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OP AMP PERFORMANCE ANALYSIS

By Jerald Graeme (602) 746-7412

Given the numerous specifications describing op amp per-referred errors and determines the circuit bandwidth. Shown
formance, the above title suggests an ambitious goal for onen Figure 1 as a voltage amplifier, this noninverting circuit
bulletin. Yet, this bulletin reflects the analysis power gained produces the familiar, ideal closed-loop gain gf A (R, +
through knowledge of an op amp circuit’s feedback factor. R,)/R;. This gain amplifies both the input signaked the
Feedback dictates the performance of an op amp both irdifferential input error gof the op amp. Simply multiplying
function and in quality. The major specifications of the e, by A.; defines the resulting output error. Later examina-
amplifier describe an open-loop device awaiting feedbacktion adds frequency dependence to this simple relationship.
direction of the end circuit's function. Just how well the
amplifier performs the function reflects through the feed-
back interaction with the open-loop error specifications. &Ry _
Fortunately, most open-loop errors simply reflect to the Ri+R,
circuit output amplified by the reciprocal of the circuit's R, \ R,

feedback factor. w —— /M

Amplifier bandwidth limits this simple relationship but the =
feedback factor defines this limit as well. Above a certain /
frequency, the amplifier lacks sufficient gain to continue € 0 e, = Acyi (6 €ig)
amplification of signal and errors alike. Graphical analysis \

defines this frequency limit through plots representing avail- ¥
able amplifier gain and the feedback demand for that gain. e
This same analysis indicates frequency stability characteris-
tics for op amp circuits. Just the slopes of the plots indicate —=
the phase shift in the feedback loop. Thus, the feedbac
factor of an op amp circuit is a powerful performance FIGURE 1. Noninverting op amp connections amplify input
indicator. signal eand error signal,gby a gain of A, =

The determination of a circuit's feedback factor depends 1B.
upon feedback modelling. The basic feedback model of an

op amp applies directly to the noninverting circuit configu-  The fundamental mechanism relating input and output errors
ration. Using this configuration, this treatment demonstratesjies in the feedback factor. Feedback factor is the fraction of
the performance, feedback and stability concepts common tothe amplifier output signal fed back to the amplifier input. In

all op amp configurations. A simple guideline extends feed- the figure, a feedback voltage divider defines this fraction
back factor determination to most other op amp circuits. Justthrough the output to input transfer response

knowing a circuit’s feedback factor extends the concepts and

conclusions of this bulletin to these other op amp configura- e,R
tions. Be, = R llQ
1 T 2
FEEDBACK FACTOR DEFINES PERFORMANCE This defines as simply the voltage divider ratio,/fR, +

More than any other parameter, the feedback factor of an opR,). Comparison of this result with A shows that A; =

amp application defines the circuit performahéaedback 1/ for the noninverting case.

factor sets the gain received by the input-referred errors of giher op amp circuit configurations produce different, A

the amplifier. These open-loop errors include offset voltage, butB remains the same. As a general guideline, the feedback
noise and the error signals generated by limitations in open-factor of an op amp circuit equals the voltage divider ratio
loop gain, common-mode rejection and power-supply rejec- of the feedback network. This fact extends the results devel-
tion. In addition, a circuit's feedback factor determines oped below with the noninverting circuit to almost all other
bandwidth and frequency stability. op amp circuits. Just determining this voltage divider ratio
For the noninverting op amp configuration, a convenient for a circuit defines th@ term common to a broad range of
relationship between closed-loop gain and feedback factorperformance results. In rare cases, complex feedback defies
simplifies performance analysis. There, the gain of the this simple guideline, requiring detailed feedback model-
application circuit itself sets the amplification of input- ling.
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General error analysis depends Prrather than A, as ratio of a power supply change to the resulting change in
emphasized with the model of Figure 2. This model repre-differential input voltage. Thus, PSRR&V J/de, and the
sents the noninverting op amp connection by an amplifier associated input-referred errords, = dVJ/PSRR.

