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Overview of frequency compensations in the CMOS
operational amplifiers, Part two — Advance solutions

Georgi Panov

An overview of several common used frequency compensations in the CMOS operational
amplifiers is presented. The advantages and disadvantages for each of them are given based on
mathematical analysis. Practical circuit examples are shown as well. The work is divided in two parts.
The first one explains the need of frequency compensation in the operational amplifiers and
demonstrates the simplest possible implementations. The second part describes advance solutions
suitable for special cases, where the common used technics do not work, or have low performance.
The comparison of all frequency compensations presented in the paper is summarized together with
some advises for their use.

0030p na yecmomnuume komnencayuu ¢ CMOS onepauuonnu ycuneamenu, 4acm emopa —
Cneyugpuunu pewenusn (I'eopeu Ilanos). Cmamusima npedcmassi 0030p HA HAU-4ecmo
UBNON36AHUME YeCMOMHU KOMReHcayuu 6 onepayuonnume ycungamenu nanpageenu ¢ CMOS
mexnonoeus. [Ipeoumcmeama u Hedocmamuvyume HA 6CAKA eOHA eOHA OM MSX Ca NOKA3AHU KAMo
pesynmam om Mamemamuyecku anaiuz. Jladenu ca cvwo maxa NpaKmuvecku npumepu Ha
peanusayusma um. Pabomama e pasdenena na Oge uyacmu. Ilvpsama o00sacHsAés Hyxcoama om
YeCMOmHA KOMNEHCAYUs HA ONePAyUOHHUME YCULGAmMenu U Npeocmass OCHO8Hume cxemu. Bve
e6mopama 4acm ca NOKA3aHu peutenusi NOOX00AwU 3a OnpedeieHy Ciyiau, 6 KOUmo Kiacuieckume
Memoou mne pabomsam unu oaeam Hezadogonumennu pesyamamu. Cmamusma 3a6bpuiéd Cbce
cpasHenue Ha pazenedanume YeCmomuu KOMNEHCayuu U Cb8emu 3a msAxXHOmMo U3NOA36aHe.

A 1Gainl

Introduction

The simplest frequency compensation techniques
for the CMOS operational amplifiers (OpAmps) were Fmax rrequenf;
presented in the first part of the paper. Now, the =~ T
second part describes advance solutions, which allow
better performance in some cases.

Fig.1. Bode magnitude plots of OpAmp with MFC and
OpAmp with -40dB/decade slope of the gain.

Two-stage OpAmp with -40dB/decade slope of

the gain cc  Ce Vo
ou
Often (for example in RC filter design) a certain i ’
open loop gain at given frequency is needed from the R
OpAmp. The further run of the gain is not important, vin |gm = gm2 Ll +c
Ol’lly the stability must be assured. It is beneficial to at low frequencies at high frequencies

use in this case an OpAmp with gain like in Fig.1,

. . Fig.2. Two-stage OpA ith -40dB/decade sl
where such an OpAmp is compared with a second one 1§ fwomstage LpLimp W ceade stope

th n.

using MFC. o the gain
Both OpAmps have the same gain at-frequenC_y The idea of this frequency compensation is, that
Fmax, but the umty—GB.W' of the OpAmp with MFC.IS the Miller capacitor is needed only at frequencies in
much larger and hence it is more difficult to ensure its the range of the unity-GBW [1]. It is shown in Fig.2.
stability. The resistor Rx breaks the MFC at low frequencies. At
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higher frequencies the impedance of the capacitors
decreases and the MFC starts to work. The OpAmp
has the same DC gain and non-dominant pole like an
OpAmp with MFC, unity - GBW = gm1/(Cc/2), posi-
tive zero = gm2/(Cc/2), negative zero = -1/(2*Cc*Rx)
and two dominant complex poles. The positive zero
can be removed using nulling resistor. Gain peaking is
possible due to the complex poles. Compared with the
MFC, 4 times larger compensation capacitor is needed
for the same unity-GBW. Therefore, this frequency
compensation is advantageous, if a low-power circuit
is desired and more chip area can be spent.

