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Frequency response errors in voltage
feedback op amps

Introduction
An article entitled “Matching operational amplifier band-
width with applications” appeared in the February 2000
issue of Analog Applications Journal. It attempted to
analyze errors incurred when op amps are operated on the
decreasing portion of the bandwidth curve, but a small
mistake confused the explanation. This article focuses on
the error analysis, so each equation is analyzed in detail.
Further, the error analysis is completed for the inverting
and non-inverting op amp configurations; thus the error
function is analyzed as a function of circuit configuration
as well as frequency.

Feedback theory
The basic feedback circuit is shown in
Figure 1, where E is the error voltage, β is
the feedback factor, and A is the forward
gain. Equations 1 and 2 govern the circuit
performance.

(1)

(2)

The accuracy equation (Equation 3) and
closed-loop gain equation (Equation 4) are
obtained by combining Equations 1 and 2.

(3)

(4)

The quantity Aβ appears in both equations
and is called loop gain because it has a
special significance in feedback circuits. The
loop gain determines the stability of a feed-
back circuit as shown in Equation 4
(instability or oscillation occurs when 
Aβ = –1), and it determines accuracy as
shown in Equation 3. Accuracy and stability
are inversely related—i.e., stability decreases
as accuracy increases, and vice versa. The
loop gain is calculated with the voltage
inputs grounded (current inputs open), so
the input signal and its insertion point (plus
or minus input) have no effect on the loop
gain. This means that the loop gain for a non-
inverting, inverting, or differential op amp
circuit is the same. Three op amp circuits
are shown in Figure 2, and the loop gain for
all three circuits is given in Equation 5.
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(5)

The parameter “a” is the open-loop gain of the op
amp and is often confused with the forward gain “A”
in the basic feedback circuit (see Figure 1). The op
amp’s open-loop gain, a, decreases with frequency
and is included in the forward gain, A; hence the
error increases with frequency, as indicated by
Equation 3. A more in-depth analysis of stability and
feedback is found in References 1 and 2.

Equation 6 is the log of Equation 4 and is plotted
in Figure 3.

(6)

The plot of Equation 6 assumes that one pole is
contained in the forward gain; thus the forward gain
rolls off with a slope of –20 dB/decade. If more poles
are included in the forward gain, the curve rolls off faster.
The closed-loop gain is constant until it intersects the for-
ward-gain curve, then it follows the forward-gain curve
down at a –1 slope (–20 dB/decade). The closed-loop gain
is down –3 dB at the apparent intersection of the curves
shown in Figure 3, but we never work close to the inter-
section because the error is too big at the intersection
frequency. The difference between curves in Figure 3 is 
20 log(1+Aβ) as defined in Equation 6. The β portion of
the loop gain does not vary with a frequency change
because it is resistive (at least in this example), but the op
amp gain contains a pole making it responsible for the gain
roll-off. Setting the input signal equal to 1 V normalizes
the error voltage at E = 1/ (1+Aβ); and, under these
conditions, the loop gain determines the error caused by
the decreasing amplifier gain.

The open-loop gain plot of the
TLV247x op amp is shown in Figure 4.
This is a plot of the op amp’s typical
open-loop gain characteristics. In an
attempt to relate this curve to a data-
sheet specification, we will calculate the
dc intercept of the differential voltage
gain (DVG). The typical DVG curve given
in the data sheet does not show the low-
frequency data; thus we must reconstruct
the curve at its dc intercept. From Figure 4
we observe that the DVG at 100 Hz is
approximately 87 dB; the slope in the lin-
ear portion of the curve is –20 dB/decade
(–6 dB/octave); and, if we back up one
decade to 10 Hz, the DVG is 87 + 20 =
107 dB. If we now back up an octave to 
5 Hz, the DVG is 107 + 6 = 113 dB. The
large signal differential voltage amplifica-
tion (AVD) is specified on the data sheet
as 116 dB typical at dc. The two specifi-
cations match up fairly well because 
DVG = 113 dB at 5 Hz, so we accept the
data-sheet typical value of op amp open-
loop gain equal to 116 dB. The AVD 
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guaranteed minimum specification is 90 dB; hence the
typical curve is reduced by 116 dB – 90 dB = 26 dB to turn
Figure 4 into a guaranteed curve—i.e., 107 – 26 = 81 dB at
f = 10 Hz. The data for the new curve is given in Table 1.
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Figure 3. Plot of op amp equation
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Figure 4. Open-loop gain plot of the TLV247x

