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Tl Precision Designs Circuit Description

Tl Precision Designs are analog solutions created by Single supply rail-to-rail amplifiers are commonly used
TI's analog experts. Reference Designs offer the in analog systems. In some cases it is important to
theory, component selection, and simulation of useful have an amplifier output that drives very close to GND
circuits. Circuit modifications that help to meet (i.e. a few microvolts). However, no amplifier can
alternate design goals are also discussed. inherently drive this close to GND. This Tl Precision

Design shows a simple design modification that
allows most standard single supply rail-to-rail
amplifiers to drive very close to GND.

Design Resources

Design Archive All Design files m Ask The Analog Experts
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An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and
other important disclaimers and information.

TINA-TI is a trademark of Texas Instruments
WEBENCH is a registered trademark of Texas Instruments
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Design Summary

The design requirements are as follows:

e  Supply Voltage: +5V

. Input: OV to 5V

e  Output: OV to 5V with accuracy at OV

The design goals and performance are summarized in Table 1. Figure 1 depicts the difference in outputs
between a traditional output connection and a pull-down to a negative supply. Note that the circuit with
pull-down to negative supply can drive very close to GND (3.2uV).

Table 1. Comparison of Design Goals, Calculations, and Simulated Performance

Goal Calculated Simulated
Zero Scale Error +500pV f;g(()):j\\// ((I\-I/-Iiz)) -3.1pv
Zero Scale Error 10mV (Typ)
(without Pull-Down) e 20mV (Max) 4.9mv
Pull-Down to -5V Allows Traditional Connection
Swing to close to GND Cannot Swing to GND

B Vout -3.2uV B Vout 4.9mV
+ +
1T U1 OPA365 1" U1 0OPA365
5V + 5V
<f VG10 <f VG10
. SW-SPDT1 1 SW-SPDT1

1

Figure 1: Output results with pull-down to -5V and traditional output connection to GND
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2.1

Theory of Operation:

Normal Operation of Output Stage

Figure 2 shows the normal operation of a rail-to-rail CMOS amplifier. The quiescent current for the
amplifier in this example is 760uA. One half of the quiescent current powers the input stage (see blue
arrows). The other half of the quiescent current powers the output stage (see red arrows). The output is
driven to the input voltage (2.5V) as expected for normal operation.

+3V
760UA
380uA
| OUuA
— T1 l Vout
Input —lE 2.;'-'>V
Stage ~
| JE T2 ¢
— | 38
lSBOuA _»‘

Vin L —I_

2.5V

Figure 2: Normal Operation of Output Stage

Figure 3 shows the operation of a rail-to-rail CMOS amplifier with a zero volt input signal applied. In this
example the ideal output is OV (true GND). However, the output cannot drive to ground because the
transistor T2 has a finite resistance (53Q in this example). Remember that half of the quiescent current is
biasing the output stage, so the voltage across T2 is about 20mV (V1, = (380uA x 53Q = 20mV). All op
amp output stages will have this limitation. The minimum output voltage will vary according to the sizing of
the output stage transistors, but any practical output stage will have output swing limitations in the range of
milivolts to hundreds of milivolts.
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Figure 3: Output Stage Cannot Drive to Ground
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Figure 4 shows the characteristics for the output stage transistor (T2) in this example. The figure is meant
to emphasize the fact that the drain to source voltage across a transistor cannot be zero when current is
flowing. In this example, the drain current is 380pA and the corresponding drain to source current is
20mV. The slope of the drain current curve determines its resistance (53Q).
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Figure 4: Output Stage Transistor Drain to Source Voltage
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2.2 Output Stage Operation with Pull-Down Resistor

Figure 5 illustrates a simple solution that allows the output to drive down to 0V (ground). This design
uses a pull-down resistor to the negative supply (RL). The pull-down resistor provides a path for the
output stage current to a negative supply. When the output drives to ground, T2 will turn off allowing the
output to drive to OV. In any practical op amp configuration there will be some small error in the output
voltage due to input offset voltage and other errors.
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Figure 5: Pull-Down Allows Output to Reach “True GND”
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3.1

Component Selection

Selecting the Pull-Down Resistor

As a rule of thumb, the output stage consumes one half of the quiescent current of the op amp. To
successfully swing to ground, the pull down resistor must sink all of the output stage current so that no
current flows through the p-channel FET (T2). Table 1 is an excerpt from the OPA365 data sheet showing
quiescent current, and Equation (1) shows the calculation for selecting the pull-down resistor. Table 3
provides a list of pull-down resistors that can be used for other single supply amplifiers. The pull-down
resistors in Table 3 assume a -5V supply. Other negative supplies could be used (e.g. -15V); however, the
value of the pull-down resistor would need to be recalculated.

Table 2: Quiescent Current Specification from OPA365 Data Sheet

PARAMETERS CONDITIONS OPA365 UNIT

MIN TYP MAX

Quiescent Current Per Amplifier Ig lo = 0A 4.6 5.0 mA

o Vo _ ~(=5.00)

1)
= = = 2.17kQ (
P47 0.5l  0.5(4.6mA)

Where

Rpa = The pull-down resistor connected from output to negative supply.
Vpe= Pull-down supply voltage. Must be negative (current sink).

Io = Device supply current with no load (quiescent current).

