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INTRODUCTION

This application note defines the ac specifications of
voltage feedback operational amplifiers (Op Amps).
Directly following these definitions, related amplifier cir-
cuits are given where the ramifications of the particular
specifications causes less than optimum circuit perfor-
mance. This is then followed with appropriate circuit
solutions.The companion application note for DC spec-
ifications along with various application circuits is titled
“Operational Amplifier Topologies and DC Specifica-
tions”, AN-722 and available on Microchip’s web site.

The performance specifications discussed in this appli-
cation note are separated into the two categories listed
below.

Frequency Domain Specifications

- Gain Bandwidth Product (GBWP)

- Open Loop Gain/Phase (Ag,PH)

- Load Capacitance (C,) - Output Impedance (Zp)
- Full Power Bandwidth (FPBW)

Time Domain Specifications

- Slew Rate (SR)
- Settling Time (tg)
- Overshoot

Topics such as bode plot generation, bode plot transla-
tion, stability analysis and feedback theory are dis-
cussed throughout this application note.

Additionally, there are numerous ac performance
aspects of an operational amplifier that can be
described from the frequency domain perspective or
the time domain perspective. For instance, amplifier
stability can be described in the frequency domain with
the closed loop phase margin and its relationship to the
amplifier open loop gain. In the time domain, the phase
margin, in degrees, can be directly mapped to the set-
tling time, and overshoot. Where appropriate, discus-
sions in this application note will establish the
correlation between these two domains.

The ac op amp open loop model that will be referred
throughout this discussion is shown in Figure 1.

IIN+

FIGURE 1: \Voltage Feedback Operational
Amplifier frequency model.

In this figure, the amplifier is shown with five terminals.
The two input terminals have an offset voltage error
(Vos), @ noise source (ey) and differential capacitance
(Cpier)- The finite impedance of the output terminal is
modeled using Rp. The amplifier's open loop gain over
frequency is represented by the term Ag| (jw). This gain
term can be described in simple terms with the 2nd
order transfer function:

A_ (jo) = M
oL (as+ 1)(bs+1)
Where:
a = the location of the dominant pole and

b = the location of the second pole

FREQUENCY DOMAIN
SPECIFICATIONS

Bode Plot Analysis Method

The bode plot is a tool that is used to approximate the
magnitude and phase of a transfer function. An exam-
ple of the op amp gain and phase bode plots are shown
in Figure 2.
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FIGURE 2: The frequency response of an
analog system can be characterized with a bode
plot. The bode plot graphically describes gain
and phase of the system.

These two plots illustrate the gain (top) and phase
response (bottom) of a typical op amp. The units of the
y-axis of the gain curve are decibels (dB). Decibels can
be translated to volts with the formula:

Vourjo)
S _ out
A, (jo) indB =20 log (—VIN(j(o) J

The units of the y-axis of the phase plot is in degrees.
Degrees can be converted to radians with the formula:
Phase in radians = (Phase in degrees) / 2n

Phase in degrees can be translated to phase delay or
group delay (seconds), with the formula:

Phase delay = (dphase in degrees/ 6f)/360

Both plots are aligned on the same frequency scale
with their respective x-axis.

Gain Bandwidth Product (GBWP)

Specification Discussion - The Gain Bandwidth Prod-
uct (GBWP) of an amplifier is the product of the ampli-
fier open loop gain times the frequency at any point in
the frequency range where the amplifier response is
attenuating at a rate of -20dB per decade of frequency.

By definition, if an amplifier is unity gain stable, it does
not oscillate when the non-inverting input is used for the
signal input and the inverting input is connected directly
to the output. The unity gain bandwidth of the amplifier
is equivalent to the amplifier's GBWP. The fact that an
amplifier is unity gain stable implies that the phase shift
from the non-inverting input to output is between zero
and -180 degrees at the zero dB crossing of the open
loop gain curve. Some amplifiers are not unity gain sta-
ble, in which case, the open loop gain zero crossing fre-
quency is less than the GBWP.

Application Challenge - An amplifier configured as a
buffer is shown in Figure 3. In this circuit, the buffer is
used to electrically isolate conflicting impedances or to
thermally isolate heavy loads. In this application, the
amplifier selected must be unity gain stable.