with input error signal ;g and with feedback transmission
factor 3. This feedback factor determines the sifi&lfed
back to the amplifier input from the output signaMgriting

a loop equation for the model shows that

For CMRR, the relationship between definition and input
error requires closer examination. Common-mode rejection
ratio is defined as the ratio of the differential gain to the
common-mode gain, #A.,,. For an op amp, the differential
e = (UB) (e — e ) gain is si_mply th_e open-loop gain A. Then, CMRR = A/A
o i id and rewriting this shows the common-mode gain to he A
_ . . = A/ICMRR. However, by definition &, = e../e.., Where
In this result, a gain of f/amplifies both eand e Thus, the e, is the output signal resulting from,e Combining the
cv €quations results in g = Ae,,/CMRR. To support

Figure 1 circuit and Figure 2 model agree for purposes ofy, - A
this component of output voltage, the op amp develops

input-to-output transmission of amplifier signals.

another gain error signal in,.eAs before, the resulting,e
component equals the associated output voltage divided by
the open-loop gain. Dividing the preceding,expression
by open-loop gain A defines the input-referred CMRR error
as ¢,/CMRR.

Closer examination also clarifies the source resistanges, R
and R, of the g equation. In the simplest case, a source
resistance is just the output resistance of a signal source that

—O e, = (1/B) (e, — &)

o SVt Rl R tes o, fom s drives a circuit input. For op amp circuits, scaling and
WS T e B TSI A CMRR - PSRR feedback resistances alter the net resistances presented to the
amplifier’s inputs. The difference amplifier connection well
illustrates this as shown in Figure 3. There, scaling resistors
FIGURE 2. The input error amplified byfilk,, includesthe R and R alter the resistance presented to the amplifier's
effects of the major performance characteristics noninverting input and feedback resistogsRd R alter that

of an op amp. presented to the inverting input.

INPUT-REFERRED ERRORS

SUMMARIZE PERFORMANCE Rs1 R, R,
The simple 18 relationship between input and output errors W
predicts the output errors resulting from almost all amplifier 'Bfi
performance characteristics. Each of these characteristicy ¢,
produces an input-referred error source for the op amp ag e,
combined in — | 1
Rsz Rq B R,
e, =Vt Retl, R +e +elA W 1

+e /CMRR + &/S/PSRR
fem e, Rsy =R [l (Rgp + Ry)

Error terms included here cover the effects of the op amp Rs. =Ryl (Rsy + Ry)

input offset voltage, input bias currents, input noise voltage, -
open-loop gain, common-mode rejection and power-supply . -
rejection. Here, the second and third terms of fregeation FIGURE 3. Scaling and feedback resistors alter the source

include the source resistances presented to the two amplifier resistances presented to the input bias currents
inputs. The last three error terms include circuit signals of an op amp.

which are the output voltage, the common-mode voltage and

the power supply voltage change. Signal sources ,eand ¢ drive the difference amplifier's

The input-referred representations of the individual error inputs through conventional source resistancgafRd R,
terms generally follow from the definitions of the associated However, the scaling and feedback resistances alter the net
performance characteristics. Definitions directly classify V ~ resistances presented to the op amp’s input currgrasd

|B+' IB— and e as input error sources. Open_|oop gain is IB—' Current [L divides between two paths to ground through
simply a ratio of output voltage to differential input voltage. R, and the R+ R, combination. Here, the R R;, path
Dividing the output voltage by the gain defines the associ- returns to ground through the low resistance of {lseerce.

ated input signal as/é. The amplifier's finite open-loop ~ Thus, for the gequation, R, = R,|| (R + Rs). Analogously,

gain requires this input error signal to support the output !5 divides between the path throughddd that through R
signal. Similarly, power-supply rejection ratio equals the *+ Rs;. In this case, Rdeparts from the analogy by returning
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to the op amp output instead of to ground. However, the lowmodelling focuses on gain and related frequency character-
output impedance of the op amp produces an equivalenistics. Still, this one error signal suffices to define frequency
result for this resistance evaluation. Thug, RR, || (R + response for use with the previous multi-error analysis.
Rsy)-

Together, the error terms of the Figure 2 model provide a|
fairly complete representation of op amp performance lim-
its. However, the g expression does not specifically list
errors due to distortion, bandwidth and slew rate limiting.
Actually, e, includes the amplifier's distortion error in the
gain and CMRR error signasA circuit’'s bandwidth limit
restricts the effects of the, error sources at higher frequen-
cies. Slew rate limiting simply imposes a secondary band-
width limit for large signal operation. Feedback factor analysis
treats the bandwidth limiting of error effects later.

