m|
o« R3 1k R4 200k
NN ANV
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Design Notes

1.
2.
3.

4,

5.

To minimize errors, choose precision resistors and setR, = R;, and R, = R, .
Select Rgense t0 Minimize the voltage drop across the resistor at the max current of 1 A.

Due to the ultra-low offset of the OPA388 (0.25 pV), the effect of any offset error from the amplifier is
minimal on the mV range measurement across Rggyse -

Select the amplifier gain so COMP_IN reaches 2 V when the system crosses its critical overcurrent
value of 1 A.

Traditional bypass capacitors are omitted to simplify the application circuit.

Design Steps

1.

Determine the transfer equation where R; = R; and R, = R,.

R R
COMP_'N = (RSENSE 'ILOAD)'[ﬁJ L1 + R—4J
1 2 3

Select the SENSE resistor value assuming a maximum voltage drop of 10 mV with a load current of 1
A in order to minimize the voltage drop across the resistor.

R _ Veense (Max) _ 10mV _10mO
SENSE ) oap(critical) 1A

Select the amplifier gain such that COMP_IN reaches 2V when the load current reaches the critical
threshold of 1A.

Gain = VREF  _ 2V _ R, 1 Ri_s00
Rsense “loap(critical)  0.01V R, +R, R,
Set:
R, =R, =1kQ

R, =R, =200kQ
Calculate the transimpedance gain of the amplifier in order to verify the following AC simulation results:
Vour = loap -10mQ -200

mz‘lOmQ-200=2

LOAD

High-speed overcurrent detection circuit

SNOA987A—March 2018—-Revised January 2019

215 Submit Documentation Feedback

Copyright © 2018-2019, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNOA987A

13 TEXAS
INSTRUMENTS

www.ti.com

Design Simulations
COMP_IN Transimpedance AC Simulation Results

10.00

0.00

-10.00

Gain (dB)

-20.00

-30.00

0.00

-15.00

-30.00

-45.00

Phase [deg]

-60.00

-75.00

-90.00 ———y —— — —— —————
10k 100k 1MEG

-
1S}
=
o
S
=
=~

Frequency (Hz)

Transient Response Simulation Results

6.00 —
4.00 —
5
joN
g -

L
2.00

ILoad(A)
O L L L B B
0.00 10.00u 20.00u 30.00u 40.00u
Time (s)
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Design References
See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See the Current sensing using nanopower op amps blog.

References

1. Texas Instruments, Advantages of using nanopower, zero drift amplifiers for battery voltage and
current monitoring in portable applications Tl tech note

2. Texas Instruments, Current sensing in no-neutral light switches Tl tech note

3. Texas Instruments, GPIO Pins power signal chain in personal electronics running on Li-lon batteries Tl
tech note

Design Featured Comparator

TLV3201
Vs 2.7V to 5.5V
tep 40ns
Input Vgy Rail-to-rall
Vos imv
lq 40pA
TLV3201
Design Alternate Comparator
TLV7021
Vg 1.6V to 5.5V
tep 260ns
Input Vey Rail-to-rall
Vos 0.5mv
Iy 5pA
TLV7021
Design Featured Op Amp
OPA388
Vg 2.5V to 5.5V
Input Vey Rail-to-rail
Vout Rail-to-rail
Vos 0.25uv
Vs Drift .005pV/°C
Iy 1.7mA/Ch
Iy 30pA
UGBW 10MHz
OPA388
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Design Alternate Op Amp

THS4521
Vs 2.5V to 5.5V
Input Vey Rail-to-rail
Vout Rail-to-rail
Vs 20 pv
V,s Drift uv/ec
lq 1mA/Ch
Iy 0.6 pA
uGBwW 145MHz
THS4521
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Inverting comparator with hysteresis circuit

Output Threshold Hysteresis Supply
V, = HIGH V, = LOW V2 Vavs Ve Veo
Vi<V, V, >V, 1.5V 400mvV 3v ov

Design Description

Comparators are used to differentiate between two different signal levels. When setup in an inverting
fashion, the comparator output will be a digital high if the analog input is below a selected threshold. With
noise, signal variation, or slow-moving signals at the comparison threshold, undesirable transitions at the
output can be observed. Setting upper and lower hysteresis thresholds eliminates these undesirable
output transitions. This circuit example will focus on the steps required to design the positive feedback
resistor network necessary to obtain the desired hysteresis for an inverting comparator application.

Design Notes

<

cc

Vce

AA"AY
R1 1M

Vce

N U1l TLV7031

\
+—/

R3 3.3M

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

the circuit, the selected comparator’s input offset voltage specification, and any internal hysteresis
already applied to the device.

2. For the TLV7031, V., is approximately 200mV below V. and V,, is approximately 250mV above V..
3. The TLV7031 has a push-pull output stage, so no pull-up resistor is needed.
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Design Steps

1. Select R,. This can be a high resistance value due to the very low input bias current caused by the
CMOS input of the device.

R, = 1M Q (Standard Value)

2. Solve for R, based on the desired threshold voltage. Set V, to be 50% of V for balanced hysteresis.

_ RyXVyy _ IMQX1.5V
RZ— Vee— Vg~ 3V—1.5V =1MQ

3. Observe the feedback resistor network in the two possible output states: High and Low. Note that the
threshold voltage applied to the non-inverting pin by the voltage divider (R, and R,) can be further
controlled by using the feedback resistor (R;). Below is the hysteresis eye diagram.

< > < > >
<t - <« > >

<
<

rr

Vi

TH Vi

4. Derive the equation for V,,, which is the threshold voltage when V, is high. For simplicity, assume V,
switches to V.. when V, < V.. When this occurs, R, and R; are in parallel.

Vce

R1
R3

VH

5. For push-pull outputs.

_ R
Vi =Vee X RRSTR,

a. If the comparator in use has an open-drain or open-collector output stage, then the pull-up resistor,
R, will be in series with R;. The following equation is true if V,,, = V... Do note that for some
applications the pull-up resistor could be ignored in the V,, equation since the eventual feedback
resistor value could be significantly larger (ideally 10 times larger) than the pull-up resistor.

VH = Vcc X — R
[Ri[(Rs + Rou)] + Re
b. If V,, # V., then use the following equation for V,,.
Vo — (Ry %Vt (Rs+ Rpu)% Vo) X Ry
R1% (Ro+ R+ Rou )+ Ro X(Ra+ Ry

6. Derive the equation for V, which is the threshold voltage when V, is low. For simplicity, assume V,
switches to V., when V; > V.. When this occurs, R, and R; are in parallel.
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VL

Ro[[Rs
= X —= =
VL Vcc R1+ (R2||Rs)

7. Derive the equation for V,ys.

Viys =V — Vi = R R e
Ri% (Ro+Rs ) +(Ro XRs)

8. Solve for R,.
_ RiXRyX(Vee— Viys) _ 1IMO* 1MQ*(3V—0.4V) __
Rs= TR RoxVe = (IMa+ 1MQ) x0.4V 3.25MQ

R; = 3.3MQ (Standard Value)
9. Verify V,;ys=400mV such that V, = 1.7V and V| = 1.3V.
Re 3Vx M2 1 70V

Vi = Ve * ®RiRYTR, = (IMQ[3.3MQ)+ 1MQ —
R,|IR 1MQ||3.3MQ
V=V x o relRe gy x _UMBIMD___ 4 5y

R1+ (R2||Rs) IMQ+ (1MQ][3.3MQ) —
VHYS: VH_ VL: 1 . 70V— 1 . 30V: 400mV
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Transient Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See Comparator with Hysteresis Reference Design TIPD144, www.ti.com/tipd144.

See Circuit SPICE Simulation File SLVMCQO, http://www:.ti.com/lit/zip/slvmcqO.

For more information on many comparator topics including hysteresis, propagation delay and input

common mode range please see training.ti.com/ti-precision-labs-op-amps.

Design Featured Comparator

TLV7031
Output Type Push-Pull
Vee 1.6V to 6.5V
Vinem Rail-to-rail
Vs +100pV
Vivs 7mvV
lq 335nA/Ch
tha 3us
#Channels 1
www.ti.com/product/tiv7031

Design Alternate Comparator

TLV1701
Output Type Open Collector
Vee 2.2V to 36V
Vincm Rail-to-rail
Vivs N/A
Vos 500V
lq 55PA/Ch
toa 560ns
#Channels 1,2, 4
www.ti.com/product/tiv1701
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Low-power, bidirectional current-sensing circuit

Design Goals

Overcurrent Levels Supply
I (Min) I N (Mmax) V+ V—
-0.1A 10A 3.3V ov

Design Description

This low-power, low-side, bidirectional current sensing solution uses two nano-power, zero-drift amplifiers
(LPV821) and one micro-power comparator with an integrated, precision reference (TLV3012). This circuit
is well-suited for battery powered devices where charging current and system current need to be
monitored accurately. The gain of U1 and U2 are set independently.