OpAmp with N+1 poles and N zeros in the
GBW

Fig.3 shows the simplest implementation of this
frequency compensation - only one additional
pole/zero pair. Here, -40dB/decade slope of the gain is
achieved by using composite first stage: a low fre-
quency path (it conducts until the capacitor Cx breaks
it) is added in parallel to the first stage (gmC) of an
OpAmp with MFC.

Vout

1

Fig.3. OpAmp with 2 poles and zero in the GBW.

The transfer function can be easily derived from
the transfer function of MFC when gml is replaced
with gmCtgmA*r_outA*gmB/(1+s*r_outA*Cx),
where » outA is the output resistance of the gmA-
stage. There are additionally to the poles and the zero
of the Miller compensation a dominant pole =
—1/(Cx*r_outA) and a zero = —gmA*gmB /(gmC*Cx)
— 1/(Cx*r_outA). The unity-GBW is approximately
gmC/Cc. Such an OpAmp can be built using more
pole/zero pairs to achieve very high gain at low fre-
quency [2]. The capacitor Cx cannot be connected to
the output of the gmB-stage to use the Miller effect,
because this will lower the output impedance of the
first stage for high frequencies and disturb the opera-
tion of the MFC of the whole amplifier.

Two-stage OpAmp with cascoded Miller
frequency compensation

Often, an OpAmp has to drive resistive load con-
nected to ground. An OpAmp with MFC as shown in

Fig.4a is the simplest solution. However, this circuit
suffers from bad power supply rejection (PSR): At
frequencies where the impedance of the compensation
capacitor is lower than the output impedance of the
first stage, the compensation capacitor shorts the drain
and the gate of the output transistor. Thus, a resistor
divider between the supply voltage and the output is
built as shown in Fig.4b.

Vin
fram supply

gm2

Rload =
al high frequencies

Fig.4. OpAmp driving resistive load to ground
a. OpAmp with MFC
b. Behavior of the output stage at high frequencies

o Vin
from supply

Rload

at high frequencies

Fig.5. OpAmp driving resistive load to ground
a. OpAmp with CMFC
b. Behavior of the output stage at high frequencies

Cascoded Miller frequency compensation (CMFC)
shown in Fig.5a can be used to solve this problem [3].
Here the compensation capacitor is not connected
directly to the gate of the output transistor, but
through cascode connected transistor Mc, which sepa-
rates it from the gate of the output transistor. Now the
divider in Fig.4b does not exist anymore (Fig.5b). The
bias voltage on the gate of the cascode transistor Vbias
must be referred to ground and not to the supply volt-
age. There is no improvement of the PSR if Vbias is
referred to the supply voltage. Often, the dashed part
in the left is added for symmetry. The circuit in Fig.5a
does not have positive zero in its transfer function,
because there is only one signal path between the out-
puts of the first- and the second stage. However, this
is not true for the CMFC in general. Fig.6 shows a
case were the circuit has second path of different type
and with opposite sign to the main path. The positive
zero cannot be removed with nulling resistor (like in
the MFC), because the stability of the inner loop will
be degraded. An OpAmp built with folded cascode
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OTA with NMOS input pair (Fig.5a) has good PSR
and no positive zero at the same time. OpAmps using
folded cascode OTA with PMOS input pair or tele-
scopic OTA do not have this property.

Vbias (-

Fig.6. OpAmp with CMFC and positive zero.

The transfer function of OpAmp with CMFC like
in Fig.5a is:

Vout/Vin = gm1*r_outl *gm2*Rload *
[1 +5*(Cct+CgsC)/gmC]/
[/ + s*(gm2*Rload*Cc*r _outl +
Cgs2*r_outl +Cload*Rload +
Cc*Rload +Cc/gmC +CgsC/gmC) +
s?*(r_outl *Rload*Cgs2*Cload +
r_outl *Rload*Cgs2*Cc +
r_outl *Cgs2*Cc/gmC +
r_outl *Cgs2*CgsClgmC +
Rload*Cload*Cc/gmC +
Rload*Cload*CgsCl/gmC +
Rload*Cc*CgsClgmC) +
s**r_outl*Rload*(Cload*Cgs2*Cc +
Cload*Cgs2*CgsC +Cc*Cgs2*CgsC)/gm(],

where gmC is the gm of the cascode transistor Mc and
CgsC is its gate-source capacitance. Commonly it can
be simplified to:

Vout/Vin = gmlI*r outl *gm?2*Rload*
[1 +5*%(Cct+CgsC)/gmC]/
[ +s*(gm2*Rload*Cc*r_outl +
Cgs2*r outl +Cload*Rload) +
s?*r_outl *Cgs2* (Rload*Cload +
Rload*Cc +Cc/gmC) +
s**r_outl *Rload*Cload*Cgs2*
(Cct+CgsC)/gm(l.