o ) o ) FIGURE 4. Redrawing the op amp circuit and reducjntpe
Up to the circuit’s bandwidth limit, each input-referred error the gain error signal, /&, prepares the circuit

term of the Figure 2 model reflects to the amplifier output for feedback modelling.
through a gain equal tof/Multiplication of the error terms

by 1 produces some familiar results. Output error due 0| 455 analysis defines the noninverting circuit's transfer
the finite open-loop gain becomegAf. This shows that

- response as e
error due to open-loop gain reduces the outgubye a A =_°-_ A
fraction of that output. This fraction equals the reciprocal of & AZl

the loop gain B. The decline of A with frequency makes 1+ Zl + 22

this error rise and this shapes the closed-loop frequency

response of the circuit. Similar multiplication of the input Gain A in this expression contains the frequency depen-

noise error defines the output noise gf,deading to the  dence that shapes the circuit’s frequency response. Note that
term “noise gain” for J3. This description of fonly holds the denominator of this response contains the feedback
under the bandwidth limits to be described. For both the loopfactor Z/(Z, + Z,). This makes the denominator 1 $ And

gain and noise errors, greater visibility results through thethis relates the circuit to the model presented next.

frequency response apalysis described below. Similarly, thery more completely model the noninverting circuit, Figure
frequency dependencies of CMRR and PSRR reflect to theg replaces the op amp of Figure 4 with a gain block and a

circuit output with circuit-specific bandwidths. summation element. Also, a feedback block replaces the

feedback network from before. The gain block represents
FEEDBACK MODELLING DEFINES the amplifier open-loop gain and the summation models the
CLOSED-LOOP RESPONSE differential action of the op amp inputs. Op amp open-loop

The above discussion presents tHerelationship between ~ 9ain amplifies the differential signal between the two ampli-
input-referred op amp error sources and the resulting outpufi€f inputs. Opposite polarities at the model's summation
errors. However, the frequency dependance of amplifierinputs reproduce the differential action in the summation.
gain modifies this simple, initial relationship. Amplifier Here, the polarity assignments match the polarities of the
response roll off defines a bandwidth limit for both signal corresponding op amp inputs. With these assignments, the
and error sources. This reduces the output error effect of alfummation extracts the differential signal through subtrac-
error sources except for the DC errorssMg, R, and | tion. The model Fhen suppllles the differential signal to the
R.. Amplifier gain, noise, CMRR and PSRR produce AC 9ain block and this block drives the feedback bgdkor op
errors and their output effects depend on the circuit's fre-2MPps, this classic feedback model, initially developed by
quency response. More complete feedback modelling de-Blacks, only represe_nts the nonlnvgrtmg case. Maodifications
fines this frequency response through the noninverting am-to the model adapt it to other configuratiérisowever, the
plifier example. However, the frequency response resultsnoninverting case here suffices to define performance con-
developed here extend to any op amp configuration throughditions common to all op amp configurations.

a standardized response denominator.

Figure 4 shows the generalized noninverting connection e, AL A 1B
with the feedback network as the generalizgda@d Z T e T 1+4AB 1+1AB
rather than the resistors shown before. Redrawing the ampli Acs:= 1B, for A—m e
fier configuration as shown highlights the voltage divider N T

action of the feedback network. The network’s divider | &© + 0%

action again displays the fraction of the amplifier output fed
back to the amplifier input. In preparation for the next FIGURE 5. Black’s classic feedback model reproduces the
modelling step, the figure reduces the amplifier input error A, transfer response of the noninverting op
signal, g, to just the open-loop gain errofA Feedback amp configuration.