As shown in the application circuit, the LPV821 amplifiers are connected out of phase across Rggyse tO
amplify the currents of opposite polarity. Amplifier U2 linearly amplifies the charging (positive) current
while amplifier U1 linearly amplifies the system (negative) current. When U2 is monitoring the positive
current, U1 drives its output to ground. Similarly, U2 drives its ouput to ground when U1 monitors the
negative current. The amplifier outputs are ORed together with resistors R; and Ry while U1 or U2 provide
the ground reference creating a single output voltage for the comparator to monitor.

If a regulated supply or reference is already available in the system, the TLV3012 can be replaced by a
nano-power comparator such as the TLV7031. Moreover, if the charging current and system current have
equal magnitudes, the gains of amplfier U1 and U2 can be set equal to each other. Even with the gains of
the amplifiers being equal, ORing the amplifier outputs allows one comparator to detect overcurrent
conditions for both charging and system current.

R5 10k R6 2.49MEG

VOUT_Inv

- R7 2.49MEG
U1 LPV821

TLV3012
(
ReF COMP_OUT
1.242V

<
s——C COMP_IN

R1 100k R2 2.49MEG
— AN ————

VOUT _Nonlnv

3 ~
R3 100k
. R8 2.49MEG
—~ l(uz LPV821
+

v+

i

<
e
‘RSENSE 100m
I—AA—

R4 2.49MEG
Al -
<
&

o

Design Notes

1. To minimize errors, utilize precision resistors and set R, = R3;, R, = R,, and R; = Ry .

2. Select Rggnse to Minimize the voltage drop at max current and to reduce amplifier offset error when
monitoring minimum current levels.

3. Select the amplifier gains so COMP_IN reaches 1.242V when the charging and system currents reach
their critical levels and avoid operating the amplifiers outside of their linear range.
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Design Steps
1. Determine the transfer equation given R, = R;, R, = R,, and R; = R,.
Inverted Path:
COMP_IN= — lgs * Rggnse * (f%:) x ( R7i8R8)

Non-Inverted Path:
COMP_IN= Ig; X Regnse ¥ (g ) * (RegBe) x (R

2. Select the SENSE resistor value assuming a maximum voltage drop (Vsgnse) Of 200mV when charging
at 1A and a minimum system current of 10mA.

V, ( ) 100 mV
Rsense (Max) = =52 786 = 50 = 100 mQ

with Igq(min) = 10mA, Vgense= 1T0mMA x 100mQ=1 mV> > VOS(max)=10 nVv

3. Select ORIing resistor R, and Rq to generate COMP_IN.

a. An equal attenuation factor of two is applied to the input of the comparatorwith R, =R,. Choose
large values to minimize current consumption from the output of the amplifiers.

b. Special care must be taken when validating the voltage at COMP_IN. Since R, and R are large
impedance values, the input impedance of an oscilloscope probe or the input to a digital voltmeter
can alter the measured voltage. Common probe and voltmeter input impedances are 10MQ and
this will attenuate the signal measured.

with R;,=Rg=2.49 MQ,
COMP_IN= (VOUT_Inv or VOUT_Nonlnv) /2

4. Select the amplifier gain such that COMP_IN reaches 1.242V when the currents reach the critical

threshold.
Gain= 2x Comparator REF
Rsense X g1 (max)!
. _ 2x1.242 _ (-Rey _ _ \
Gain (Inv)= "S5 = & 249y

Gain (Non/nV) = §x11><?4§ = RaiARz; X R1R+1R2 =249%

R;=R;= 100 kQ (Standard Value)
Rs= 10 kQ (Standard Value)
R,=R,=Rg=2.49 MQ (Standard Value)

Low-power, bidirectional current-sensing circuit SNOA985A—March 2018—-Revised February 2019
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Design Simulations
DC Simulation Results (VOUT_Inv)
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Transient Simulation Results (VOUT _Inv)
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DC Simulation Results (VOUT_Nonlnv)

1.25—

COMP_IN b

0.00—
100.00m—

VM1

0.00—
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VOUT_Nonlinv
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Tech Note and Blog References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See Advantages of Using Nanopower Zero Drift Amp for Mobile Phone Battery Monitoring.
See Current Sensing in No-Neutral Light Switches.

See GPIO Pins Power Signal Chain in Personal Electronics Running on Li-lon Batteries.
See Current Sensing Using NanoPower Op Amps Blog.

Design Featured Op Amp

LPV821
Vg 1.7V to 3.6V
Input Ve Rail-to-rall
Vout Rail-to-rall
Vos 1.5 pv
V,s Drift 20 nv/°C
lq 650 nA/Ch
Iy 7 pA
UGBW 8 kHz
#Channels 1
LPV821
Design Alternate Op Amp
TLVx333
Vg 1.8V to 5.5V
Input Vey Rail-to-rail
Vout Rail-to-rail
Vos 2 uv
Vs Drift 20 nV/°C
lq 17 uA/Ch
Iy 70 pA
UGBW 350 kHz
#Channels 1,2,4
TLV333
Revision History
Revision Date Change
A February 2019 Changed title and changed title role to 'Amplifiers'.
Added link to circuit cookbook landing page.
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Non-inverting comparator with hysteresis circuit

Design Goals

Analog Engineer's Circuit: Amplifiers
SBOA313—-July 2018

Output Hysteresis Thresholds Supply
V, = HIGH V, = LOW Vivs A V. Ve Veo
V>V, V<V, 400mV 1.7V 1.3V 3v ov

Design Description

Comparators are used to differentiate between two different signal levels. When setup in a non-inverting
fashion, the comparator output will be a digital high if the analog input is above a selected threshold. With
noise, signal variation, or a slow-moving signal at the comparison threshold, undesirable transitions at the
output can be observed. Setting upper and lower hysteresis thresholds eliminates these undesirable
output transitions caused by the noise. This circuit example will focus on the steps required to design the
positive feedback resistor network required to obtain the necessary hysteresis for a non-inverting
comparator application.

Design Notes

R4 3.9M

U1 TLV7031

1. Achieving balanced hysteresis will depend on the size of hysteresis and the threshold voltage to V.

ratio.

2. In comparison to the inverting comparator circuit, this example has a lower impedance seen at the

inputs.

3. The accuracy of the hysteresis threshold voltages are related to the tolerance of the resistors used in
the circuit, the selected comparator’s input offset voltage specification, and any internal hysteresis
already applied to the device.

4. For the TLV7031, V., is approximately 200mV below V. and V,, is approximately 250mV above V...

5. The TLV7031 has a push-pull output stage, so no pull-up resistor is needed.
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Design Steps

1. Select R,. This can be a high resistance value due to the very low input bias current caused by the
CMOS input of the device.

R, = 1M Q (Standard Value)

2. Solve for R;. A common practice is to select R; to be the impedance seen at the inverting pin to
provide input bias current cancellation. Since R, is not known, approximate R,. Here V is expected to
be 50% of V.

Rs; = RyIIR; = 7R, = 500kQ
Rs; = 510kQ2 (Standard Value)

3. Observe the feedback resistor network in the two possible output states: Low and High. Note that the
input signal plays a role in determining the hysteresis. The hysteresis eye diagram follows.

< < > < > <
< < > < > <

< > <
< > <

Y
Y

AR

A Vi Vi

4. Derive the equation for V,,, the voltage that the input signhal must rise to for the output to switch high.
Set the voltage at the non-inverting pin to be equal to V. This ensures the correct hysteresis window
will be achieved.

VH

VH:RSXVTT“'VTH

5. Derive the equation for V|, the voltage that the input signal must drop to for the output to switch low.
Again, set the voltage at the non-inverting pin to be equal to V.

Non-inverting comparator with hysteresis circuit SBOA313-July 2018
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Vce

6. For push-pull outputs.

\, = VipX (Rg+ Ry ) — Ve X Ry
L— 4

7. If the comparator in use has an open-drain or open-collector output stage, then the pull-up resistor,
R, will be in series with R; and R,. The following equation is true if V,, = V.. Do note that for some
applications, the pull-up resistor could be ignored in the V, equation since the eventual feedback
resistor value could be significantly larger (ideally 10 times larger) than the pull-up resistor.