Table 3: Pull-Down Resistor for Single Supply Amplifiers

Part # Resistor Value for -5V

Supply

OPA364 2kQ

OPA335 40 kQ

OPA340 7.5kQ

OPA343 7.5kQ

OPA348 250 kQ

OPA350 2kQ

OPA353 2kQ

OPA333 20 kQ
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4 Simulation

The TINA-TI™ schematic shown in Figure 6 includes the circuit values obtained in the design process. It
is important to understand that the simulation of the pull-down method will not work for all device models.
Many models use behavioral blocks to match the device characters. Other models use a transistor design
to model the device performance. This method can only be simulated on transistor based models. In
general behavioral models are preferred because they generally converge faster with better accuracy.
However, in this case a transistor based model is needed to demonstrate the interaction of the output
stage and the pull-down resistor. The OPA365 is an example of a transistor based model.
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Figure 6: TINA-TI™ Schematic
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4.1 Transfer Function

The result of the dc transfer function is shown in Figure 7. Of special interest is the region of the transfer
function where the input is near zero volts.
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Figure 7: Simulated Transfer Function
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4.2  Output with Vin = 0V

The goal of this circuit is to allow the output to drive to OV (true GND). This simulation checks the drive to
0V for the circuit with the pull-down and the traditional circuit. The circuit with the pull-down drives very
close to GND (Vout = -3.2pV). The traditional circuit swing to ground is significantly limited (Vout =
4.9mV). Figure 4 shows simulation of the output with a OV input for both cases.

Pull-Down to -5V Allows
Swing to close to GND

1

+
1 Ul OPA365

Vout -3.2uV

Rpd 2k

, SW-SPDT1

Traditional Connection

Ul OPA365

N

+/+

+ SV
<f VG10

Table 4 summarizes the calculated and simulated performance of the design.

Table 4. Comparison of Design Goals, Calculations, and Simulations

Cannot Swing to GND

Vout 4.9mV

Rpd 2k

SW-SPDT1

Goal Calculated Simulated

+100pV (Typ)

Zero Scale Error +500pV -3.1pv
H +2000V (Max) H
Zero Scale Error 10mV (Typ)
; -na- 4.9mV
(without Pull-Down) 20mV (Max)
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5 Modifications

The method described Section 3.1 can be used with other single supply amplifiers. Table 5 provides
examples of different amplifiers that can be used to achieve different design objectives.

Table 5. Brief Comparison of 5V Single Supply Amplifiers

Output Design Objective Vos Vos Drift Iq Voltage BW SR Approx.
Amplifier uVv uV/degC UA Noise MHz V/iuS Price
nVAHz US$ / 1ku
OPA365 Wide Band, Low N0|se,_ DC _Pre(:|3|on, 100 1 4600 45 50 o5 0.65
No Crossover Distortion
OPA313 Low Noise, Low Iq 500 2 50 25 1 0.5 0.3
OPA333 DC Precision, Low Iq 2 0.02 17 50 350 0.16 0.95
OPA350 Wide Band, Low Noise, DC Precision 150 4 5200 7 38 22 1.15
10 Single Supply Op Amp with True Drive to GND TIDUO018-December 2013-Revised December 2013

Copyright © 2013, Texas Instruments Incorporated



13 TEXAS
INSTRUMENTS

www.ti.com

6 About the Author
Arthur Kay is an applications engineering manager at TI where he specializes in the support of amplifiers,
references, and mixed signal devices. Arthur focuses a good deal on industrial applications such as bridge

sensor signal conditioning. Arthur has published a book and an article series on amplifier noise. Arthur
received his MSEE from Georgia Institute of Technology, and BSEE from Cleveland State University.

7 Acknowledgements & References

7.1 Acknowledgements

The author wishes to acknowledge Collin Wells, John Caldwell, Tim Green, and Marek Lis for technical
contributions to this design.

TIDUO018-December 2013-Revised December 2013 Single Supply Op Amp with True Drive to GND 11
Copyright © 2013, Texas Instruments Incorporated



IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated ("TI") reference designs are solely intended to assist designers (“Buyers”) who are developing systems that
incorporate Tl semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer's systems and products.

Tl reference designs have been created using standard laboratory conditions and engineering practices. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. TI may make
corrections, enhancements, improvements and other changes to its reference designs.

Buyers are authorized to use Tl reference designs with the Tl component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right,
or other intellectual property right relating to any combination, machine, or process in which Tl components or services are used.
Information published by TI regarding third-party products or services does not constitute a license to use such products or services, or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

TI REFERENCE DESIGNS ARE PROVIDED "AS IS". TI MAKES NO WARRANTIES OR REPRESENTATIONS WITH REGARD TO THE
REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT, QUIET POSSESSION, AND NON-INFRINGEMENT OF ANY THIRD PARTY
INTELLECTUAL PROPERTY RIGHTS WITH REGARD TO TI REFERENCE DESIGNS OR USE THEREOF. TI SHALL NOT BE LIABLE
FOR AND SHALL NOT DEFEND OR INDEMNIFY BUYERS AGAINST ANY THIRD PARTY INFRINGEMENT CLAIM THAT RELATES TO
OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL Tl BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF TI REFERENCE DESIGNS.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESDA46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers should obtain the latest relevant
information before placing orders and should verify that such information is current and complete. All semiconductor products are sold
subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques for TI components are used to the extent Tl
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Reproduction of significant portions of Tl information in TI data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use of any Tl components in
Buyer's safety-critical applications.

In some cases, Tl components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No TI components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.

Only those Tl components that Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of Tl components that
have not been so designated is solely at Buyer's risk, and Buyer is solely responsible for compliance with all legal and regulatory
requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, TI will not be responsible for any failure to meet ISO/TS16949.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2013, Texas Instruments Incorporated