An OpAmp with CMFC has the same DC gain like
an OpAmp with MFC and practically the same
dominant pole:

dominant pole = -1/(gm2*Rload*Cc*r_outl+

Cgs2*r outl+ Cload*Rload).
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There are two non-dominant poles, which can be
real or a complex pair. When they are real and
significantly different, then the one at lower frequency
is (if the output stage has gain and if Cload is not an
external capacitor in uF range or larger):

non-dominant poles = -gm2*Cc/[Cgs2*(Cload +
Cc +Cc/gmC*Rload)].

It is usually larger than the non-dominant pole of
the MFC. Therefore, the CMFC has more PM than the
MFC for the same gm of the output stage. This
improvement depends on the ratio between Cc and the
total capacitance at the input of the output stage Cgs?2.
The PM of the OpAmp is higher, when this ratio is
bigger. But moving the pole to higher frequency with
larger Cc/Cgs2 changes it together with the other non-
dominant pole to become complex. And when their Q-
factor is high, it is possible that the inner loop shown
in Fig.7 is unstable.

ngsz
r_outl
L T oHome

amC :I_‘.-‘Eas
Cload
—H T

CgsC ==

T % I Rioad

Fig.7.The inner loop in CMFC.

The inner loop has: zero =0,
dominant pole = -1/(r_outl *Cgs2)
dominant pole = -1/[Rload*(Cload+Cc)+
(Cc+CgsC)/gmC]
non-dominant pole = -gmC/[CgsC+Cc*Cload/
(Cc+Cload)] — 1/[Rload*
(Cload+CgsC*Cc/(CgsC+Cc)].

Bigger gmC improves the stability of the inner
loop and at the same time allows to keep the high PM
of the CMFC. However, the current consumption
increases. Some additional elements can be inserted to
assure the stability of the inner loop. Increasing Cgs?2
by adding a capacitor between the gate and the source
of the output transistor (Fig.8a) reduces the unity-
GBW of the inner loop and improves its stability. But
this reduces the PM of the whole amplifier. Adding a
capacitor and a resistor in series (parallel frequency
compensation) at the same place (Fig.8b) improves



this trade-off. Splitting the compensation capacitor in
two equal capacitors as shown in Fig.8c [4] makes the
gain of the inner loop always less than 1 and therefore
the circuit is stable. Thereby the non-dominant pole of
the whole OpAmp is still higher than the one of the
MFC. So the power efficiency increases but the
advantage of good PSR is lost.

Fig.8. Improving stability of the inner loop in CMFC
a. With additional capacitor
b. With additional capacitor and resistor
¢. By splitting the compensation capacitor

Two-stage OpAmp with dominant pole at the
output

Some voltage regulators have huge capacitive load
permanently connected to the output and can be built
as two-stage OpAmp. MFC or CMFC is usually not
usable here, because it will require a large current in
the output stage in order to have the non-dominant pol
at high enough frequency. If the output transistor is
small (has small Cgs?2), then the OpAmp could work
without frequency compensation, because the poles at
the outputs of the both gain stages are very different.
If not, a source follower stage is added between the
Ist and the 2nd stages (Fig.9) and the circuit has:

dominant pole = -1/(Road*Cload)
non-dominant pole = -1/(r_outl*C _outl)
non-dominant pole = -gmSF/Cgs2,

where C outl is the sum of the output capacitance of

the first stage and the input capacitance of the source
follower.

Vin

Fig.9. Two-stage OpAmp with dominant pole at the output.

The circuit with source follower stage has two non-
dominant poles instead of one, but they are at much
higher frequency than 1/(r_outl*Cgs2) . It is because
the input capacitance of the source follower is less
than Cgs2 and its output resistance is less than »_out].