Ve ( Rput R4 )— (Vcc* VTH)X R3
Rot Rpu

VL:

8. If V,, # V.., then use the following equation for V,.

vV Vo % (Rout Re ) = (Vou— Vi) %R
L= Ry+ Rpy

9. Derive the equation for V,ys.
Viys = Vi — Vi = Ve X %

10. Solve for R,.
R,= Voo & R;= % x 510kQ = 3. 83MQ

VHYS

Rs= 3.9MQ (Standard Value)

11. Use the V, equation found in step 4 to now solve for V4.

_ RgxVy _ 3.9MQx1.7V.
VTH_ Rs+Rs — 510kQ+3.9MQ — 1.50V

12. Verify the V4, value with the V| equation found in step 6.

_ RyXVy _ 3.9MQX1.7V
V= Rs+R, — 510kQ+3.9MQ 1.50v

13. Solve for R, based on the calculated threshold voltage, V.

_ RyXVoy _ 1IMQX1.5V
R, = Voo Vy . 3V—1.5V =1MQ
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Design Simulations
Transient Simulation Results
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Design References
See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See Circuit SPICE Simulation File SLVMCR2.

For more information on many comparator topics including hysteresis, propagation delay and input
common mode range please see training.ti.com/ti-precision-labs-op-amps.

Design Featured Comparator

TLV7031
Output Type Push-Pull
Ve 1.6V to 6.5V
Vincm Rail-to-rail
Vos +100pV
Vivs 7mv
lq 335nA/Ch
tod 3us
#Channels 1
www.ti.com/product/tiv7031

Design Alternate Comparator

TLV1701
Output Type Open Collector
Vee 2.2V to 36V
Vinem Rail-to-rail
Vivs N/A
Vs +500pV
lq 55puA/Ch
tod 560ns
#Channels 1,2,4
www.ti.com/product/tiv1i701
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Overvoltage protection with comparator circuit

Design Goals

Supply Load Comparator Output Status (OUT)
Operating Voltage Range MAX Operating Voltage (Vover) SUPPLY < Vouer SUPPLY 2 Voyer
12V to 36V 30V Vo, < 0.4V Vou = SUPPLY

Design Description

This overvoltage protection circuit uses a high-voltage comparator with a push-pull output stage to control
a P-Channel MOSFET that connects the SUPPLY to the LOAD. When the SUPPLY voltage exceeds the
overvoltage threshold (Voyer), the output of the comparator goes HIGH and disconnects the LOAD from
the SUPPLY by opening the P-Channel MOSFET. Likewise, when the SUPPLY voltage is below Vqeg,
the output of the comparator is LOW and connects the LOAD to the SUPPLY.

lil ( LOAD

z2

R1 200k§ §R3 20k

SUPPLY ty

@ B

+IN>——9

R4 100k

U1 TLV1805

ouT

C1100u——

R2 100k T Nz

H

Design Notes
1. Select a high-voltage comparator with a push-pull output stage.
2. Select a reference voltage that is below the lowest operating voltage range for the SUPPLY.

3. Calculate values for the resistor divider so the critical overvoltage level occurs when the input to the
comparator (+IN) reaches the comparator's reference voltage.

4. Limit the source-gate voltage of the P-Channel MOSFET so that it remains below the device's
maximum allowable value.
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Design Steps

1.

Select a high-voltage comparator with a push-pull output stage that can operate at the highest possible
SUPPLY voltage. In this application, the highest SUPPLY voltage is 36V.

Determine an appropriate reference level for the overvoltage detection circuit. Since the lowest
operating voltage for the SUPPLY is 12V, a 10V zener diode (Z,) is selected for the reference (Vgee).

Calculate value of R3 by considering the minimum bias current to keep the Z, regulating at 10V. A
minimum bias current of 100uA is used along with the minimum SUPPLY voltage of 12V.
SUPPLY (min)—V, 12V—10V
Ry = e (min) = T oopa = 20 kQ
Calculate the resistor divider ratio needed so the input to the comparator (+IN) crosses the reference
voltage (10V) when the SUPPLY rises to the target overvoltage level (Vgyer) Of 30V.

R
Vrer = Vover * (g3, )

R, — Veer __ 10V __
(giie) =y = 1 =0.333

Select values for R, and R, that yield the resistor divider ratio of 0.333V by using the following equation
or using the online "Voltage Divider Calculator" at http://www.ti.com/download/kbase/volt/volt_div3.htm.
If using the following equation, choose a value for R, in the 100k-ohm range and calculate for R;. In
this example, a value of 100k was chosen for R,.

VO\/ER
R, = Ry(=-1)=100 kQ (35 -1)=200 kQ

Note that the TLV1805 which is used in application circuit has 15mV of hysteresis. This means that the
actualy switching threshold will be 7.5mV higher than the switching threshold (VREF) when the
SUPPLY is rising and 7.5mV lower when the SUPPLY is falling. The result of the hysteresis is most
easily seen in the DC Simulation curve. Since SUPPLY is resistor divided down by a factor of 3, the
net impact to the SUPPLY switching threshold is 3 times this amount.

Verify that the current through the resistor divider is at least 100 times higher than the input bias
current of the comparator. The resistors can have high values to minimize power consumption in the
circuit without adding significant error to the resistor divider.

Select a zener diode (Z,) to limit the source-gate voltage (V) of the P-Channel MOSFET so that it
remains below the device's maximum allowable value. It is common for P-Channel, power MOSFETSs
to have a Vg max value of 20V, so a 16V zener is placed from source to gate.

Calculate a value for the current limiting resistor (R,). When SUPPLY rises above 16V and Z, begins to
conduct, R, limits the amount of current that the comparator output will sink when its output is LOW.
With a nominal SUPPLY voltage of 24V, the sink current is limited to 80uA.

_ (SUPPLY — Vy\ _ (24V—16V \ _
lsin = ( Ry )= (Foo ko ) =80 pA
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Design Simulations
DC Simulation Results
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References:

1. Analog Engineer's Circuit Cookbooks
2. SPICE Simulation File SNOAA20

3. TI Precision Labs
Design Featured Comparator

TLV1805-Q1 / TLV1805
Vs 33Vto40V
Vinem Rail-to-rail
Vour Push-Pull
Vos 500 pv
Hysteresis 15 mVv
lg 135 pA
oL 250 ns
www.ti.com/product/tiv1805

Design Alternate Comparator

TLV3701 / TLV370x-Q1 TLC3702 / TLC3702-Q1
Vs 25Vtol16V 4V to 16 V
Vinem Rail-to-rail -1V from VDD
Vour Push-Pull Push-Pull
Vos 250 puv 1.2mv
Hysteresis n/a n/a
lo 0.56 A 9.5 pA/Ch
tepg) 36 ps 0.65 pus
www.ti.com/product/tiv3701 www.ti.com/product/tic3702
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SNVA832—-December 2018

Window comparator with integrated reference circuit

Design Goals

Input

Output

Supply

VMON Min VMON Max

VOUT Min VOUT Max

VDD VREF

ov 6V

ov 3.3V

3.3V 400mV

Lower Threshold (V,)

Upper Threshold (V)

Divider Load Current (Iyax) at Vy

3.2V

4.1v

10uA

Design Description

This circuit utilizes the TLV6710, which contains two comparators and a precision internal reference of
400mV. The monitored voltage (Von) is divided down by R;, R,, and R;. The voltage across R, and R; is
compared to the 400mV internal reference voltage (Vger). If the input signal (Vyon) is within the window,
the output is high. If the signal level is outside of the window, the output is low.

The TLV6710 will be utilized for this example, which conveniently contains two comparators and a
common precision internal reference trimmed to a 400mV threshold. Two discrete comparators and an

external reference may also be used.

Vuon

R1

R2

Design Notes

GND TLV6710

1. Make sure the comparator input voltage range is not violated at the highest expected V,,o\ Voltage.
2. If the outputs are to be combined together (ORed), open collector or open drain output devices must

be used.

3. ltis also recommended to repeat the following calculations using the minimum and maximum resistor

tolerance values and comparator positive and negative offset voltages.

4. The TLV6710 has built-in asymmetrical hysteresis, resulting in the rising edge V, and falling edge V,
being slightly shifted. Comparators without hysteresis will meet the calculated thresholds.

SNVA832-December 2018
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Design Steps

The resistor divider will be calculated in separate V,, and V, segments to create 400mV at the appropriate
comparator input at the desired threshold voltage.

