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DESIGN CONSIDERATIONS FOR FAST-SETTLING
OPERATIONAL AMPLIFIERS

I. INTRODUCTION

Since the first simple monolithic amplifier was fabricated in the
early 1960s, analog integrated circuits (ICs) have expanded rapidly
into one of the most important areas in modern electronics due to their
high performance, low cost, and wide applications.

Prior to the mid-1970s, analog integrated circuits were
implemented by using silicon bipolar transistor technology, while
silicon metal-oxide-semiconductor field effect transistor (MOSFET)
technology was utilized primarily for digital integrated circuits. 1In
many applications (e.g., analog to digital converters), both analog
and digital functions are required for the subsystem. It s
undesirable to partition such subsystems into two separate
technologies: bipolar analog and MOS digital ICs. In order to
implement the subsystems containing both analog and digital functions
on a single chip, analog MOSFET ICs have been developed. Although the
first paper on analog MOS ICs was published in 1969 by Chalfan and
Looney of Oregon State University [1], MOSFET technology did not make
its profound impact to analog integrated circuits until a number of
significant papers were published in the 1970s [2]. In the late-1970s,
switched-capacitor (SC) circuits, which have been perhaps the most
important application of MOS technology for analog ICs, were developed

at AT&T Bell Labs and the University of California at Berkeley for



telecommunication systems [2]-[4]. Since then, analog MOS ICs have
become one of the major members in the IC family.

MOS operational amplifiers (opamps) are core building cells for
switched-capacitor circuits, and their performance, such as settling
time and frequency response, directly affect the performance of SC
circuits. Many aspects of the settling behavior and frequency response
of operational amplifiers have been analyzed by various authors [5]-
[10]. Generally, it has been shown that in order to obtain the desired
settling/frequency characteristics, accurate frequency shaping must be
employed. In conventional continuous-time applications, operational
amplifiers are frequency compensated (either internally for two-stage
opamps or via the loading capacitance for single-stage opamps) for a
unity-gain phase margin of approximately 60 degrees to insure closed-
loop stability, and to maximize flatness of the closed-loop amplitude
response [6]. Flat gain characteristics are particularly important in
minimizing waveform distortion in continuous-time pulse-amplifier
applications. By contrast, the specific shapes of the opamp output
waveforms are of no consequence in some applications such as in
sampled-data switched-capacitor circuits where it is only necessary
that the outputs settle to within a specified tolerance of their final
values prior to the next sampling instant. By exploiting this unique
feature of SC circuits, an optimum opamp phase margin criterion has
been developed that gives the minimum settling time (MST) of an opamp
for a given gain/bandwidth product.

Our analysis has shown that the small-signal settling time of a
two-pole (one or two-stage) operational amplifier exhibits a well-

defined minimum for a specific value of the unity-gain phase margin.



Since the settling time is also shown to be strongly dependent on phase
margin, precise frequency shaping is required in order to achieve the
minimum settling time. Unfortunately, the commonly-used equivalent-
circuit model of the opamp based on the Miller approximation has in the
past been improperly applied to two-stage transconductance amplifiers
and does not provide sufficient accuracy with which to achieve the MST.
Therefore, improved equivalent-circuit models have been developed. In
addition to being significantly more accurate than the previous
modeling wherein the dominant pole was always associated with the
first stage, the improved modeling accounts for the possibility of a
second-stage-dominant pole. In fact, for CMOS and GaAs operational
transconductance amplifiers (OTA) that drive on-chip capacitive loads,
the dominant pole is usually associated with the second stage. Our
results show that whichever pole is dominant before compensation
remains dominant after compensation. Hence, some considerable
confusion that has existed previously regarding pole-splitting
frequency compensation is eliminated.

In Chapter II, we develop a new optimum phase margin design
criterion for OTA’s used in SC applications. In Chapter III, we
present some improved modeling techniques for two-stage opamps that
provide sufficient accuracy with which to achieve the optimum phase
margin condition. In Chapter IV, we extend the MST design technique to
a one-stage folded-cascode CMOS opamp by using a newly developed two-
pole small-signal model. Chapter V concludes this thesis with
discussion on sensitivities to MOS process variations and suggestions

for future work.



II. OPTIMUM PHASE MARGIN FOR SC APPLICATIONS

We begin this chapter with a brief review of the frequency and
step-response equations of a second-order system. We then use this
theory to derive an optimum unity-gain phase margin that allows for the
maximum sampling frequency in SC circuits. Finally, design equations
are developed to allow two-pole operational amplifiers to be

compensated for the optimum phase margin condition.