Comparison of circuit and model responses demonstrateshrough this resistive feedback example. The plot of the
the model validity. The model amplifies the difference figure displays the frequency responses of all three variables
between the summation inputs by gain A to produce thein the A, equation. Shown are the closed-loop gaig, the
output signal. This results iy & A(g - Be,) and solving for open-loop gain, 4 , and 1P as a function of frequency. The
e/e defines the modelled transfer response as graphical interaction of these variables provides visual in-
e A sight into bandwidth and frequency stability limits. The

= heavier curve represents the resulting closed-loop response
A

= o
Ao = € 1+AB

Comparison of terms in the Aequations for the model,
above, and the circuit, before, shows the feedback factor td

be = Z/(zZ, + Z,), validating the model.
Rl%

LOOP GAIN SUSTAINS RESPONSE

Further analysis of the A result defines the op amp fre-
quency response and stability conditiérihis added per-

formance information depends upon the denominator of the
A response and not upon the noninverting case considerefl
here. Conclusions based upon this denominator extend to all
other op amp configurations. Rewriting thg &quation for
the noninverting case yields 20 Log |A|

1/p
A e —
T 1+ UAB

Then, the response numerator expresses the ideal closed-
loop gain, A,; = 1B, and the denominator expresses the
frequency dependance in through A ghd

Other op amp configurations produce different numerators,
but always with the same 1 + J3Adenominator. This

common denominator unifies bandwidth and stability char-
acteristics for all op amp configurations. All op amp con-

—20dB/decade

. . Log f
figurations produce a closed-loop response of
- A CLi
1+ VAp FIGURE 6. Graphical analysis with a circuit's A ang 1/
Writing a given configuration’s response in this form imme- curves defines the circuit's closed-loop band-
diately identifies the ideal response, Aas the numerator. width.

It also directly links the configuration to the denominator-

based bandwidth results and stability criteria that follow. The loop gain of the circuit, f\in the above denominator,
represents the amplifier gain resource available to maintain
the ideal closed-loop response. In Figure 6, the shaded area
of the graph highlights this gain. At any given frequency, the
corresponding loop gain equals the vertical distance between

The frequency dependencies of A ghdombine to set a
configuration’s frequency response. At low frequencies, the
high level of open-loop gain A reduces the denominator

above to 1 + 1/ = 1. Then, the circuit response simplifies L
A P P the A and 1 curves. The logarithmic scale of the graph

to the ideal gain of 4;. At higher frequencies, the op amp o _ .
open-loop gain drops, causing this denominator to increase.makeS this distance log(A) — logf)/= log(AB). Loop gain

Then, declines from it's ideal value A. Similarly, a A represents the amplifier’s reserve capacity to supply the
high-fréA(CqLuency drop i would add to iﬁe A decl)i/ne. fee_dback demand for gain. Where loop gai_n drops below
Initially, a constant3 simplifies the analysis. Constafit unity, the closed-loop curve drops from the idegl.A

results with the resistive feedback networks common to theThe A and 18 curves graphically display this loop gain
majority of applications. limit. Here, the 1B curve represents the feedback demand.

Loop gain meets this demand as long as tlge cltve

The open-loop gain decline with frequency produces the ins below th | . H t hiah
circuit's bandwidth limit as illustrated in Figure 6. There, the remains below e open-loop gain curve. HOWEVET, at higher
frequencies, the open-loop gain curve falls below tiffe 1/

resistive feedback case illustrates the most common condi-I L Th teedback d d ds th labl i
tion. Reactive rather than resistive feedback slightly modi- evel. There, leedback demand exceeds e avallable ampll-

fies the bandwidth conclusions developed here and a Iatelfier gain and ’%L rolls off, following the amplifier open-loop
example describes this effect. However, reactive feedbacK ©SPONSE. This response roll off follows a —20 dB/decade

does not alter the frequency stability conditions developedSloloe for the single-pole response characteristic of typical op
amps.
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1/ INTERCEPT MARKS BANDWIDTH LIMIT There, BW, = §/21E,, generally produces the lower of the

The bandwidth limit of most op amp circuits occurs at the W0 boundaries, controlling the circuit bandwidth. Con-
1/B intercept with the open-loop gain curve. Some circuits Versely, lower values ds reduce the BW $f. boundary,
reduce bandwidth further, through reactive feedback ele-making this the dominant limit. For a given application,
ments, but all op amp circuits encounter a bandwidth limit cOmpare the two limits to determine which applies.