A good stability test for a buffer is to apply a square
wave to the input of the amplifier. The overshoot and
ringing at the output of the amplifier will directly reflect
the phase shift at the frequency where the gain is down
3dB.

For example, the bode plot of an amplifier that is not
unity gain stable is shown in Figure 4. When this ampli-
fier is configured as a buffer, the step response will
show that the amplifier has a tendency to oscillate
(Figure 5). The only remedy to this application problem
is to select an amplifier that is unity gain stable. This is
shown with the response of a second amplifier whose
bode plot response is shown in Figure 6 and step
response is shown in Figure 7.

Ri Ro

Buffer

Precision Amplifier

*Bypass Capacitor, 1uF

FIGURE 3: A typical application for an
amplifier is the voltage buffer or follower.
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FIGURE 4: A bode plot of an amplifier that is
not unity gain stable. This condition exists
because the phase at the zero dB crossing
frequency is nearly -180 degrees.
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FIGURE 5:  The unity gain step response of
the amplifier specified with the bode plot of
Figure 4 demonstrates the instability of the
amplifier.

120 200

— C, =50pF,

100 —t 150
Gain R, = 100kQ
80 - Vpp=5V T 100

z
— [0
g $
< 60 \ 0 2
g 40 1 1o =
o C
g 20 N N 50 D
8 5
2 0 \ {100 =
[) (]
g 2 Phase 150 8
<
-40 1 \ 200 &
-60 -250
0.1 10 1K 100K 10M

Frequency (Hz)

FIGURE 6: Bode plot of the MCP601 unity
gain amplifier.
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FIGURE 7:  Step response of the unity gain
stable MCP601 amplifier.

Open Loop Gain/Phase (Ag., PH)

Specification Discussion - Ideally, the open loop gain of
an amplifier is equal to the absolute value of the ratio of
the voltage at the output terminal divided by the differ-
ence of the voltages applied between the two input ter-
minals.

v
A_, (dB) = 20 log [¢)
ot V/N+_ VIN-

It would be ideal if the open loop gain ratio were infinite,
but in reality, the complete frequency response of the
open loop gain, Ag(jo), is less than ideal at DC and
attenuates at a rate of 20dB/decade beginning at the
frequency where the first pole in the transfer function
appears. This is illustrated in the bode plot in Figure 2.

Usually, the first pole of the open loop response of an
operational amplifier occurs between 1Hz to 10kHz.
The second pole occurs at a higher frequency, nearer
to the frequency where the open loop gain curve
crosses 0dB. The gain response of an amplifier starts
to fall off at 40dB/decade at the frequency where the
second pole occurs.

The phase response of an amplifier in this open loop
configuration is also fairly predictable. The phase shift
or change from the non-inverting input to the output of
the amplifier is zero degrees at DC. Conversely, the
phase from the inverting input terminal to the output is
equal to -180 degrees at DC.

At one decade (1/10 f,) before the first pole, f{, the
phase relationship of non-inverting input to output has
already started to fall (~ -5.7 degrees). At the frequency
where the first pole appears in the open loop gain curve
(f1), the phase has dropped to -45 degrees. The
resultant phase continues to drop for another decade
(10f1) where it is 5.7 degrees above its final value of
-90 degrees. This phase response discussion can be
repeated for the second pole, f,.

What is important to understand is the ramifications of
the changes in this phase relationship of the input to
output of the amplifier. One frequency decade past the
second pole, the phase shift of the non-inverting input
is -180 degrees. At this same frequency, the phase shift
of the inverting input to output is zero or -360 degrees.
With this type of shift, V|y, is actually inverting the sig-
nal to the output. In other words, the role of the two
inputs have reversed.

Stability in Closed Loop Amplifier Systems

Typically, op amps are used with a feedback network in
order to reduce the variability of the open loop gain
response from part to part. A block diagram of this type
of network is shown in Figure 8.
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FIGURE 8: A block diagram of an amplifier
circuit which includes the amplifier gain cell, Ao,
and the feedback network, .

In Figure 8, B represents the feedback factor. Due to the
fact that the open loop gain of the amplifier (Ag,) is rel-
atively large, a fraction of the output voltage is fed back
to the inverted input of the amplifier. If § were fed back
to the non-inverting terminal, this small fraction of the
output voltage would be added instead of subtracted.
This configuration is appropriately called positive feed-
back and the output would eventually saturate.