FREQUENCY (Hz) GAIN (dB)
10 81
100 61
1000 41

10,000 21
100,000 01

Table 1. Guaranteed minimum bandwidth of TLV247x

Continued on next page
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Non-inverting op amp
The non-inverting closed-loop gain is

(7)

When the op amp is used in the non-inverting circuit con-
figuration, the forward gain, A, equals the op amp open-
loop gain, a. In Equation 8, 20 log(1+Aβ) is calculated for
the following conditions: the closed-loop gain is 2 (6 dB),
the input signal is 10 Hz, and 20 log(a) = 81 dB. The error
is calculated in Equation 9; notice that 1 is negligible com-
pared to a very high aβ, and 20 log(1+Aβ) = 20 log(1+aβ).

(8)

(9)

If the closed-loop gain is changed to 10 (20 dB) for an
input signal of 10 Hz, then 20 log(1+Aβ) = 61 dB, and the
error is 0.89 mV. Notice that the error, E, increases as the
closed-loop gain increases because the loop gain decreases
when the closed-loop gain increases. When the closed-
loop gain is kept constant at 20 dB and the input signal
frequency is increased to 1000 Hz, the error increases to
89.1 mV. Notice that the error increases as the signal fre-
quency increases because the op amp gain decreases with
increasing frequency. If oscilloscope probes are placed
across the inputs of an op amp, the differential voltage
observed is the error voltage, and one can observe the
error voltage increase as the signal frequency is increased.

Inverting op amp
The inverting closed-loop gain is

(10)

The inverting op amp circuit’s forward gain does not equal
the op amp open-loop gain; rather, it is modified by a com-
bination of the gain setting resistors. When the closed-loop
gain is 2 (6 dB), RF = 2RG. The circuit’s forward gain, A, is

(11)

The op amp open-loop gain at f = 10 Hz is

(12)

The op amp open-loop gain is reduced by the two-thirds
factor to obtain the forward gain:
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Then the forward gain is converted back to dB:

(14)

Equation 6 is repeated in Equation 15, where 
20 log(1+Aβ) is calculated for a closed-loop gain of 
2 (6 dB) and an input signal of 10 Hz.

(15)

The error is given by

(16)

Because the forward gain is decreased by the closed-
loop gain, the error for the inverting op amp—at the same
closed-loop gain and input signal frequency—is higher
than it is for the non-inverting op amp. The error is calcu-
lated for a closed-loop gain of 10 (20 dB and RF =10RG);
and an input signal of 10 Hz is calculated in the 
following equations.

(17)

(18)

(19)

(20)

(21)

Again, the error increases as the closed-loop gain
increases, and the error will increase when the input
signal frequency increases.

Measurements
Error voltages are hard to measure at low frequencies
because they are very small voltages, thus error measure-
ments are taken at higher frequencies. When two error
measurements are separated by a frequency decade they
should have a voltage difference of 20 dB, and this voltage
difference acts as a check on the measurement technique.
Instrumentation is kept at a minimum in these measure-
ments so they can be easily repeated.

Configure the subject op amp as an inverting amplifier
as shown in Figure 2a, with a gain of one (RF = RG). Set
the input voltage to 1 V, and measure the voltage from the
inverting input to ground. The measured error voltages
are E = 2.83 mV at fIN = 10 kHz and E = 28.3 mV at fIN =
100 kHz. The error voltages differ by a factor of 10; thus
the slope of the forward-gain curve is –20 dB/decade.
Obtaining the correct slope indicates that the error mea-
surements are probably correct. Equation 22 calculates
the quantity (1+Aβ) at the 100-kHz input frequency.
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Equation 23 takes the log of Equation 22.

(23)

For very large values of A, VOUT/VIN = 1/β; thus 
20 log(VOUT/VIN) = 20 log(1) = 0. Equation 6 reduces to
Equation 24 when β = 1 and A is very large.

(24)

Equation 25 relates the forward gain to the op amp gain.

(25)

(26)

Three values for op amp open-loop gain (fIN = 100 kHz)
have been taken from a data-sheet curve, calculated, and
measured; and these values are given in Table 2.

The measured data supports the data-sheet typical
curves much better than does the calculated worst case
data. The measured error voltages of several op amps
ranged from 32 mV to 26 mV, so this batch of op amps has
much higher than nominal gain (10 dB higher). Since this
will not always be the case, it is prudent to design with the
worst-case specifications developed in Table 1.