at the 1P intercept. Figure 6 illustrates this intercept and the

coincident roll off of the A response. By definition, the BANDWIDTH ALSO

3dB bandwidth limit occurs where Adrops from its DC RESTRICTS ERROR SIGNALS

value to 0.707 times that value. Analysis shows that thistpe frequency dependence defined by tiisirttercept also
condition results at the intersecti_on of the A arfiiclirves. applies to the AC error sources of the previous Figure 2
These curves are actually magnitude responses and, at thelj,\ysis. That analysis showed that the input-referred errors

intersection, their magnitudes are the same or |A[BF. 1/ o¢ 55 amps transfer to the amplifier output through a gain of
Rearranging this result shows that the intercept occurs wherq/B_ However, 1 does not include the high frequency

the loop gain is |B| = 1 at the frequency. A phase shift of |initations of the amplifier. Thus, the earlier analysis re-
—90° accompanies this unity gain magnitude because of them5ins valid only for frequencies up to th@ iritercept atf
single-pole roll off of gain A. Then, B = —1, at the  apqye this frequency, the amplifier lacks sufficient gain to
intercept, and th_e denominator of thg Aquation becomes amplify input error sources by a gain op1The bandwidth
1+1UA3=1+]1. limit BW = Bf. marks a response roll off that reduces
The v2 magnitude of this denominator drops circuit gain amplification of signal and error alike. Beyond this BW
from A, to 0.707A,;. Thus, for frequency independent limit, the gain available to error signals rolls off with the
feedback factors, the 3 dB bandwidth occurs at the intercepamplifier open-loop response. Here, the limited error signal
frequency f With frequency dependent feedback factors, magnitudes always invoke the small-signal, rather than slew-
the closed-loop response still rolls off following the inter- rate, bandwidth limit.

cept but this point may not be the 3dB bandwidth limit. g error signal roll off produces the previously mentioned
Then, peaking or additional roll off in the closed-00p itterence between fi/and “noise gain”. Beyond the inter-
response curve moves the actual 3dB point away flom f - cont the gain supplied to noise follows the amplifier re-
For the more common op amp applications, constant feedsponse roll off even though theglldurve continues uninter-
back factors permit a simple equation for the 3dB band-rupted. For A, the response roll off results from the
width. Single-pole responses characterize the open-loop rolldenominator of this gain’s equation. For error signal gain,
offs of most op amps and virtually allihtercepts occur in  adding this denominator to the originaBXjain inserts the

this single-pole range. There, the single-pole makes the gairirequency dependance. This makes the closed-loop error

magnitude simply |A| =f where £ is the unity-gain gain 1B
crossover frequency of the amplifier. Then, at the intercept, A cle = 1+ UAG
f=1f and A = 1B = ff,. Solving for f defines the 3dB B
bandwidth for most op amp applications as Here, the added frequency dependance reduces the higher-
frequency output errors calculated for the noise, CMRR and
BW =f. = ff PSRR error sources.

) o ) For the noninverting case considered herg, A A, but,
This res_ult holds for all op amp applications having fre- ¢5 other cases, A varies. Error gain A, however, re-
quency independeift and single-pole op amp roll off. mains the same. This gain always equas Ug to this
Technically, the above bandwidth limit portrays only the curve’s intercept with the amplifier open-loop response.
small-signal performance of an op amp. In large-signal Then, A, rolls off with that response. Note that, Aabove
applications, slew rate limiting often sets a lesser bandwidthdepends only upon the variabl@sand A. Any feedback
limit, especially in lower gain applications. There, the slew model with(3 and A blocks configured like Figure 5 yields
rate limit, S, imposes a power bandwidth limit of BV¥ the same expression for,A
S/2nE,, where E, is the peak value of the output voltage

swing. This limit represents the only major performance 1/8 INTERCEPT ALSO DEFINES STABILITY

;:::(;g;tcekrf;ftocg an op amp not directly related to the The AC performance indications of the feedback factor also
predict op amp frequency stability. The response plots that
However, an indirect relationship still links large-signal gefine bandwidth also communicate the phase shift of the
bandwidth and3. The value off helps determine which  feedback loop. Excess phase shift promotes response ringing
bandwidth limit, BW or BW above, applies in a given o oscillation and the plot slopes indicate this phase shift
application. Both bandwidth limits set performance bound- gjrectly. Mathematical analysis defines the stability indica-

aries and the lower of the two prevails in large-signal ors applied to the plots and an intuitive evaluation verifies
applications. Higher values @ imply lower closed-loop  these indicators.