The job of the feedback factor in this network is to
reduce part-to-part variations in the system. However,
if care is not taken, the feedback network can introduce
unwanted frequency oscillations. This circumstance
exists if the feedback factor is fed into the input of the
system as a positive entity.

Closed Loop Transfer Function - The loop in Figure 8
can be analyzed by assuming an output voltage exists
making the voltage at “A” equal to Voyt(jo). The signal
passes through the feedback system, B(jw), so that the
voltage at “B” is equal to B(jm)Voyt(j®). This voltage is
then summed to the input voltage which equates the
voltage at “C”. “C” is equal to (V|y(j®) - B(jo)VouT(j®))-
With the signal passing through the gain cell, Ag (jm),
the voltage at point “D” is equal to Agp (jo)(V|N(o) -
B(jo)Vout(jm)). It should be noted that this voltage is
equal to the original node, “A”, or Voyr. The formula
that describes this complete closed loop system is
equal to:

‘A”="D"or
VOUT(j(D) = AOL(/('O)( V/N(.I(D) -B(.IO‘)) VOUT(j('O))

By collecting the terms, the manipulated transfer func-
tion becomes:

Vourli® _ Ao, J©)
Vinio) (1 +Ag, (jo)B(j®))

This formula is essentially equal to the closed loop gain
of the system, or Ag (jo).

This is a very important result. If the open loop gain
(AoL(jw)) of amplifier is allowed to approach infinity, the
response of the feedback factor can easily be evalu-
ated as:

1

Bljw)

This formula allows an easy determination of the fre-
quency stability of an amplifier’s closed loop system.

Ac o) =

Calculation of 1/B - The easiest technique that can be
used to calculate 1/B is to place a source directly on the
non-inverting input of the amplifier. One could argue
that this calculation will not give the appropriate circuit
closed loop gain equation for the actual signal and this
is true. But this calculation can be used to ascertain the
level of circuit stability.

The circuits in Figure 9 are used to show how to calcu-
late 1/B.

—O Vour

FIGURE 9: The input signal in circuit 9a. at DC
will be gained by (Ro/(R1+R2)(1+R</R,y). The
input signal in circuit 9b. has a DC gain of -R./
R, Neither of these gain equations match the
DC gain of the feedback factor, 1/

In Figure 9a., the fictituos voltage source, VgtagiLiTy: IS
used for the 1/B stability analysis calculation. Note that
this source is not the actual application input source.

Assuming that the open loop gain of the amplifier is infi-
nite, the transfer function of this circuit is equal to:

VOUT

1
VSTABILITY B

1_ 1+ RF” Cr
B Rinll Cpy
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1 (Rp((Jo)RC+ 1) + RA((jo)R,\C\\ + 1))
o) R ((o)R.Co+ 1)

or

In this equation above, when o is equal to zero:
1 R

—_— = 1+ _F
B(jo) Ry
As o approaches infinity,
C
1 _q.IN
B(jm) Ce

The transfer function has one zero and one pole. The
zero is located at:

1

f. =

2~ 2xR, TRAC,y+Cp)
f = _1_
P 2rR.C.

The bode plot for the 1/B(jw) transfer function of the cir-
cuit in Figure 9a. is shown in Figure 10.
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FIGURE 10: These are the bode plots of the
inverse of the feedback factor (1/8) for circuit in
Figure 9a. using Vs7ag Ty a@s the input source.

Once again, in Figure 9b, the input source that is used
for this analysis is not the same as the input source for
the actual application circuit. However, the amplifier
stability is determined in the same manner. The closed
loop transfer function, using Vgragi Ty is equal to:

%

_our  _1
Vsrasiiry P
1 = 1+ %
B Rinll Cpy
or
7 (Rp((Jo)RC+ 1) + RA((jo)R,\C\\ + 1))
BUjo) R ((o)R.Co+ 1)

Note that the transfer functions of 1/B between
Figure 9a. and Figure 9b.are identical.