Conclusions
The first conclusion is that the error increases at higher
input-signal frequencies. This is because the gain band-
width is constant in voltage-feedback op amps. 

The second conclusion is that the non-inverting circuit
configuration has less error than the inverting circuit con-
figuration, and the error difference is greater at low
closed-loop gains.
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HOW OBTAINED a (dB)
Data sheet curve 27
Worst-case calculation 01
Measurement and calculation 37

Table 2. Comparison of op amp open-loop gains

The third conclusion is that the error in a differential
amplifier circuit constructed with a single op amp is
different for the inverting and non-inverting inputs. This
difference causes some of the common-mode input voltage
to feed through to the output as a differential error volt-
age. The inverting and non-inverting input impedances are
different in a single op amp differential amplifier; and this,
coupled with the single op amp error amplification, pre-
cludes use of the single op amp differential amplifier in
demanding applications. Multiple op amp differential
amplifiers or instrumentation amplifiers are used in the
demanding applications.

There is phase shift associated with the amplifier gain,
a, and these calculations have neglected that phase shift
for clarity’s sake. The error introduced by neglecting the
feedback phase shift is small and usually negligible except
near the intersection point (Figure 3), but the error at
that point is so large that very few people operate an op
amp there.

References
For TI information related to this article, you can download
an Acrobat Reader file at www-s.ti.com/sc/techlit/
litnumber and replace “litnumber” with the TI Lit. # for
the following document.

Document Title TI Lit. #

1. “Feedback Amplifier Analysis Tools,”
Application Report  . . . . . . . . . . . . . . . . . . . .sloa017

2. “Stability Analysis of Voltage-Feedback 
Op Amps Including Compensation 
Techniques,” Application Report  . . . . . . . . .sloa020

3. “Current Feedback Amplifier Analysis 
and Compensation,” Application Report  . . .sloa021

Related Web sites
amplifier.ti.com

www-s.ti.com/sc/techlit/slyt012

Get product data sheets at:
www.ti.com/sc/docs/products/analog/device.html

Replace device with ths3001 or tlv2472

http://www-s.ti.com/sc/techlit/sloa017
http://www-s.ti.com/sc/techlit/sloa020
http://www-s.ti.com/sc/techlit/sloa021
http://www-s.ti.com/sc/techlit/slyt012
http://www.ti.com/sc/docs/products/analog/ths3001.html
http://www.ti.com/sc/docs/products/analog/tlv2472.html
http://amplifier.ti.com


IMPORTANT NOTICE 

Texas Instruments Incorporated and its subsidiaries (TI) reserve
the right to make corrections, modifications, enhancements,
improvements, and other changes to its products and services at
any time and to discontinue any product or service without notice.
Customers should obtain the latest relevant information before
placing orders and should verify that such information is current
and complete. All products are sold subject to TI's terms and
conditions of sale supplied at the time of order acknowledgment. 

TI warrants performance of its hardware products to the
specifications applicable at the time of sale in accordance with TI's
standard warranty. Testing and other quality control techniques are
used to the extent TI deems necessary to support this warranty.
Except where mandated by government requirements, testing of
all parameters of each product is not necessarily performed. 

TI assumes no liability for applications assistance or customer
product design. Customers are responsible for their products and
applications using TI components. To minimize the risks
associated with customer products and applications, customers
should provide adequate design and operating safeguards. 

TI does not warrant or represent that any license, either express or
implied, is granted under any TI patent right, copyright, mask work
right, or other TI intellectual property right relating to any
combination, machine, or process in which TI products or services
are used. Information published by TI regarding third-party
products or services does not constitute a license from TI 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 TI under the patents or other intellectual property of TI.

Reproduction of information in TI data books or data sheets is
permissible only if reproduction is without alteration and is
accompanied by all associated warranties, conditions, limitations,
and notices. Reproduction of this information with alteration is an
unfair and deceptive business practice. TI is not responsible or
liable for such altered documentation. 

Resale of TI products or services with statements different from or
beyond the parameters stated by TI for that product or service
voids all express and any implied warranties for the associated TI
product or service and is an unfair and deceptive business
practice. TI is not responsible or liable for any such statements. 