1. The total divider resistance R;qr,. IS calculated from the upper threshold voltage and divider current:

Rrotar= Ri+ Ro+ Ry = - = {50 = 410kQ

2. The upper threshold voltage is set by the "bottom" divider resistor R, going into the INB pin. From the
reference voltage and the divider current, the value of R; is calculated from:

Ry = ke = 400V _ 40k

Ivax 10uA

3. The "middle" resistor R, is found by looking at R, and R, as one resistor, and calculating the value for
that total resistance for Vgee at V, then subtracting out the known Rj:

Ry = (B x Vggr) - Ry) = (4157 x400mV) - 40kQ) = 1. 25kQ

4. R, is found by taking the total resistance and subtracting the sum of R, and R,.
Ri= Rrora. — (Ra+ R3) = 410kQ — (11.25kQ + 40kQ) = 358 . 75kQ

Because these are calculated ideal resistor values, the next closest 0.1% standard resistor values will
be used. The following table summarizes the changes due to the resistor value changes and the
resulting trip point voltage change.

Nearest 0.1% Resistor Values

Resistor Calculated Ideal Value Nearest Standard 0.1% (E192) Value
R, 358.750 kQ 361 kQ
R, 11.25 kQ 11.3 kQ
R, 40 kQ 40.2 kQ

Because the values of the divider string resistors were changed, the resulting new threshold voltages must
be calculated. The thresholds are found by multiplying the divider ratio by the reference voltage:

Vy= (RUERZERS ) o, = (3OULEINLIKILA0.2k2 ) 0 41/ =10.26119% 0.4V =4.1045 V
V= ) % Vggp = (SOWEE LI 02K ) x 0.4V =8.0097 x 0.4V =3.2039 V
Ideal and Standard Resistor Thresholds
Threshold Using Ideal Resistors Using Standard Resistors Percent Change
Vy 4.1V 4.1045V +0.109%
\A 3.2v 3.2039V +0.121%

To ensure that the maximum 6V V,,o, Voltage does not violate the TLV6710 1.7V maximum input voltage
rating, the Vy,on wax @and the V, division ratio found in step 4 above are used to calculate the maximum
voltage at the TLV6710 input:

_ Vwonmax _ 6V __
VINPUT MAX = e = B.0007 = 749.1 mV

The value 749mV is less than 1.7V, so the input voltage is well below the input maximum. If using discrete
comparators, make sure the votlage is within the specified input common mode range (V,cg) of the device
used.

Window comparator with integrated reference circuit
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Design Simulations
Transient Simulation Results

o
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]
VH=4.1048 V
400 —
1
VL =32033V
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2
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sor
1 VMON
100—_
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000 1.00 200
Time (S)

Note: The Rising edge V, and falling edge V,, thresholds are slightly shifted due to the built-in asymmetrical hysteresis
of the TLV6710. Comparators without hysteresis will meet the calculated thresholds.
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Design References

For more information on many comparator topics including input votlage range, output types and
propagation delay, please visit Tl Precision Labs - Comparator Applications.

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See TINA-TI™ TLV6710 Reference Design circuit simulation file, Literature Number SNVMBO09.

Design Featured Comparator

TLV6710
Vs 2V to 36 V
Vincwm 0V to 1.7V
Vout 0V to 25V
Vref 400 mV £0.25%
lq 11 pA
Iy 1nA
Prop Delay 10 ps
#Channels 2
www.ti.com/product/tiv6710
Design Alternate Comparator
TLV6700
Ve 1.8V to 18 V
Vinewm 0V to 6.5V
Vout 0V to 18V
Vref 400 mV £0.5%
lq 5.5 PA
Iy 1nA
Prop Delay 29 ps
#Channels 2
www.ti.com/product/tlv6700
Design Alternate Comparator
TLV1702
Ves 271036V
Vinem Rail to Rail
Vout Open Drain to 36 V
\V% +3.5mV
lq 75 HA
Iy 15 nA
Prop Delay 0.4 us
#Channels 2
www.ti.com/product/tlv1702

Window comparator with integrated reference circuit
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SNOA998—June 2018

Relaxation oscillator circuit

Supply

Oscillator Frequency

VCC

f

5v

ov

1 MHz

Design Description

The oscillator circuit generates a square wave at a selected frequency. This is done by charging and
discharging the capacitor, C, through the resistor, R,. The oscillation frequency is determined by the RC
time constant of R, and C,, and the threshold levels set by the resistor network of R,, R;, and R,.The
maximum frequency of the oscillator is limited by the toggle rate of the comparator and the capacitance
load at the output. This oscillator circuit is commonly used as a time reference or a supervisor clock

source.

Design Notes

V+
R2 ZOK%

R4 20k
AN
R3 20k
V+
+ +V VO
—(
v+ TLV3201
K
= Vccbh -
Ve R1 6.8k
) AN
C1100p——

L

1. Comparator toggle rate and output capacitance are critical considerations when designing a high-

speed oscillator.

2. Select C, to be large enough to minimize the errors caused by stray capacitance.

w

If using a ceramic capacitor, select a COG or NPO type for best stability over temperature.

4. Select lower value resistors for the R,, R;, R, resistor network to minimize the effects of stray

capacitance.

5. R,, R;, and R, can be adjusted in order to create a duty cycle other than 50%.

SNOA998—June 2018
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Design Steps

1. When R, = R; = R,, the resistor network sets the oscillator trip points of the non-inverting input at one-
third and two-thirds of the supply.
2. When the output is high, the upper trip point will be set at two-thirds of the supply to bring the output
back low.
Ra _ 2 _
V, = V( RIRIIRS )= 5Vg= 3.33V
3. When the output is low, the lower trip point will be set at one-third of the supply in order to bring the
output back high.
— RallRs _ v —
Vo = Vil RIRIR, ) = 3Vs = 1.67V
4. The timing of the oscillation is controlled by the charging and discharging rate of the capacitor C,
through the resistor R,. This capacitor sets the voltage of the inverting input of the comparator.
Calculate the time to discharge the capacitor.
VC = Vie_ R1t01
1.67 o
ﬁ = e Ri©
t: 0.69R1C1
5. Calculate the time to charge the capacitor.
V=V (1-e %)
1.67 = 3.33(1-¢ %)
1.67 RS
338 — ©
t: 0.69R1C1
6. The time for the capacitor to charge or discharge is given by 0.69R,C,. With a target oscillator
frequency of 1MHz, the time to charge or discharge should be 500ns.
0.69R,C, = 500ns
R1C1 — 724”8
7. Select C, as 100 pF and R; as 6.8kQ (the closest real world value).
Relaxation oscillator circuit SNOA998—-June 2018
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Design Simulations
Transient Simulation Results

5.00 ]

000 | T | T | T | 1 |
0.00 1.00u 2.00u 3.00u 4.00u
Time (s)

5.00u

SNOA998—-June 2018

Submit Documentation Feedback 244

Copyright © 2018, Texas Instruments Incorporated

Relaxation oscillator circuit


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNOA998

13 TEXAS
INSTRUMENTS

www.ti.com

Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit spice simulation file, SBOMAQO3.

For more information on many comparator topics including hysteresis, propagation delay and input
common mode range please see, Tl Precision Labs.

Design Featured Comparator

TLV3201
Voo 2.7t0 5.5V
Vinem Rail-to-rall
tod 40ns
Voo 1mv
Vivs 1.2mv
Iy 40pA
Output Type Push-Pull
#Channels 1

www.ti.com/product/tiv3201

Design Alternate Comparator

TLV7011
Vs 1.6to 5.5V
Vinem Rail-to-rail
tod 260ns
Vs 0.5V
Vivs amv
lq 5pA
Output Type Push-Pull
#Channels 1

www.ti.com/product/tiv7011

Relaxation oscillator circuit
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Thermal switch circuit

Design Goals

Temperature Switching
Point Output Supply
Te V, = HIGH V, = LOW Ve Vee Vo
100 °C Ta< Ty Ta> T 5V oV 3.3V

Design Description

This thermal switch solution will signal low (to a GPIO pin) when a certain temperature is exceeded thus
alerting when conditions are no longer optimal or device-safe. This circuit incorporates an NTC thermistor
with a comparator configured in a non-inverting fashion.

Vcce

<
e
c

Vpu 3.3

I—lI
I

Vee Vee Vpu

§ § § E Vce x
- o T o
o a4 § <
x
! U1 TLV7041
> o VTH ™ Vo
Vthermistor > (
L
/
S X
TN
é = s -
o &
X

Design Notes
1. The resistance of an NTC thermistor drops as temperature increases.
2. The TLV7041 has an open drain output, so a pull-up resistor is required.