Determining System Stability - In a closed loop ampli-
fier system, stability can be determined if the phase
margin of the system is known. In this analysis, the
Bode stability analysis technique is commonly used.
With this technique, the magnitude (in dB) and phase
response of both the open loop response of the ampli-
fier and circuit feedback factor are included in a Bode
plot.

The system closed loop gain is equal to the lesser (in
magnitude) of the two gains. The phase response of
the system is the equal to the open loop gain phase
shift minus the inverted feedback factor’s phase shift.

The stability of the system is defined at the frequency
where the open loop gain of the amplifier intecepts the
closed loop gain response. At this point, the theoretical
phase shift of the system should be greater than
-180 degrees. In practice, the system phase response
should be larger than -135 degrees. This technique is
illustrated in Figures 11 through 14. The cases pre-
sented in Figure 11 and Figure 12 represent stable
systems. The cases presented in Figure 13 and 14 rep-
resent unstable systems.
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& \A/ -40dB/decade
A :
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o
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FIGURE 11: This closed loop system is stable
with a phase shift of -90 degrees at the intecept
of the Ap; and 1/ curves.

In Figure 11, the open loop gain of the amplifier
(Aol (jm)) starts with a zero dB change in frequency and
quickly changes to a —20dB/decade slope. At the fre-
quency where the first pole occurs, the phase shift is
—45 degrees. At the frequency one decade above the
first pole, the phase shift is approximately —90 degrees.
As the gain slope progresses with frequency, a second
pole is introduced causing the open loop gain response
to change —40dB/decade. Once again, this is accom-
panied with a phase change. The third incident that
occurs in this response is where a zero is introduced
and the open loop gain response returns back to a
—20dB/decade slope.
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The 1/B curve in this same graph starts with a zero
dB change with frequency. 1/B remains flat with
increased frequency until the very end of the curve
where a pole occurs and the curve starts to attenuate
—20dB/decade.

The point of interest in this graph is where the Ag (jo)
curve intersects the 1/B curve. The rate of closure of
20dB/decade between the two curves suggests the
phase margin of the system and in turn predicts the sta-
bility. In this situation, the amplifier is contributing a
-90 degree phase shift and the feedback factor is con-
tributing a zero degree phase shift. The phase shift and
consequently the stability of the system is determined
at this intersection point. The system phase shift is cal-
culated by subtracting the 1/B(jw) phase shift from the
Ag(jo) phase shift. In this case, the system phase shift
is -90 degrees. Theoretically, a system is stable if the
phase shift is between zero and -180 degrees.

A -20dB/decade
e -40d;BIdecade

Aol \ :
: 30dB/decade

\ / Intercept
dB

Gain (dB)

(=]

v

y T
-90 \
135 Ay, N\

-180

Total Phase Shift =
-135 degrees

Phase Shift (degrees)

Frequency (Hz)

FIGURE 12: This system is marginally stable
with a -135 degree phase shift at the intersection
of the two gain curves.

In the case presented in Figure 12, the point of inter-
section between the Ag (jo) curve and the 1/B(jo)
curve suggests a marginally stable system. At that
point, the Ag (jw) curve is changing —20dB/decade.
The 1/B(jw) curve is changing from a +20dB/decade to
a 0dB/decade slope. The phase shift of the Ag (jo)
curve is -90 degrees. The phase shift of the 1/B(jm)
curve is +45 degrees. The system phase shift is equal
to -135 degrees.

Although this system appears to be stable, i.e. the
phase shift is between zero and -180 degrees, circuit
implementation will not be as clean as calculations or
simulations would imply. Parasitic capacitance and
inductance on the board can contribute additional
phase errors. Consequently, this system is deemed
“marginally stable” with this magnitude of phase shift.
This closed loop circuit will be shown to have significant
overshoot and ringing in the Time Response discus-
sion.

In Figure 13, the Ag (jo) is changing at a rate of
—20dB/decade. The 1/B(jw) is changing at a rate of
+20dB/decade. The rate of closure of these two curves
is 40dB/decade and the system phase shift is
-168 degrees. The stability of this system is very ques-
tionable.