2.1 Frequency/Time Response Equations for a Two-Pole System

In most switched-capacitor circuits, the maximum size of the
output voltage step between sampling instants is small enough so that
only small-signal analysis is necessary. Therefore, the operational
amplifier is modeled using a linear two-pole model which is very useful
in determining the pole-splitting compensation capacitance [11],[12].
The open-loop transfer function of the two-pole small-signal circuit

prior to frequency compensation is given by
a(s) = o (1)

(1 - s/wj)(1 - s/wy)

where a, is the Tow-frequency gain of the operational amplifier and w;

and wp are the radian frequencies of first and second left-half-plane
(LHP) poles, respectively. The unity-gain closed-loop transfer

function is given by

a(s) Ao
A(s) = = (2)
a(s) + 1 (s/wy)? + 2k(s/w,) + 1
where A, = a—o (3)
a, + 1

e
]

0 ./[(4.)1(4)2(80 + 1)] (4)



(d1+(d2

2w

and k = (5)

0

Defining the pole separation factor as B = wp/w;, the damping factor
is expressed in terms of B as

1+ 8
C 2/[B(ap + 1)]

The second-order system of Eqn. (2) has three possible responses to

k (6)

a voltage step input; namely, overdamped, critically damped and
underdamped corresponding to kK > 1, k = 1 and k < 1, respectively. The
normalized time responses are obtained from Eqn. (2) using the inverse

Laplace transform as:

Overdamped (exponentially approaching the steady-state value),
k> 1:
1 1 1 1

NS T IS - expt-
vo(t) = 1 e 1) g exp(-kju,t) 5 exp(-kauot) | (7)

where k; = k - /(k? - 1) and kp = k + J(k? - 1);

Critically damped (also exponentially approaching the final

value), k = I:

vo(t) =1 - (1 + wyt) exp(-w,yt); (8)

Underdamped (overshoot followed by exponentially damped sinusoid),
k < 1:
[k ]
vo(t) =1 - [——————-——sin(JI - k% w,t) + cos(/1 - k? “ot)J exp(-kw,t)
J(1 - k?)
(9)



2.2 Small-Signal Settling Behavior of a Second-Order System

The small-signal settling time of an operational amplifier, te,
is defined (Fig. 1) as the minimum time required for the output voltage
of the amplifier to settle to within an error tolerance, D, of its
final steady-state value. Using Eqns. (7)-(9), it can be shown that fhe
settling behavior of a two-pole system is strongly dependent on the
damping factor k. For a nominal value of the low-frequency open-loop
voltage gain, a,, the damping factor is only a function of the pole
separation factor, B, according to Egn. (6).

The time response of a second-order system is usually discussed
in terms of the normalized variable w,t [6]. Since w, is a function of
k from Egn. (5), and therefore also of B from Egn. (6), w,t is a
dependent variable. As a first step in finding the shortest response
time of the second-order system, the time of the first peak of the
underdamped response, tp (Fig. 1), is determined by setting the first
derivative of Eqn. (9) equal to zero to obtain

T
tp = —————. (10)
wo/(1 - k2)
Now, using Egn. (4) in Egn. (10), tp as a function of B is
T
tp = . (11)
wi/[B(1 + a,) - (1 + B)2/4]

The minimum of tp with respect to B determines the shortest possible

response time, and is determined by setting the first derivative of
Eqn. (11) equal to zero and solving to obtain B =1+ 2a,.
Substituting this value into Eqn. (6) gives the optimum damping factor

as
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Fig. 1. Definition of small-signal settling time, tg,, with an error
tolerance of D percent. The first positive peak of the

underdamped response occurs at time tp.



1+ a,

naE 2a,)(1 + a,)]

>> 1 is usually true in practical cases, Egqn. (12) simplifies

k (12)

Since a,
to k = 0.707 meaning that the absolute fastest response of the system
corresponds to the Butterworth response. However, this does not
indicate the minimum settling time in general since the error band, D,
was not considered in the above analysis. In fact, it can be shown
that the Butterworth response 1is underdamped exhibiting a transient
overshoot of 4.3 percent, and therefore yields the minimum settling
time only for the cases where D > 0.043. The Butterworth response
provides a unity-gain phase margin of approximately 60 degrees.