3. Configurations where the thermistor is placed near the high side of the divider can be done; however,
the comparator will have to be used in an inverting fashion to still have the output switch low.

4. To exercise good practice, a positive feedback resistor should be placed to add external hysteresis (for
simplicity, it is not done in this example).

SNOAAQ02-August 2018 Thermal switch circuit
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Design Steps

1.

Select an NTC thermistor, preferably one with a high nominal resistance, R,, (resistance value when
ambient temperature, T,, is 25 °C) since the TLV7041 has a very low input bias current. This will help
lower power consumption, thus reducing the likelihood of reading a slightly higher temperature due to
thermal dissipation in the thermistor. The thermistor chosen has its R, and its material constant, B,
listed below.

Ry = 100kQ

B = 3977K

Select R;. For high temperature switching points, R, should be 10 times smaller than the nominal
resistance of the thermistor. This causes a larger voltage difference per temperature change around
the temperature switching point, which helps guarantee the output will switch at the desired
temperature value.

— R
R1_10

R, = 1% — 10kQ (Standard Value)

Select R,. Again, this can be a high resistance value.
R, = 1MQ (Standard Value)

Solve for the resistance of the thermistor, Ry.misor» @t the desired temperature switching point. Using
the B formula is an effective approximation for thermistor resistance across the temperature range of
-20 °C to 120 °C. Alternatively, the Steinhart-Hart equation can be used, but several device-specific
constants must be provided by the thermistor vendor. Note that temperature values are in Kelvin. Here
T, =25 °C = 298.15K.

T
Rihermistor( Tsp) = Rg x eﬁx(Tsp To)

Rthermistor( 10000) = 100kQ x e3977Kx(373j15K_ 295.115><)
Ripermistor( 100°C) = 6. 85 kQ

SOIVe for Vthermislor at TSP'
. Rtherm\s!or(Ts )
Vinermistor( Tsp) = Ve % Wmsmr(p'rsp)

Vthermistor( 1000C) =5V x LR L T =2.03Vv

10kQ+ 6.85kQ

Solve for R, with the threshold voltage, Vq,,, equal t0 Vi emisior- THiS €nsures that Vi emisor Will @lways be
larger than Vy, until the temperature switching point is exceeded.

_ RoxVpy
R3 - Vcc_VTH

1MQ%2.03V
Rs= sv=2.0v = 685kQ

R; = 680kQ (Standard Value)

Select an appropriate pull up resistor, R,. Here, V,, = 3.3V (digital high for a microcontroller).
R, = 51kQ (Standard Value)

Thermal switch circuit SNOAA02-August 2018
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Design Simulations

DC Temperature Simulation Results

5.00— 0

A
B Vthermistor 1100 B0

]

Output

2.00—

-40.00 15.00 70.00 125.00
Temperature (C)
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Design References
See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See Circuit SPICE Simulation File SLVMCS1, www.ti.com/lit/zip/slvmcs1.

Design Featured Comparator

TLV7041
Output Type Open-Drain
Vee 1.6V to 6.5V
Vinem Rail-to-rail
Vs +100pV
Vivs 7mvV
lq 335nA/Ch
tod 3us
#Channels 1

www.ti.com/product/tiv7041

Design Alternate Comparator

TLV1701
Output Type Open-Collector
Vee 2.2V to 36V
Vincm Rail-to-rail
Vs +500pV
Vivs N/A
lq 55pA/Ch
tha 560ns
#Channels 1,2, 4
www.ti.com/product/tiv1701
www.ti.com/product/tiv1701-ql

Thermal switch circuit
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Undervoltage protection with comparator circuit

Analog Engineer's Circuit: Amplifiers
SNOAA18—January 2019

Design Goals

Battery Voltage Levels (Vgar) Comparator Output Status (OUT)
Undervoltage (V ow) Start-Up Operating Voltage (Vygn) Low Battery Normal Operation
< 2.000V > 2.034V Vo, < 0.4V Vou = Vpy = 1.8V

Design Description

This undervoltage, protection circuit uses one comparator with a precision, integrated reference to create
an alert signal at the comparator output (OUT) if the battery voltage sags below 2.0 V. The undervoltage
alert in this implementation is ACTIVE LOW. So when the battery voltage drops below 2.0 V, the
comparator output goes low, providing as an alert signal to whatever device is monitoring the output.
Hysteresis is integrated in the comparator such that the comparator output will return to a logic high state
when the battery voltage rises above 2.034 V. This circuit utilizes an open-drain output comparator in
order to level shift the output high logic level for controlling a digital logic input pin. For applications
needing to drive the gate of a MOSFET switch, a comparator with a push-pull output is preferred.

Vgar 1.8V

R
§ ! v+ Rs v+
1.07M
TLV4021R1 100k

™~ -
IN _ i ouT ALERT
1.2V o
R, Micro

V. controller

1.54M

Design Notes
1. Select a comparator with a precision, integrated reference.
2. Select a comparator with an open-drain output stage for level-shifting.

3. Select values for the resistor divider so the critical undervoltage level occurs when the input to the
comparator (IN) reaches the comparator's negative-going input threshold voltage (V).
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Design Steps

1. Calculate the resistor divider ratio needed so the input to the comparator crosses V.. when Vg, sags
to the target undervoltage level (V o) of 2.0V. V. from the TLV4021R1 data sheet is 1.18V.

R
Vir- = ®+ry * Viow
R Vir— 1.18 V
(R1+2R2) = VILTovv = 200y =10.99
2. Confirm that the value of V, oy, the voltage level where the undervoltage alert signal is asserted, is 2.0
V.
Viow= SR x Vir_ = 54 x1.18 V=2.0 V

3. Select values for R, and R, that yield the resistor divider ratio of 0.59 by using the following equation or
using the online tool "Voltage Divider Calculator” at
http://www.ti.com/download/kbase/volt/volt_div3.htm.

If using the following equation, choose a value for R, in the Mega-ohm range and calculate for R1. In
this example, a value of 1.54 M was chosen for R,.

Ri=Ry(y-1)= 1.54 MQ(7%%-1)=1.07 MQ

4. Verify that the current through the resistor divider is at least 100 times higher than the input bias
current of the comparator. The resistors can have high values to minimize power consumption in the
circuit without adding significant error to the resistor divider.

5. Calculate Vg, the battery voltage where the undervoltage alert signal is de-asserted (returns to a
logic high value). When the battery voltage reduces below the 2.0-V level or is ramping up at initial
start-up, the comparator input needs to exceed (V|.), the positive-going input threshold voltage for the
output to return to a logic high. V|, from the TLV4021R1 data sheet is 1.20V.

_ R+R _ 1.07 MQ+1.54 MQ _
Viigh= e X Vg, = LGl M x4 20V =2.034 V

Y
A

Y
A

Y
A

VLOW: 2.00v VHIGH: 2.034V
High-side current sensing with comparator circuit SNOAA18-January 2019
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Design Simulations
DC Simulation Results

mw);

940.73m

1.80 —

OUT (V) _

18.67m

1.00

Transient Simulation Results

1.93 —

IN (V)

0.00 —
3.30 —

Vgar (V) 4

0.00 —

1.80

OUT (V) |

18.67M —

1.30

145
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References:

1. Analog Engineer's Circuit Cookbooks
2. SPICE Simulation File — SNOAA18

3. TI Precision Labs

Design Featured Comparator

TLV4021R1
Vs 1.6V to 5.5V
Vinem Rail-to-rail
Vour Open Drain

Integrated Reference

1.2V £1% over temperature

Hysteresis 20 mV
lo 2.5 pA
ey 450 ns

www.ti.com/product/tiv4021

Design Alternate Comparator

TLV4041R1 TLV3011
Vg 1.6V to 5.5V 1.8V to 5.5V
Vincu Rail-to-rail Rail-to-rail
Vour Push-Pull Open Drain
Integrated 1.2 V £1% over temperature 1.242 +1% room temperature
Reference
Hysteresis 20mvVv NA
lo 2.5pA 2.8pA
ooy 450ns 6us
www.ti.com/product/tiv4041 www.ti.com/product/tiv3011

High-side current sensing with comparator circuit
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Window comparator circuit

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.