In Figure 14, Ag (jw) is changing at a rate of
—40dB/decade. The 1/B(jm) is changing at a rate of
0dB/decade. The rate of closure of these two curves is
40dB/decade indicating a phase shift of -170 degrees.
The stability of this system is also questionable.
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45 Y : Total Phase Shift =
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135 Ag N\
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Frequency (Hz)

Phase Shift (degrees)

FIGURE 13: In a practical circuit
implementation, given layout parasitics, this
system is unstable.
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FIGURE 14: In a practical circuit
implementation, given layout parasitics, this
system is also unstable.

Load Capacitance (C) - Output Impedance
(Zo)

A primary application for amplifiers is to separate or
isolate a signal source from a load. Sometimes the
loads that need to be isolated are fundamentally resis-
tive. In other cases, the load is pure capacitive. The
third scenario is where the amplifier has an R/C load.
An example of an amplifier circuit that has a resistive
and capacitive load is shown in Figure 15. The critical
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specification that effects the stability of this system is
the open loop output impedance of the amplifier, Rg
and the open loop phase response.

-

<

INO

FIGURE 15: Any load on an amplifier may
effect the performance of the closed loop circuit.
In the case of capacitive loads, the frequency
stability can also be compromised.

When the output impedance of the amplifier is consid-
ered in this closed loop system, the effective open-loop
gain of the amplifier is changed to:

e — i P 1
AOL (Jo) = AOL(I(D)[RP + ROJ(1 + RXCL(jOJ))

Where:
Rp = RF//RL and
Ry = RolIREIIR,

Application Challenge - Even though an amplifier is
unity gain stable, a capacitive load may make the sys-
tem unstable.

Parasitic board
Capacitance

1pF to 2pF

Analog
Multiplexer

10kQ

FIGURE 16: This amplifier configuration is
potentially unstable because of the low closed
loop gain and high capacitive load.

An example where a unity gain stable amplifier can be
made unstable is shown in Figure 16. The open loop
output resistance is 400Q2. Using the formulas of Ry
and R, above:

Rp = 10kQ I 10kQ =2.5kQ

Ry =400Q Il 10kQ Il 5kQ = 357Q

The bode plot for the modified open loop (Ag/) gain
and phase curves are shown in Figure 17, along with
the actual Ag| plots of the amplifier.

The feedback transfer function is:
1/B =1+ 10kQ / 10kQ
The bode plot of 1/f is also shown in Figure 17.

MCP602
A120_/ A, (DC) .
m 100 - . :
% 80 A, (DC)
‘s 60—
© 404
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FIGURE 17: Capacitive loads on amplifiers
degrade the system stability. This bode plot
demonstrates the effects of the load illustrated in
Figure 16.

From this simple calculation, the circuit is shown to be
very marginal in terms of instability. Any parasitic board
capacitance will simply aggravate the condition.

Capacitive loading can be corrected by implementing
the circuit shown in Figure 18.

Vb

— Riso
MCP60X AN l o Vour
C
1

FIGURE 18: In most cases, the addition of a
resistor, R,sc, between the output of the amplifier
and the capacitive load will eliminate any
unwanted oscillation.
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Full Power Bandwidth

Specification Discussion - The Full Power Bandwidth
(FPBW) of an amplifier is the maximum frequency that
the output of an amplifier can swing over the full
dynamic range without significant distortion. At lower
frequencies, the FPBW is limited by the output swing of
the amplifier. At higher frequencies, the response is
limited by the slew rate of the amplifier. The definition of
slew rate is given under the Time Domain specifica-
tions later on in this application note. Distortion due to
slew limiting of the amplifier starts to occur at the point
where the sine wave is at its highest dV/dt or half way
between the peak-to-peak values. By equating the
maximum slope of a sine wave to the slew rate of the
amplifier at higher frequencies, the full power response
equals:

f - _SR_
FP~ nVp—p

The FPBW of the MCP601, CMOS amplifier is shown
in Figure 20.

55 T
5 Vpp =5V ||
g 4.5 1
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O 154
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8 14
@
S 05
w
0 T T =
1K 10K 100K ™M 10M
Frequency (Hz)

FIGURE 19: The MCP601 Full Power
Bandwidth.