For high precision SC circuits, an error tolerance smaller than
4.3 percent is required. The minimum settling time is obtained when the
two-pole opamp is underdamped and the phase margin is chosen so that
the first peak of the step response just touches the upper settling
error 1limit as shown in Fig. 2. Referring to the figure, it is clear
that this is the minimum since either an increase or decrease in the
damping factor results in greater settling time*. Therefore, to
realize the maximum sampling frequency, the phase margin condition
"upper error bound = first peak" must be satisfied. The normalized
voltage of the first peak determined from Eqn. (9) is equal to one plus
the overshoot,

First peak = 1 + exp [-kn//(1 - k?)] (13)

* Actually, the absolute minimum settling time occurs for the case wherein a doublet is
deliberately introduced to give a three-pole one-zero response with the singularities placed so
that the first peak just touches the upper bound, and the second peak just touches the Tower error
bound. It has been shown that this is probably not a practical solution because of high
sensitivities to parameter variations [13].
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Fig. 2. Definition of the minimum small-signal settling time (MST) for
a two-pole system with an error tolerance of D percent.

Settling time is increased for either more or less damping.
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and since the upper error bound voltage is (I + D), then
D = exp[-kn//(1 - k2)]. (14)
Using Egn. (6) with B8 >> 1, the optimum pole-separation factor, By» is
determined from Eqn. (14) as [14],[15]
4(a, + 1)
BTN Z Y

0 (15)

For a given error band, D, the minimum settling time of the SC circuit
is achieved by designing the two-pole opamp so that the poles are
separated in accordance with Eqn. (15). In opamp design, the settling
time is usually considered as a function of phase margin, ¢,, rather
than of the pole separation factor, B, or equivalently of the damping
factor, k. Thus, a relationship between the settling time and the
phase margin is desirable. Approximating the small-signal unity-gain
frequency as w, = a,w;, and the unity-gain time constant, as Ty = l/wu,
the phase margin, @,, of a two-pole system (assuming widely separated

poles) is expressed as

Om

It
'

tan'l(wu/wz)
tan™d (w,/B0;). (16)

180° - tan’l(wu/wl)

180° - tan"l(u,/0;)

For example, with a, = 1000 V/V and f; = w;/2n = 1 KHz, the normalized
small-signal settling time, t,, of the two-pole system is plotted
versus the unity-gain phase margin in Fig. 3. Clearly, te is a very
strong function of the phase margin, and thus in order to obtain
maximum operating speed, an accurate phase margin is required. The
phase margin corresponding to the minimum settling time, ¢,(MST), is
also a function of the error band tolerance as seen in Fig. 3, and is

derived using Egns. (15) and (16) (with the assumption that
tan (v, /wg) = 90°) as
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Normalized small-signal settling time versus unity gain phase
margin for common values of the error tolerance, D. The
discontinuities in response time are associated with the
natural frequency of the system, and occur when response peaks

or valleys Jjust enter the bounded region for increasing phase

margin.
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1 /1n D)2
by (MST) = 90° - tan™! [ ! (ﬂ4 " ]. (17)

For D = 0.01, Egn. (17) gives ¢,(MST) = 70°. Note that when D --> 0,
Gp(MST) --> 76° which corresponds to the critically damped response of

the two-pole system.

2.3 Frequency Compensation Considerations

In the previous section, it was shown that the Butterworth
response provides the minimum settling time only for the rather
impractical and imprecise cases wherein D > 0.043. For higher
precision applications, D is much smaller, and therefore an improved
compensation technique is required to achieve the minimum settling
time.

Figure 4 shows a two-pole small-signal equivalent circuit of a
two-stage operational amplifier which after adding compensation
elements exhibits three LHP poles and one zero. Solving the network
equations and using the dominant pole approximation technique [5],[16],

the pole and zero frequencies after compensation are

9; 9
o] = - 1% (18)
(Imz + 91 + 92)Cr + 9201 + 95C5

(9mo + 91 + 92)Cr + 91Co + gpC

(19)

(dzz

1 1 1 1
03 - — (— +— + —) (20)

Re €  Cp  Cf
I

and W, = (21)
Cr(1/9mp - Rf)
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where g; = 1/R; and g5 = 1/R,. The values for the compensation
capacitance, C¢, and the nulling resistance, Re, are usually chosen so
that the zero exactly cancels the first non-dominant pole [17].
Therefore, to obtain a simple two-pole system and to minimize the
small-signal settling time for a given amplifier bandwidth, Eqns. (18)-
(21) must satisfy

Wy = W, (22)
and w3 = Bywg (23)
where B, is determined from Egn. (15). Solving Egns. (22)-(23) gives
the element values for optimum compensation as