Vce

R3 10k §

<
o

C V|

©
=

Vce 5

I
i

TLV1702

Vpu 10

Vh)>——¢

R2 10k § r

Viri

vI>——¢
Vref

U2 TLV1701

i~

Vref 2.5

Vpu

Rp 5.1k

( Vo

ANV

R1 10k

Design Notes

T
=4

U1 TLV1701

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.
V=V % satRe 3 33V

Ri4+ R+ R3
_ Ry _
Vo= Ve X ginig =166V
Vu R, __ 3.33v __
V,__1+ Ry — Toov = 2

2. Choose resistor values to achieve the desired window voltages.
V=14 g =2,50R, =R,
R, = R, = 10kQ (Selected standard values)

R3:R1\>;7LVCC_(R1+R2)

Ry = 1%V _ 20kQ = 10.12 kQ = 10k (Standard Value)

Design Simulations
Transient Simulation Results
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S :
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£
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]
>
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See the circuit SPICE simulation file SBOC516.

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

Design Featured Op Amp

TLV1702
Ve 2.2V to 36V
Vinem Rail-to-rail
Vout Open Collector (36V Max)
Vos 2.5mV
lq 75pA/Ch
Iy 15nA
Rise Time 365ns
Fall Time 240ns
#Channels 1,2,4
www.ti.com/product/tlv1702

Revision History

Revision Date Change
A February 2019 Downscale the title and changed title role to ‘Amplifiers'.
Added links to circuit cookbook landing page and SPICE simulation file.
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Zero crossing detection using comparator circuit

Design Goals

Analog Engineer's Circuit: Amplifiers

SNOA999—July 2018

Supply Input Signal MAX AC Mains Leakage Current
Vcc Vee Type Vi f Iac
5V ov Single 240V AC RMS 50Hz <500pA

Design Description

The zero crossing detector circuit changes the comparator’s output state when the AC input crosses the
zero reference voltage. This is done by setting the comparator inverting input to the zero reference voltage
and applying the attenuated input to the noninverting input.The voltage divider R, and R, attenuates the
input AC signal. The diode D, is used to insure the noninverting input never goes below the negative input
common mode limit of the comparator. Zero crossing detection is often used in power control circuits.

Design Notes
1. Some hysteresis should be used to prevent unwanted transitions due to the slow speed of the input

signal.
2. Select a comparator with a large input common mode range

Il <

Vce 5

R1 1M

R2 10k

V+

3. The phase inversion protection feature of the TLV7011 can prevent phase reversal in situations where
the input goes outside of the input common mode limits

4. A diode should be used to protect the comparator when the input goes below the negative input

common mode limit.
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Design Steps
1. Calculate the peak value of the input signal.
Vp = Virus X | 2 = 340V

2. Select the resistor divider to attenuate the input 340V signal down to 3.4V in order to be within the
positve common range of the comparator.

340V x G = 3.4V
G = 0.01y

(r,) = 0.01

3. Select R; as 1IMQ and R, as 10k (the closest 1% value).

4. Select the diode, D,, in order to limit the negative voltage at the noninverting input. A zener diode with
a voltage rating of 0.3V can be used.

5. Calculate the AC mains leakage current to check if it meets the leakage current design goal of less
than 500pA.

lac = & = 340pA

Zero crossing detection using comparator circuit SNOA999-July 2018
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Design Simulations
Transient Simulation Results
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See circuit spice simulation file, SBOMAPS5.

For more information on many comparator topics including hysteresis, propagation delay and input
common mode range please see, Tl Precision Labs.

Design Featured Comparator

TLV7011
Vs 1.6to 5.5V
Vinem Rail-to-rall
tod 260ns
Vos 0.5mV
Vivs 4mV
Iy 5pA
Output Type Push-Pull
#Channels 1

www.ti.com/product/tiv7011

Design Alternate Comparator

TLV3201

Vs 2.7t0 5.5V
Vinem Rail-to-rail

tod 40ns

Vs v
Vivs 1.2mv

lq 40pA
Output Type Push-Pull
#Channels 1

www.ti.com/product/tiv3201

Zero crossing detection using comparator circuit
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Single-supply strain gauge bridge amplifier circuit

Design Goals

Analog Engineer's Circuit: Amplifiers
SBOA247—-December 2018

Input Vipie(Viz = Via) Output Supply
ViDiff_Min ViDiff_Max VoMin VoMax Vcc Vee Vref
-2.22mV 2.27mV 225mvV 4.72V 5V ov 2.5V
Strain Gauge Resistance Variation (R,) Vem Gain
115Q — 1250 2.15Vv 1001VIV

Design Description

A strain gauge is a sensor whose resistance varies with applied force. The change in resistance is directly
proportional to how much strain the sensor is experiencing due to the force applied. To measure the
variation in resistance, the strain gauge is placed in a bridge configuration. This design uses a 2 op amp
instrumentation circuit to amplify a differential signal created by the change in resistance of a strain gauge.
By varying R,,, a small differential voltage is created at the output of the Wheatstone bridge which is fed to
the 2 op amp instrumentation amplifier input. Linear operation of an instrumentation amplifier depends
upon the linear operation of its primary building block: op amps. An op amp operates linearly when the
input and output signals are within the device’s input common-mode and output-swing ranges,
respectively. The supply voltages used to power the op amps define these ranges.

R1140.2

A%
R3 5.1k R2 20k
%A% %A%
R4 20k —
Vref —A\A\N > R15.1k
— A\ \NN——
¥
+ U1 TLV9002
V+  Vref v+
V+
T
Vee 5= = Vref25
Vil)—e —( Vi2

R7 120

R9 1.27k

R10 120

—( Vo
U2 TLV9002
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Design Notes:

1.

w

Resistors R;, Rg and R, of the Wheatstone bridge must match the stain gauge nominal resistance and
must be equal to avoid creating a bridge offset voltage.

Low tolerance resistors must be used to minimize the offset and gain errors due to the bridge resistors.
V., sets the excitation voltage of the bridge and the common—mode voltage V...

V¢ biases the output voltage of the instrumentation amplifier to mid—supply to allow differential
measurements in the positive and negative directions.

R,, sets the gain of the instrumentation amplifier circuit.

Rg and Rq set the common-mode voltage of the instrumentation amplifier and limits the current through
the bridge. This current determines the differential signal produced by the bridge. However, there are
limitations on the current through the bridge due to self-heating effects of the bridge resistors and
strain gauge.

Ensure that R; = R; and R, = R, and that ratios of R,/R; and R,/R; are matched to set the V,, gain to
1V/V and maintain high DC CMRR of the instrumentation amplifier.

Linear operation is contingent upon the input common—-mode and the output swing ranges of the op
amps used. The linear output swing ranges are specified under the A, test conditions in the op amps
datasheets.

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

Design Steps:

1.

2.

Select R, R and R, to match the stain gauge nominal resistance
Rgauge - R5 == Re = R7 == 1ZOQ
Choose R, to set the common mode voltage of the instrumentation amplifier at 2.15V

Roridge
Vgr= 22255 _xV
cm Rbndge+ R8+ RQ ex

Where Ryiqe = total resistance of the bridge

Choose Rg = 0Q to allow maximum current through the bridge
120521X4+R9
120Q0%x4 +0Q+Rg

240+Rg 215V __
480+ 0Q+ Ry — 2.5V T 0.86

0.14Rg=172.8 — Rg= 722 =1.23kQ — Ry=1.27k Q (Standard value)

Von = x2.5V=2.15V

Calculate the gain required to produce the desired output voltage swing

— Vomax— Voin — 4.72V—0.225V _ M
G= Vioitt_min— Vioif _min  0.00222V— (— 0.00227V) 1001 \

Select R;, R,, R; and R,. To set the V, gain at 1V/V and avoid degrading the instrumentation
amplifier's CMRR, R, must equal R; and R, equal R,.
Choose Ry = R; = 5.1kQ and R; = R, = 20kQ (Standard value)

Calculate R,, to meet the required gain
G=1+ R+ 2% = 1001y

G=1+ 58+ B =1001] — 4.92 + P2 = 1001 — B¢ = 996.1 — Ry; = goeg = 40.15Q — Ry; = 40. 2Q (Standard Value)

Calculate the current through the bridge

oo — Ve _ 2.5V
bridge = Ry+ Ro+ Ronage . 00+ 1.27kQ+ 1200%4
2.5V
lbridge = 727kt 4800 — lbridge = 1 - 42MA

Single-supply strain gauge bridge amplifier circuit SBOA247-December 2018
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Design Simulations:
DC Simulation Results

4,72
4.27
3.82
3.37
2.92

2.47

Output (V)