Application Challenge - In an A/D Converter applica-
tion, the input to the A/D Converter is typically driven by
an amplifier. It may be tempting to select an amplifier
based on the unity gain bandwidth, however, if the
application demands that the full dynamic range of the
A/D converter is used, the bandwidth of the amplifier
under these conditions is much less than the unity gain
bandwidth. This type of circuit is shown in Figure 20,
where the single supply MCP601 op amp is used to
drive the 12-bit MCP3201 A/D converter. As shown in
Figure 19, the FPBW of the MCP601 is 80kHz. In con-
trast, the unity gain bandwidth (which is a small signal
specification) is typically 2.8MHz.

-
IH

Lb Sampling Rate = 50kHz

FIGURE 20: The MCP601 is used to driving the
MCP3201, 12-bit A/D converter.

If the sampling frequency of the MCP3201 is 50kHz,
the amplifier in this circuit must be able to drive a full
scale signal a 1/2 of nyquist or 25kHz at the V,p node
shown in Figure 21. The MCP601 is fully capable of
meeting this performance requirement with a FPBW
that exceeds 25kHz by more than three times.

TIME DOMAIN SPECIFICATIONS

The time domain responses of amplifier circuits provide
a real world result of the previous frequency discus-
sions. The graphical definition of time domain specifi-
cations is shown in Figure 21. The waveform in this
figure depicts the response of the output of the ampli-
fier with regards to a step response at the input of the
circuit. This figure will be referred to throughout the fol-
lowing discussion.

Allowable
Settling Time Error
Oversh v
E T
]
°
2
o
E
<
Al
<< >
Fropagation| s ling frime
Time (s)

FIGURE 21: The time domain step response
behavior of an amplifier configured in a closed
loop system can be described using the
definitions diagrammed here.

Slew Rate (SR)

Specification Discussion - The Slew Rate (SR) specifi-
cation for an amplifier quantifies the speed at which the
output terminal can execute a full scale output voltage
swing that is driven at the input of the amplifier. This
specification is controlled internally by the amplifier and
dependent on the amount of tail current available to
charge and discharge internal capacitors. The units of
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this specification are in volts per second. Slew rate is
measured from 10% to 90% at the output of the ampli-
fier through the full scale voltage swing. The most chal-
lenging amplifier circuit for this type of specification is
the buffer or follower configuration, as shown in
Figure 22. In this configuration, the input terminals are
pulled out of their nonlinear region by virtue of the fact
that the inverting input terminal is connected directly to
the slow moving output terminal.

+

VOUT
MCP601

ING -

FIGURE 22: The most challenging test
condition for slew rate is the buffer configuration
that is shown here.

Settling Time (t5) and Overshoot

At the top or bottom of the full-scale slew transition, a
degree of ringing occurs. This ringing is directly related
to the phase shift of the closed loop system and
described in terms of overshoot and the amount of time
before the signal to settle within a specified error band.
The % overshoot is defined at the highest peak in this
portion of the waveform, which occurs at the beginning
of the ringing of the system. The magnitude of the sys-
tem overshoot and the amount of time required for the
system to settle is directly related to the frequency
domain phase shift of the system.

The Settling Time (t5) of an amplifier circuit is defined
as the amount of time that is required for the output of
the amplifier to slew and then settle within a defined
error band. This time starts at the point where the out-
put first responds to the input excitation until the last
occurrence of the output signal being outside the error
band, as illustrated in Figure 21.

Application Challenge - A tg error is most noticeable in
applications where the common mode input of the
amplifier has a full scale step response applied. In this
situation, the amplifier goes into a full slew rate condi-
tion (SR) and then settles to its final value (tg). For this
example, the circuit shown in Figure 16 is integrated
into the circuit shown in Figure 23. Even though the
system signals are slow moving, the multiplexer in this
circuit presents a step response to the amplifier. The
step response of this amplifier system is shown in
Figure 24.

1pF to 2pF Voo = Voere = 5
pF to 2pl
I""'”""‘I “
Analog I 1
Multiplexer I I
o MCP3201 [
10nF; i
= 4
5kQ 1
V\N

FIGURE 23: The driver configuration shown in
Figure 16 is used in this multiplexing circuit. This
driver circuit does not make the system unstable,
however, the A/D converter conversion should be
delayed while the op amp circuit is settling to final
value.

500mV/div

10ps/div

FIGURE 24: The phase shift of an amplifier in a
closed loop system is reflected in the step
response in terms of overshoot (15%) and
ringing.
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