Two-stage variable
capacitive load

OpAmp for driving

Sometimes, the OpAmps must drive capacitive
loads, which vary hundred or more times. The MFC is
not effective in this case, because if the non-dominant
pole is canceled with a zero for the case of the
maximum capacitive load, the circuit could be instable
for the minimum one. This is shown in Fig.10. The
reason are high-frequency poles and positive zeros
(for example gm1/Cgdl , where Cgdl is the gate-drain
capacitance of the input transistors).

Gainl |Gainl |Gamnl
frequency frequency frequency
K

Y

Fig.10. Bode magnitude plot of OpAmp with MFC
a. with non-dominant pole inside the GBW and
without nulling resistor
b. with non-dominant pole inside the GBW and
negative zero equal to the non-dominant pole
¢. without non-dominant pole inside the GBW and
with negative zero inside the GBW

A well-known simple technique for driving
variable capacitive load is shown in Fig.11. However,
it is not suitable for the new low-voltage CMOS
technologies due to the voltage drop on the resistor
Ro, which limits the output voltage range.

" / u |— beta2 %

Cload
[ — 3
A3 beta 3

=T

Fig.12. Two-stage OpAmp (with feedback) for driving
variable capacitive load.
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Fig.12 shows an OpAmp topology, which is
capable to drive varying capacitive load with small
current consumption [5]. The idea is to have two
output stages. The feedback signal to the input at low
frequencies comes from the output stage driving the
load capacitor. At high frequencies the feedback
signal from the other output stage is larger and
dominates. This is achieved by making A3*beta3 >
A2*beta2, where A2 is the gain of the second stage,
A3 is the gain of the additional stage and beta is the
corresponding  feedback  factor. A circuit
implementation is shown in Fig.13. The resistor Rs is
added to set the DC voltage at the output of the
additional stage. OpAmps with this frequency
compensation suffer from high nonlinearity because
of the two feedback paths. Therefore, they are used
almost exclusively as voltage regulators.

—_—

Rs
+ r‘:'*t%
0TA

0 cmad:l-
'tl__ N>>I1-_|-_ -I,-

Fig.13. Two-stage OpAmp for driving variable capacitive
loads.

Three-stage OpAmp with nested Miller

frequency compensation

Sometimes the gain of two stages is not enough to
achieve the desired amplifiers open loop gain. One
possible solution is to use regulated cascodes [6].
Other one is to use three stages, which is very
attractive for circuits working with supply voltage
around or below 1V.

Fig.14. Three-stage OpAmp with nested Miller frequency
compensation.
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The idea of the nested Miller frequency
compensation (NMFC) is the same as of the MFC - to
make the transfer function of a three (or more in
general) stage OpAmp like this one of the OTA, with
only one pole in its GBW. Such an OpAmp is shown
in Fig.14. There are two nested two-stage OpAmps
with MFC: 1-(2+3) (the whole amplifier) and 2-3 (the
inner one). The inner OpAmp works as a buffer for
frequency larger than 1/(r_outl*Ccl), if Ccl >> Cgs2
(which is usually the case) and therefore has to be
stable with unity gain feedback. The design
considerations for the two-stage OpAmp with MFC
are valid here. There is no nulling resistor in series
with Ccl because it will cause a pole in the feedback
of the inner amplifier and degrade its stability. The
transfer function of the whole OpAmp is:

Vout/Vin = gml1*r_outl*r out2*Rload*
(gm2*gm3 - s*gm2*Cc2 - s?*Ccl1*Cc2)/
[1 +s*gm2*r out2*gm3*Rload*
Ccel*r outl + s?*r_outl*Ccl*r_out2*
Cc2*Rload*(gm3 -gm2 + 1/Rload) +
s**r_outl*r_out2*Rload*

Cload*Cc1*Cc2],

when gm2*r out2 >> 1, Cload is not an external
capacitor in puF range or larger and Ccl >> Cgs2, Cc2
>> (Cgs3 , which is usually the case.

The dominant pole is = —1/(gm2*r_out2*gm3*

Rload*Ccl*r outl)

The two non-dominant poles can be real or
complex. Their type and positions depend on the ratio
between the unity-GBW of the inner OpAmp
gm2/Cc2 and its non-dominant pole —gm3/Cload.
Thus, they depend on the stability of the inner
amplifier.