Following are URLs where you can obtain information on other
Texas Instruments products and application solutions: 

TI Worldwide Technical Support
Internet
TI Semiconductor Product Information Center Home Page
support.ti.com
TI Semiconductor KnowledgeBase Home Page
support.ti.com/sc/knowledgebase

Product Information Centers
Americas
Phone +1(972) 644-5580 Fax +1(972) 927-6377
Internet/Email support.ti.com/sc/pic/americas.htm

Europe, Middle East, and Africa
Phone

Belgium (English) +32 (0) 27 45 54 32 Netherlands (English) +31 (0) 546 87 95 45
Finland (English) +358 (0) 9 25173948 Russia +7 (0) 95 7850415
France +33 (0) 1 30 70 11 64 Spain +34 902 35 40 28
Germany +49 (0) 8161 80 33 11 Sweden (English) +46 (0) 8587 555 22
Israel (English) 1800 949 0107 United Kingdom +44 (0) 1604 66 33 99
Italy 800 79 11 37

Fax +(49) (0) 8161 80 2045
Internet support.ti.com/sc/pic/euro.htm

Japan
Fax

International +81-3-3344-5317 Domestic 0120-81-0036
Internet/Email

International support.ti.com/sc/pic/japan.htm
Domestic www.tij.co.jp/pic

Asia
Phone

International +886-2-23786800
Domestic Toll-Free Number Toll-Free Number

Australia 1-800-999-084 New Zealand 0800-446-934
China 800-820-8682 Philippines 1-800-765-7404
Hong Kong 800-96-5941 Singapore 800-886-1028
Indonesia 001-803-8861-1006 Taiwan 0800-006800
Korea 080-551-2804 Thailand 001-800-886-0010
Malaysia 1-800-80-3973

Fax 886-2-2378-6808 Email tiasia@ti.com
Internet support.ti.com/sc/pic/asia.htm ti-china@ti.com

C011905
Safe Harbor Statement: This publication may contain forward-
looking statements that involve a number of risks and
uncertainties. These “forward-looking statements” are intended
to qualify for the safe harbor from liability established by the
Private Securities Litigation Reform Act of 1995. These forward-
looking statements generally can be identified by phrases such
as TI or its management “believes,” “expects,” “anticipates,”
“foresees,” “forecasts,” “estimates” or other words or phrases
of similar import. Similarly, such statements herein that describe
the company's products, business strategy, outlook, objectives,
plans, intentions or goals also are forward-looking statements.
All such forward-looking statements are subject to certain risks
and uncertainties that could cause actual results to differ
materially from those in forward-looking statements. Please
refer to TI's most recent Form 10-K for more information on the
risks and uncertainties that could materially affect future results
of operations. We disclaim any intention or obligation to update
any forward-looking statements as a result of developments
occurring after the date of this publication.

Trademarks: All trademarks are the property of their
respective owners.

Mailing Address: Texas Instruments
Post Office Box 655303 
Dallas, Texas 75265 

© 2005 Texas Instruments Incorporated

Products

Amplifiers amplifier.ti.com

Data Converters dataconverter.ti.com

DSP dsp.ti.com

Interface interface.ti.com

Logic logic.ti.com 

Power Mgmt power.ti.com 

Microcontrollers microcontroller.ti.com

Applications

Audio www.ti.com/audio

Automotive www.ti.com/automotive

Broadband www.ti.com/broadband

Digital control www.ti.com/digitalcontrol

Military www.ti.com/military

Optical Networking www.ti.com/opticalnetwork

Security www.ti.com/security

Telephony www.ti.com/telephony 

Video & Imaging www.ti.com/video

Wireless www.ti.com/wireless

SLYT146

http://amplifier.ti.com
http://dataconverter.ti.com
http://dsp.ti.com
http://interface.ti.com
http://logic.ti.com
http://power.ti.com
http://microcontroller.ti.com
http://www.ti.com/audio
http://www.ti.com/automotive
http://www.ti.com/broadband
http://www.ti.com/digitalcontrol
http://www.ti.com/military
http://www.ti.com/opticalnetwork
http://www.ti.com/security
http://www.ti.com/telephony
http://www.ti.com/video
http://www.ti.com/wireless
http://support.ti.com
http://support.ti.com/sc/knowledgebase
http://support.ti.com/sc/pic/americas.htm
http://support.ti.com/sc/pic/euro.htm
http://support.ti.com/sc/pic/japan.htm
http://www.tij.co.jp/pic
http://support.ti.com/sc/pic/asia.htm