gains and increase the frequency boundary set by Bfy. =



Response plots like that of Figure 6 permit frequency stability
evaluation directly from the curve slopes. Specifically, the 20 Log |A|

slopes of the A and fifcurves at the intercept indicate phase Al
shift for a critical feedback condition. As mentioned, the

—20dB/Decade

intercept corresponds to a loop gain magnitude Bf $AL. If /1/Bz
the loop phase shift reaches 188e loop gain at the intercept
becomes f = —1. Then, the denominator of Aequation

20dB/Decade 1/B,

reducesto 1+ 1/8=0 making A, infinite. With infinite gain,

a circuit supports an output signal in the absence of an inpu
signal. In other words, the circuit oscillates and it does so at thq T
intercept frequency.f

0dB/Decade
40dB/Decade

The relative slopes of the gain magnitude arftl clirves Om=0°
reflect the phase shift of the feedback loop. The relationship
between response slope and phase shift follows from thg

basic effects of response poles and zeros. A pole creates |a

—20dB/decade response slope and"@(phase S.hlft and 2 FIGURE 7. Plotted together, thepland open-loop gain
zero produces the same effects with opposite polarities. ) o "
curves display a circuit's frequency stability

Additional poles and zeroes simply add response slope and " ;
e ! conditions through the curves’ rate-of-closure.
phase shift in increments of the same magnitudes. The slope

and phase correlation accurately predicts the loop phase shi

when the critical intercept remains well separated fromTLPPROX”\AATION SIMPLIFIES PHASE ANALYSIS
response break frequencies. Within a frequency decade of\s mentioned, the rate-of-closure criteria accurately predicts
the intercept, any break frequency of the amplifier or feed- the A3 phase shift when no response break frequencies
back network requires the more detailed analysis describedccur within a decade of the intercept. Other cases require
later. However, even in these cases, the response slopd®ore detailed phase analysis but this too simplifies with the

provide insight into probable stability behavior. Bode phase approximatiérthis approximation produces a
maximum error of 5.7 Shown in Figure 8, this approxima-

Relying on the slope and phase correlation, the rate'Of'tion predicts the phase effect of a response singularity

closure guideline quickly approximates the phase shift of . ; S .
AB. Rate-of-closure is simply the difference between the Fhrough a straight line approximation. The actual phase shift

slopes of the A and f/curves at the intercept. Both slopes introduced by the illustrated pole gpfogresses through the

communicate phase shift and the slope difference indicates?r gig%i;tc;ﬁrgg ;;(Smgiey;f m;a]itlﬁlctz:zs’s shift at any

the net phase shift of the loop. Figure 7 illustrates the slope
and phase correspondence for two common feedback caseslowever, the Bode approximation provides quicker, visual
There, two 1B curves having different slopes intercept the feedback when examining response plots. This approxima-
gain magnitude curve |A|. TheBLkurve has the zero slope tion simplifies the phase shift curve to a straight line having
of resistive feedback networks and the rate-of-closure de-2 slope of —43decade. This line centers on the frequepcy f
pends only upon the gain magnitude curve. This curve hagvhere the phase shift is 43-rom there, the approximation
the —20dB/decade S|Ope common to most op amps. ToJine pI'EdiCtS 0 at Olt) and the full 99 at :I.Ot| Just these
gether, the two curves develop a 20dB/decade slope differthree reference points provide a quick visual indication of

20dB/Decade Log f

ence, or rate-of-closure, for 90f AB phase shift. the effect a given response break produces at a frequency of
In the feedback loop, the phase inversion of the op amp adds

another 180 for a net phase shift of 270This leaves a Op

phase margin obm = 9C from the 360 needed to support

oscillation. For op amp stability analysis, the 1&hase 0.1fp fp 10fp

shift from the amplifier phase inversion is automatic. Thus, 0 :

X X . N Log f
op amp phase analysis simplifies, replacing the normal 360

stability criteria with a criteria of 180of feedback phase
shift. This convention applies in the examples that follow.

45°/Decade

The second B/ curve of Figure 7 illustrates the feedback
condition of the basic differentiator circuit. This circuit
produces a feedback demand curve represented in the figun
by 1B,. That curve slopes upward at +20dB/decade and EL0 e e -/;
intercepts the |A| curve where the slope difference is 40dB
decade. Then, the rate-of-closure guideline indicates a feed}

back phase shift of 180leaving zero phase margin. This FIGURE 8. The Bode phase approximation refines phase
explains the inherent oscillation of the basic differentiator analysis for cases where the rate-of-closure

circuit. criteria looses accuracy.