2.03

1.58

1.13

677.63m

228.42m“”“”“”” L LA

115 118 120 123 125
Input resistance (ohms)
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References:

Analog Engineer's Circuit Cookbooks

SPICE Simulation File SBOMAU4

TI Precision Designs TIPD170

TI Precision Labs

. Vem VS. Vgur plots for instrumentation amplifiers with two op amps
Design Featured Op Amp:

akrwndE

TLV9002
Ve 1.8V to 5.5V
Vincm Rail-to—rail
Vout Rail-to—Rail
Vs 0.4mvV
lq 0.06mA
l, 5pA
UGBW 1MHz
SR 2Vlius
#Channels 1,2,4
www.ti.com/product/tlv9002

Design Alternate Op Amp:

OPA376
Ves 2.2V to 5.5V
Vincm (Vee=0.1V) to (V~1.3V)
Vout Rail-to—Rail
Vos 0.005mV
lq 0.76mA
Iy 0.2pA
UGBW 5.5MHz
SR 2Vlus
#Channels 1,2,4
www.ti.com/product/opa376

Single-supply strain gauge bridge amplifier circuit SBOA247-December 2018
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Design Goals

Analog Engineer's Circuit: Amplifiers
SBOA220A—-January 2018—Revised February 2019

Photodiode amplifier circuit

Input Output BW Supply
IiMin IiMax VoMin VoMax fp Vcc Vee Vref
0A 2.4pA 100mvVv 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.

Design Notes

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

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

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

C13.3p

R12M

N

—CJ11p

FPhotodiode Model

C21u——

Vref

R2 13.7k

A

.
§ R3280 = VCC 5

(V0

+
L-T U1 OPA322

Copynght @ 2018, Texas Instruments Incorporated
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Design Steps
1. Select the gain resistor.

— Vouax— Voun __ 4.9V—0.1V __
R1 - IiMax - 2-4IJA - ZMQ

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

2xWxXR, xf,

C1 S sxmwommssgan < 3. 97pF = 3 . 3pF (Standard Value)

2% X 2MQ % 20kHz
3. Calculate the necessary op amp gain bandwidth (GBW) for the circuit to be stable.

Ci+Cy 20pF+ 3.3pF
GBW> 2xmWxR;xC4? > 2% x 2MQ % (3. 3pF) > 170kHz

where Ci=C;+ C4+ C.= 11pF+ 5pF + 4pF = 20pF given
» C;: Junction capacitance of photodiode
e 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.
R, = Vccv_ A R,

ref

5V—0.1V
= X
R, K Rs

R, =49 x Rj
Closest 1% resistor values that yield this relationship are
R, = 13.7kQ and R; = 280Q
5. Select C, to be 1pF to filter the V, voltage. The resulting cutoff frequency is:
f,= ! ! ; = 580Hz

2XxTXCyX(RyIIRy) — 2XWxX1 uFx(13.7k[[280

Photodiode amplifier circuit SBOA220A-January 2018—Revised February 2019
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Design Simulations

DC Simulation Results

4.9 5

3.7

Vo 2.5+

1.3

100m &y

0.00

AC Simulation Results

140—

800n

1.60u 2.40u

Input current (A)

1204

[G=126.02dB ]

[BW = 24.1kHz]

100—

804

Gain (dB)
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40
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Design References

See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.

See the circuit SPICE simulation file SBOC517.
See TIPD176, www.ti.com/tool/tipd176.

Design Featured Op Amp

OPA322
Ve 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Voo 0.5mV
lq 1.6mA/Ch
Iy 0.2pA
UGBW 20MHz
SR 10V/us
#Channels 1,2,4
www.ti.com/product/opa322
Design Alternate Op Amp
LMP7721
Vee 1.8V to 5.5V
Vincum Vee 10 (Ve —1V)
Vout Rail-to-rail
Vos 26pV
lq 1.3mA/Ch
Iy 3fA
UGBW 17MHz
SR 10.43V/us
#Channels 1
www.ti.com/product/Imp7721
Revision History
Revision Date Change
A February 2019 Downscale the title and changed title role to 'Amplifiers'.

Added links to circuit cookbook landing page and SPICE simulation file.
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Non-inverting microphone pre-amplifier circuit

Design Goals

Input Pressure (Max) Output Voltage (Max) Supply Frequency Response Deviation
V, V @20Hz @20kHz
100dB SPL (2 Pa) 1.228V,,6 « -
5V ov —-0.5dB -0.1dB

Design Description

This circuit uses a non—inverting amplifier circuit configuration to amplify the microphone output signal.
This circuit has very good magnitude flatness and exhibits minor frequency response deviations over the
audio frequency range. The circuit is designed to be operated from a single 5V supply.

vCccC

l vee
+ 3 T
= V35 § 2
& IS
& vce
&
C1330n
= Il
1l = ©1330 - vour
11
X
x _
Q X
§N UL TLV6741 3
o —
o — ©
@
e R5 10k
- A%
C3120p
I
I 1

C247u R4TE7

Design Notes

1.

akrwn

Operate within the op amp linear output operating range, which is usually specified under the A, test
conditions.

Use low—K capacitors (tantalum, COG, and so forth) and thin film resistors help to decrease distortion.
Use a battery to power this circuit to eliminate distortion caused by switching power supplies.
Use low value resistors and low noise op amps for low noise designs.

The common mode voltage is equal to the DC bias voltage set using the resistor divider plus any
variation caused by the microphone output voltage. For op amps with a complementary pair input
stage it is recommended to keep the common mode voltage away from the cross over region to
eliminate the possibility of cross over distortion.

Resistor R, is used to bias the microphone internal JFET transistor to achieve the bias current
specified by the microphone.

The equivalent input resistance is determined by R;, R,, R;. Use large value resistors for R, and R; to
increase the input resistance.

The voltage connected to R, to bias the microphone does not have to be the same as the op amp
supply voltage. Using a higher voltage supply for the microphone bias allows for a lower bias resistor
value.
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Design Steps
This design procedure uses the microphone specifications provided in the following table.

Microphone Parameter Value
Sensitivity @ 94dB SPL (1 Pa) -35+ 4 dBV

Current Consumption (Max) 0.5mA

Impedance 2.2kQ

Standard Operating Voltage 2Vdc

1. Convert the sensitivity to volts per Pascal.
42305118 mv
10 =17.78%,
2. Convert volts per Pascal to current per Pascal.

17.780Y iy
220 = 8'083E

3. Max output current occurs at max pressure 2Pa.
lmax = 2Pa x 8.083% = 16.166pA

4. Calculate bias resistor. In the following equation, Vmic is microphone standard operating voltage.
Ry = Yo Vme — 8V-2V_ gk ()=5.9kQ) (Standard Value)

Is
5. Set the amplifier input common mode voltage to mid—supply voltage. The equivalent resistance of R, in
parallel with R; should be 10 times larger than R1 so that a majority of the microphone current flows
through R;.
Req = R2IR3>10 x R1= 100kQ2
Choose R, = R; = 200kQ

6. Calculate the maximum input voltage.

Rin = R1IReq = 5.9kQ/1100kQ = 5.571kQ
V, =1, xR = 16.166UA x 5.571kQ = 90.067mV

7. Calculate gain required to produce the largest output voltage swing.

im — Voutmax __ 1.228V. M
Gain= ™ = 557y = 13.634y

8. Calculate R, to set the gain calculated in step 7. Select feedback resistor R as 10kQ.
Ry= goiy = raosl. = 791Q = 787Q) (Standard Values)
The final gain of this circuit is:

I 16.166UA X 5.571kQ x 10kQ
Gain= 20log > = 20log (1+199)

+7e70
2V
9. Calculate the corner frequency at low frequency according to the allowed deviation at 20 Hz. In the
following equation, G_polel is the gain contributed by each pole at frequency “f”. Note that you divide
by three because there are three poles.

fo= f\j(mFJ = 20Hz, (ﬁ)zn = 3.956Hz

10. Calculate C, based on the cut off frequency calculated in step 9.

C1= smmegst. = 2meioskoasserz = 0-402uF=0.33uF (Standard Value)

= -4.191dB

11. Calculate C, based on the cut off frequency calculated in step 9.
Co= srerast = amersrawassenz — O 1-121uF=47yF (Standard Value)

12. Calculate the high frequency pole according to the allowed deviation at 20 kHz. In the following
equation, G_pole2 is the gain contributed by each pole at frequency “f".

fo=—1 = 202 _ 131.044kHz
\:“‘(G_pﬂolez)_‘l ( —10.1)_1

Non-inverting microphone pre-amplifier circuit SBOA290-December 2018
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13. Calculate C3 to set the cut off frequency calculated in step 12.
Co= meRoxt, = smeiokaxiaioaaiz = 121-451pF~120pF (Standard Value)

14. Calculate the output capacitor, C,, based on the cut off frequency calculated in step 9. Assume the
output load R is 10kQ.