If the inner OpAmp is very stable (gm3/Cload >>
gm2/Cc2), then the non-dominant poles of the whole
OpAmp are real and significantly different. The one at
lower frequency is -gm2/Cc2. The unity-GBW of the
whole amplifier must be at least two times smaller (for
PM>60 degree) than gm2/Cc2 << gm3/Cload.
Therefore, in this case NMFC is very power
inefficient compared to MFK.

If gm3/Cload = 2*gm2/Cc2 (the inner OpAmp has
PM about 60 degree), then the non-dominant poles of
the whole OpAmp are complex. If its unity-GBW =
gml/Ccl is set to be 0.25%gm3/Cload = 0.5%gm2/Ck2
then the PM of the whole OpAmp is about 70 degrees.
For a given output pole -gm3/Cload, the achievable
unity-GBW with this frequency compensation is about
the half of the one with MFC for the same stability

[6].



The transfer function has a positive and a negative
zero. The positive one is at lower frequency, which is
several times higher than the unity-GBW of the
OpAmp, if gm3 >> gm?2. Therefore, the impact of the
zeros can be usually neglected.

For a given GBW of the whole amplifier, the larger
unity-GBW of the inner OpAmp makes the whole
amplifier more stable. This leads to interesting
property of the NMFC. If the unity-GBW of the whole
OpAmp and the pole at the output -gm3/Cload are
fixed, then: reducing the unity-GBW of the inner
OpAmp increases the stability of the inner OpAmp
and decreases the stability of the whole amplifier.
Making the unity-GBW of the inner OpAmp larger
increases the stability of the whole amplifier and
decreases the stability of the inner OpAmp. The inner
amplifier can be compensated with CMFC too, as
shown in Fig.15. This allows to increase its GBW for
the same gm3.

—

— M
’ Vbias1 I_

Vbias2 @

Fig.15. Three-stage OpAmp with NMFC and CMFC.

The NMFC has one disadvantage, which prevents
it for use in OpAmps driving low-resistive loads. The
unity-GBW of the inner OpAmp has to be larger than
the one of the whole amplifier. When the last stage
has no gain, the unity-GBW of the inner amplifier
decreases and the whole OpAmp could become
unstable.

Three-stage OpAmp with multipath nested
Miller frequency compensation

The idea of the multipath nested Miller frequency
compensation (MNMFC) is to add a zero, which
cancels one pole in the GBW [7]. Such an OpAmp is
shown in Fig.16. The transfer function is:

Vout/Vin =r_outl*r_out2*Rload*
[gm1*gm2*gm3 + s*(gm3*gmX*Ccl —
gml*gm2*Cc2) — s?*Ccl*Cc2*
(gml+gmX)]/[1 + s*gm2*r out2*gm3*
Rload*Ccl*r outl + s?*r_outl*Ccl*

r_out2*Cc2*Rload*(gm3 -gm2 +
1/Rload) + s**r_outl*r _out2*
Rload*Cload*Ccl*Cc2],

when gml*r outl >> 1, gm2*r_out2 >> 1 and Cload
is not an external capacitor in puF range or larger. It
has the same poles like the one of the NMFC. There is
a positive and a negative zero again. However, the
negative zero can be placed at frequency smaller than
the unity-GBW by proper gmX. Thus, one of the two
non-dominant poles can be canceled by this zero.
Therefore, it is not needed to make both of them
bigger than the unity-GBW. In order to do so, the non-
dominant poles must be real, which is the case when
gm3/Cload > 4*gm2/Ck2. The non-dominant pole not
canceled by the zero has to be at as high frequency as
possible.

|— o out
Vin_ gm3 L
° Rload T
- L Cload

Fig.16. Three-stage OpAmp with multipath nested
Miller frequency compensation.

As mentioned in the section for NMFC, when the
inner OpAmp is very stable (gm3/Cload >> gm2/Cc2),
the poles are significantly different and are -gm2/Cc2
and  -gm3/Cload.  The negative zero 1is
-gml*gm2/(gmX*Ccl) and if gml/gmX = Ccl/Cc2,
then it cancels the non-dominant pole at lower
frequency.