0 = Arctan £ —
fp

[¢]

5.7° Maximum Error




interest. Outside the band of Q.16 10f, a response break example shown placesabout midway betweep &nd 0.1f.
produces little influence. Neay, the response break intro-  This communicates a phase effect frqmff0.5(45) = 22.5
duces around 4%of phase shift. at the intercept frequency Adding this to the 90produced

In between these reference points, visual extrapolation apPY the —20db/decade gain slope results in a net loop phase
proximates the phase shift. For example, consider a poinShift of 112.5. This leaves 67:50f phase margin from the
midway between the, fand 10f marks of the Log f scale. 18C° of feedback phase shift required for oscillation.

Note that this midpoint is a linear measure on the log scale.

This requires no logarithmic conversion and visual percep-INTUITIVE ANALYSIS EXPLAINS OSCILLATION

tion of distance applies directly. At this midpoint, the phase \vjth op amps, conventional insight into the cause of ampli-
approximation indicates a phase shift of approximatefy 45 fiar oscillation can be misleading. In the general amplifier
+ 0.5(45) = 67.5. Similarly, at a point two-tenths of the  ¢case high gain combined with high phase shift promotes
way between 0.1fand { the approximation indicates 0.2 qgcillation. In the op amp case, these conditions often exist
(45°) = &. These analyses require no knowledge of the tqgether without producing instability. The distinction lies in
actual frequencies represented by the example points. Ifne simultaneous gain and phase conditions required for op
contrast, exact analysis with the arctangent relationship firstamp oscillation. At lower frequencies, high loop gain pre-
requires conversion of the linear distance observed into the,ents oscillation by attenuating the amplifier's input error
equivalent frequency of the log f scale. Then, the arctangenkignal. At higher frequencies, lack of loop gain restricts the

relationship must be calculated. output signal to similarly prevent oscillation. In between, the
Figure 9 illustrates the application of the Bode phase ap-loop gain reaches a point where the high and low frequency
proximation to the stability indication of theBlihtercept. In limitations cross, satisfying the gain condition for oscilla-

the figure, the intercept occurs where the open-loop gaintion. Still, the feedback phase shift at this crossover must
response has a slope of —20dB/decade. The rate-of-closureeach 180 to produce oscillation.

guideline suggests 90of loop phase shift. However, & Tq jllustrate this gain and phase combination, Figure 10
second amplifier pole af develops a —40dB/decade slope in gemonstrates the basic requirements for op amp oscillation.
the open-loop gain response. As shown, the poleoati's  Thjs figure grounds the normal signal input of the circuit to
less than a decade from the intercept. This limited separationemove the effect of any applied signal upon the output
compromises the simple rate-of-closure indication. voltage. With the grounded input, only the gain error signal,
—e/A, excites the input circuit. This signal must indepen-

20 Log |A| dently produce the output signal in order to sustain an
oscillation. The circuit amplifies the gain error signal by the
closed-loop gain 4, producing = A, (—&/A). In turn, this

Ve Al output signal reflects back through the amplifier, producing
—20dB/Decade the attenuated input signal & If this circuit gain and
attenuation cycle supports an output signal, it is self-sustain-
g ing oscillation.
s
A
0 =90° + 0.5 (45°) ! R, AcL=1/B
: —40dB/Decade A \/\/\/\
| | )/ — B= Ry
1 1 / R, +R,
L Ry
| | TO —O e, = A (-e,/A)
| |
i =
0.1fp fi fp Log f —

FIGURE 9. Application of the Bode approximation defines gjGURE 10. To sustain oscillation, error signgheand gain
the phase effects of response breaks that occur Ao, must support the output voltage in the
less than a decade from the intercept. at f absence of an applied input signal.