Ca= smxirt. = wiokaaoserz — 4-0231F=3.3uF (Standard Value)

Design Simulations
AC Simulation Results

-4.19—
| -4.32dB @ 20kHz
-0.13dB deviation
= -4.85dB @ 20Hz
2 1 -0.66dB deviation
£-5.42—
]
O]
'665 T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII|
10 100 1k 10k 100k
Frequency (Hz)
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Transient Simulation Results

The input voltage represents the SPL of an input signal to the microphone. A 1 V., input signal represents
1 Pascal.

2.83 —

Vin

-2.83—
1.76 —

Vout

-1.73 T

I ' I ' I ' I ' I
5.00m 6.00m 7.00m 8.00m 9.00m 10.00m
Time (s)

Noise Simulation Results

The following simulation results show 22.39uVrms of noise at 22kHz. The noise is measured at a

bandwidth of 22kHz to represent the measured noise using an audio analyzer with the bandwidth set to
22kHz.

43.30u —
= [ 22.39uVrms @ 22kHz |
Q2
2 21.65u—
5
o
|_

000 I IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII|
1 10 100 1k 10k 100k
Frequency (Hz)
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Design Featured Op Amp

TLV6741
Ve 1.8V to 5.5V
Vincum (Vee) to (Vcc -1.2V)
Vout Rail-to—rail
Vos 150puVv
lq 890uUA/Ch
Iy 10pA
uUGBW 10MHz
SR 4.75V/us
#Channels 1
www.ti.com/product/tiv6741

Design Alternate Op Amp

OPA320
Vs 1.8V to 5.5V
Vinem Rail-to-rail
Vout Rail-to-rail
Vs 40uvV
lq 1.5mA/Ch
Iy 0.2pA
UGBW 20MHz
SR 10V/ps
#Channels 1,2

www.ti.com/product/opa320
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TIA microphone amplifier circuit

Design Goals

Input pressure Output Voltage .
(Max) (Max) Supply Frequency Response Deviation
Ve Vee @ 20Hz @20kHz
100dB SPL(2Pa) 1.228V, s
5V ov —0.5dB —-0.1dB

Design Description

This circuit uses an op amp in a transimpedance amplifier configuration to convert the output current from
an electret capsule microphone into an output voltage. The common mode voltage of this circuit is
constant and set to mid—supply eliminating any input—stage cross over distortion.

C3 15p
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M
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I Cl4.7u U2 TLV6741 L
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R5 10k

>
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o
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(6]

! R3 100k |R2 100k
|
|

Design Notes

1. Use the op amp in the linear output operating range, which is usually specified under the A, test
conditions.

2. Use low—K capacitors (tantalum, COG, etc.) and thin film resistors help to decrease distortion.
3. Use a battery to power this circuit to eliminate distortion caused by switching power supplies.
4. Use low value resistors and low noise op amp to achieve high performance low noise designs.

5. The voltage connected to R, to bias the microphone does not have to match the supply voltage of the
op amp. Using a larger microphone bias voltage allows for a larger value or R; which decreases the noise
gain of the op amp circuit while still maintaining normal operation of the microphone.

6. Capacitor C, should be large enough that its impedance is much less than resistor R, at audio
frequency. Pay attention to the signal polarity when using tantalum capacitors.
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Design Steps
The following microphone is chosen as an example to design this circuit.

Microphone parameter Value
Sensitivity @ 94dB SPL (1 Pa) -35+ 4 dBV
Current Consumption (Max) 0.5mA
Impedance 2.2kQ
Standard Operating Voltage AR

1. Convert the sensitivity to volts per Pascal.
10 % =17.78mV / Pa
2. Convert volts per Pascal to current per Pascal.

778mV [Pa _ 8083 pA / Pa

3. Max output current occurs at max sound pressure level of 2Pa.
Imax = 2Pa x 8 .083 pA / Pa= 16 .166 pA

4. Calculate the value of resistor R, to set the gain
R, = Ymx — 1228V __ 75 961k() =75k (Standard value)

Imax 16.166pA
The final signal gain is:
Gain=20x log y* =20xlog "*%PXSE — _ 4347 dB

5. Calculate the value for the bias resistor R;. In the following equation, Vmic is the standard operating
voltage of the microphone

Ry= YeVme — V=2V _ g() =5 9kQ (Standard value)

Is 0.5mA

6. Calculate the high frequency pole according to the allowed deviation at 20 kHz. In the following
equation, G_polel is the gain at frequency "f".
fo= —1 = 20KHz__ _ 131.044 kHz

P f 2 [ 2
F(G_;ole1)_1 ( 10.1)_1
\‘ 10 20

7. Calculate C; based on the pole frequency calculated in step 6.
Ci= o = ! = 16.194 pF = 15pF (Standard value)

2mxf, xRy 21x131.044kHzx75kQ

8. Calculate the corner frequency at low frequency according to the allowed deviation at 20 Hz. In the
following equation, G_pole2 is the gain contributed by each pole at frequency "f" respectively. There
are two poles, so divided by two.

fo= X\ (gopee) ~1=20Hzx (1 )"~ 1=4.868Hz

\ 10 70.250/ 2

9. Calculate the input capacitor C; based on the cut off frequency calculated in step 8.

C1= smxrxf, = swxsskoxasesnz — 5 -041uF=4 .7 yF (Standard value)

10. Assuming the output load R; is 10kQ, calculate the output capacitor C, based on the cut off frequency
calculated in step 8.

Ci= 5o = ! =3.269 uF=3.3uF (Standard value)

2mXRsXf,  2mwx 10kQ2 X 4.868Hz

11. Set the amplifier input common mode voltage to mid—supply voltage. Select R, and R; as 100kQ. The
equivalent resistance equals to the parallel combination of the two resistors:

Req = Rz!IRs= 100kQ! 1100kQ = 50kQ)

12. Calculate the capacitor C, to filter the power supply and resistor noise. Set the cutoff frequency to

1Hz.
_ 1 _ 1 _ ~
C,= 2 (R Ro) X THz = 2 X (100K 100KO)X Tz = 3.183 uF=3 .3 uF (Standard value)
TIA microphone amplifier circuit SBOA291-December 2018
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Design Simulations
AC Simulation Results

-4.35—
-4.46dB @ 20kHz
& -0.11dB deviation
z 545 -4.94dB @ 20Hz
'gu' - -0.59dB deviation
-6.56 T T T T
10 100 1k 10k 100k
Frequency (Hz)

Transient Simulation Results

The input voltage represents the SPL of an input signal to the microphone. A 2 V., input signal represents
2 Pascal.

2.83—

Vin ]

-2.83 -
1.70—

Vout

-1.73 T T T T T T T T T l
5.00m 6.00m 7.00m 8.00m 9.00m 10.00m
Time (s)

Noise Simulation Results

The following simulation results show 22.39uV,,,,; of noise at 22kHz. The noise is measured at a bandwidth
of 22kHz to represent the measured noise using an audio analyzer with the bandwidth set to 22kHz.

42.94u—

e [22.05uvrms @ 22kHz]

[

2

S 21.47u—

s

o

e

0.00 — T T T T T T T T T T T T
1 10 100 1k 10k 100k
Frequency (Hz)
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Design Featured Op Amp

TLV6741
Ve 1.8V to 5.5V
Vinewm Vee 10 V—1.2V
Vout Rail-to—rail
Vos 150uV
lq 890pA/Ch
Iy 10pA
UGBW 10MHz
SR 4.75V/us
#Channels 1
www.ti.com/product/tiv6741
Design Alternate Op Amp
OPA172 OPA192
Voo 4.5V to 36V 4.5V to 36V
Vinewm Vee=0.1V 10 V=2V | Vee=0.1V to V,+0.1V
Vout Rail-to—rail Rail-to-rail
Vos +200uV 5V
Iy 1.6mA/Ch 1mA/Ch
Iy 8pA 5pA
uGBw 10MHz 10MHz
SR 10V/ps 20V/us
#Channels 1,2, 4 1,2,4
www.ti.com/product/op | www.ti.com/product/op
al72 alo2
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