It is easy to track both frequencies, as gml, gm0
and Ccl, Cc2 match. Therefore, a doublet increasing
the settling time of the OpAmp can be avoided [8].

The remaining non-dominant pole is gm3/Cload,
the same as in the MFC and the unity-GBW of the
whole OpAmp can be set to a frequency, like for
MFC. Therefore, it is about two times larger than the
unity-GBW of OpAmp with NMFC for the same
output pole -gm3/Cload and stability. The inner
OpAmp built with the stages 2 and 3 do not need to
have larger unity-GBW than the whole amplifier.
Thus, this topology can be used in OpAmps driving
low-resistive loads.

A simple implementation of OpAmp with
MNMFC is shown in Fig.17. Here gmX =
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gml*gm2/(2*gmN). The ratio gm2/gmN varies with
the process and if the matching between the pole and
the zero is not good enough, gmX has to be
implemented as additional input stage.

Fig. 17 . Three-stage OpAmp with MNMFC.

Three-stage OpAmp with nested Miller
frequency compensation with feedforward path

This frequency compensation is shown in Fig.18
[9]. There is a non-dominant pole in the GBW of the
OpAmp and zero to compensate it, similarly to the
MNMEFC. The transfer function is:

Vout/Vin = gm1*r_outl *Rload*[gm0*gm2*
7 out2 + gm3 + s*Cc2*r out2*(gm3 —
gm?2) - s*Ccl - s?*Ccl*Cc2%*r_out?]/
[ + s*Rload*(gm0*gm2*r out2*
Ccl*r_outl + gm3*Ccl*r outl +
Cload) + s**r_outl *Ccl*r_out2*Cc2*
(gm3*Rload + 1 + gm0*Rload -
gm2*Rload) + s?*Cload*Rload*
(Ccl*r_outl + Cc2*r_out2) +
s**r_outl*r_out2*Rload*
Cload*Ccl*Cc2].

When Cload is not an external capacitor in puF
range or larger, the unity-GBW of the OpAmp is
gml/Ccl. There are two zeros with opposite signs.
The one at lower frequency is negative and depends
on the gm of the output transistors. The non-dominant
pole at lower frequency (which is in the GBW of the
OpAmp) depends on the load capacitor. Therefore, it
is impossible to make a practical pole-zero cancelation
as in the MNMFC. However, the nested Miller
frequency compensation with feedforward path
(NMFCFP) has one important advantage. Its high
frequency non-dominant pole depends on the sum
gm0 + gm3, which allows to place this pole at about
two times higher frequency, like in an OpAmp with
class AB output stage.

The design procedure of NMFCFP could be as
following: There is a two-stage amplifier consisting of
stages 1 and 3 (Fig.18) and a three-stage amplifier
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consisting of 1, 2 and 0. The outputs of the both
amplifiers are added at the output of the whole
OpAmp. The gain of the three-stage amplifier is larger
and therefore it dominates at (at least) low-
frequencies.

- Rload |
= '19m3 Cload

Fig.18. Three-stage OpAmp with nested Miller frequency
compensation with feedforward path.

The two-stage OpAmp is easier to make stable,
therefore it has to dominate at higher frequency. The
first stage and the compensation capacitor Ccl are
common parts of the both amplifiers. The transfer
function from the input of stage 3 to its output is
gm3*Rload/(1+s*Cload*Rload). Tts unity-GBW is
gm3/Cload. Stages 2 and 0 forms an OpAmp with
MEFC. If its GBW gm2/Cc2 is smaller than the unity-
GBW of the stage 3, then the two-stage amplifier has
more gain at higher frequency and its stability
determinates the stability of the whole OpAmp.

Tj:r’j ,
1

| =

_—51 .

Fig.19. Three-stage OpAmp with NMFCFP.

The amplifier built with stages 2 and 0 can be
compensated with CMFC instead of MFC to achieve
higher =~ PSR. Fig.19 shows the simplest
implementation of OpAmp with NMFCFP, requiring
only one bias current. The dependency of the current
through the output transistors on the load current is
shown in Fig.20a. It is not like in a real class AB stage
(Fig.20b [10]). If the load current flows in the OpAmp
and is larger than the NMOS quiescent current, then
the current through the PMOS drops to zero and the