Then, the Bode phase approximation estimates the phas@t |ower frequencies, A = 1B, making the oscillation
effect of { at the intercep{.fAs shown, foccurs below, S0 condition g = —e/Ap. To sustain oscillation, the circuit must
the effect is less than AFRefinement of this initial estimate  satisfy this equality and only two solutions dg,=e0 and
follows from the linear distance separatipgahd fon the A =_1. The g= 0 solution indicates an oscillation of zero
plot. This linear distance represents a fraction of afrequencyamp”tude, representing the stable state. TRe=A-1 solu-
decade. The fraction equals this distance divided by thetion represents the actual oscillation state, as noted in the
linear distance betweep énd 0.1f. Visual reading of the  previous mathematical analysis. This second solution places
very specific magnitude and phase requirements upon the



loop gain A3. The condition 8 = -1 requires that 3 = 1 Over the same frequency range, the composite amplifier
in combination with 18Dof phase shift for the minus sign.  provides high open-loop gain. This gain and phase combina-

Consider the magnitude requirement first. If3|As too tion might first sugges_t stability problems over the entire
large, the circuit conditions would requirg pe|e/AB|. This range. Howeve_r, the high open-loc_)p gain actually_ serves 1o
condition can not be self sustaining. Here, the attenuated®t@bilize the circuit through the circuit's loop gain. High
input error signal A, when amplified by a gain of g/ ~ values for A increase the loop gainBAo prevent the
remains too small to support the requiredanly when the ~ Magnitude equality Je= |§/AP| required for oscillation. It
attenuating gain, A, equals the amplifying gaif, bes the qloes so by limiting theob!\ error signal as illustrated in thel
circuit meet the magnitude condition for oscillation. Ex- figure. At lower frequencies, high levels of open-loop gain
pressing this in an equation, |A| B|Ltepeats the previous A rgdupe this input signal to a level insufficient to support
mathematically derived condition for oscillation. Only at the ©Scillation.

intercept of the A and f/curves do their magnitudes The /A curve rises as gain A declines but flattens whgn A
become equal. Only then does the circuit fill the magnitude declines. The rise in J& must reach a certain level to
condition for oscillation. support the oscillation condition of ® —A., (e/A). Also, to

At this intercept, oscillation also requires 18 feedback ~ SuPPOrt this condition, the high-frequency roll off of A
phase shift. If 8 lacks 180 of phase shift, then the minus must not excessively reduce this gain. Otherwise, the ampli-

sign of the /8 = —1 condition remains unsatisfied, prevent- fication of &/A by A, fails to develop sufficient eto
ing oscillation. Further, oscillation only results when this SuStain oscillation. Only one point in the plots satisfies this
phase condition coincides with the magnitude condition ©Scillation condition. As described before, where A §, 1/
above. An /B phase shift of 180at frequencies other than &/A reaches the level required to support oscillation. This
the intercept frequency does not produce oscillation. At Ntercept also marks the peak value foy (&/A). Beyond

those other frequencies, the circuit fails to meet the magni-t€re; A, rolls off with gain A, reducingeand leveling the
tude condition for oscillation. e/A curve. With a level ¢A curve, the A, roll off also rolls

off the quantit e/A).
Composite amplifiers permit a graphical illustration of this a Y A&/A)

combined oscillation requirement. These amplifiers inher- Befpre_thls |ntercept_,o,€A remains oo s_mall to support
ently produce the 180phase shift required for the minus oscillation. After t_he intercept, the amplifier lacks thg A
sign. They consist of two op amps connected in series andweeded to sustain oscillation. Thys, before or after _the
each amplifier contributes a —20dB/decade slope to thelNt€rcept, 180of feedback phase shift does not compromise
composite open-loop gain. This produces a _40dB/decagstability. This phase shift produces oscillation o.nly if pregent
gain slope as illustrated by Figure 11. This slope indicates®! the frequency of the intercept. There, gain magnitude
180 of phase shift over most of the amplifier's useful conditions aI_V\_/ays permit oscillation given the reqU|re_d°18O
frequency range. Thus, composite amplifiers meet the phas®N2s€ condition. Phase compensation reduces this phase
condition for oscillation over a broad range. shift for the composite amplifier.
The 1 intercept represents a critical mass point for fre-
qguency stability. There, the magnitude of the gain error and
N the feedback phase shift must both reach specific levels to
souB/Decade support oscillation. Despite the very specific requirements
(0, = 180°) for oscillation, the greatly varied applications of op amps
make this critical mass condition all to easy to find. To
contend with this, the [B/curve presents visual prediction of
the problem and provides insight into its solution.

20 Log A
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