1+ (n/Iln D)% 1

Reg = ——————  — [(9p2%91%95)Cr + 91Co + goCq] (24)
4 9m1 Im2 C1

and
C; +C
Ce = ! 2 . (25a)
(Re - 1/9m2) (Gpp + 91 + 9))
Substituting Eqn. (24) into (25a) and solving for Cs gives
Cr=[-b+ /(b% - 4ac)]/2a (25b)
where
[1+ (n/1n D)?] (gps + 97 + 9p)?
a-= (25¢)
4 9m1 Im2 C1
R [1+(n/1n D)2](gpr+91+92) (95C1+91Co) (Gpo+91+95) (25¢)
4 9m1 Im2 C1 Im2
and

c = C] + Cz (256)
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The solutions of Eqns. (24) and (25) give the compensation element

values which provide the MST response for the opamp.
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Fig. 4. Small-signal model of two-pole operational amplifier with

pole-splitting compensation elements Re and Cf.
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ITI. IMPROVED EQUIVALENT CIRCUIT MODELING

In this chapter, we examine the use of small-signal equivalent
circuits in frequency compensating two-pole operational amplifiers. Our
results show that the previous techniques based on Miller-multiplied
capacitance models are suitable only for those amplifiers in which the
first-stage pole 1is dominant prior to compensation. In most SC
circuits, the internal opamps are transconductance amplifiers which
drive on-chip capacitive 1loads, and thus, for these opamps, the
second-stage pole is dominant. Hence, in order to more accurately model
the second-stage-dominant pole systems, and to subsequently realize the
optimum phase margin condition, we have extended the small-signal model
to include vresistance effects in addition to Miller capacitance

effects.

3.1 Problem Description

In order to test the accuracy of the compensation techniques, a
CMOS two-stage transconductance amplifier (Fig. 5) was designed. As a
first step in compensation, the parameter values (Table I) for the
small-signal model of Fig. 6(a) were determined from Fig. 5.
Unfortunately, this two-pole one-zero model is not convenient for
calculating Re and Cf because of the presence of the RHP zero
introduced by ng**. Therefore, the next step usually involves using
the Miller effect to develop the two-pole no-zero model of Fig. 6(b)
[16],[18]. [In this circuit, Miller capacitance Cy; (Cyp) is shunted

** \ith the series Rf-Cf compensation network connected in parallel with C dqr the system actually
exhibits three LHP poles and two zeros. The zero associated with the Rf-Cf network is the one that
is moved into the left-half-plane to cancel the first nondominant pole. The zero associated with

ng remains fixed in the right-half-plane at its original frequency.
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Fig.5. A typical two-stage CMOS operational amplifier used to
exercise the compensation model. The fractions represent

- MOSFET (W/L) ratios in microns. Rg and Cr are the frequency

compensation elements.
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TABLE 1
Ist Stage 2nd Stage
g (1S) 87.60 266.00
C’ (pF) 0.59 10.28
R’ (k@) 866.55 197.63
Cgd(fF) 20.80

Table I. Small-signal parameter values for the CMOS two-stage opamp of

Fig. 5, and its small-signal model of Fig. 6(a).
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across the first (second) stage to account for the effect of the gate-
drain capacitance, ng, on the frequency of the first (second) stage
pole. The RHP zero is assumed to be at a very high frequency relative
to the unity-gain bandwidth, and is therefore ignored. In the two-pole
model of Fig. 6(b), the total branch resistances are R; = R;’= 1/9;’
and Ry = Ry’= 1/9g5’, and the total branch capacitances are given by

C] =C11+CM1 (26)

and CZ = C2' + CMZ = CZI (27)

with Cyp = ng (Im2/92" + 1) (28)
(Im2/92" + 1)

and Cyz = Cqd n2’72 : (29)

Im2/ 92"

We now show that when applied to a second-stage-dominant
transconductance amplifier, this modeling approach does not allow
frequency compensation to a sufficient degree of accuracy to obtain the
MST response. Using the small-signal parameter values given in Table
I, the two-pole one-zero model of Fig. 6(a), and the simplified two-
pole model of Fig. 6(b) were simulated using SPICE2. It is clear from
the responses shown in Fig. 7 that the simplified two-pole model (curve
B) is a poor approximation to the two-pole one-zero model (curve A)
especially at critical frequencies near the unity-gain frequency. This
error in modeling before compensation significantly affects the
accuracy of the unity-gain phase margin after compensation. For
example, a desired error tolerance of D = 0.01 requires an optimum
phase margin of 70 degrees. Using Egns. (24)-(29) in conjunction with
the model of Fig. 6(b), the compensation element values are calculated
as Re = 12.3 kI, and Cg = 4.97 pF. Using these values in compensating

the CMOS two-stage opamp of Fig. 5 results in a simulated unity-gain
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phase margin of 84 degrees. Because the resulting phase margin deviates
significantly from the optimum value of 70 degrees, and because a
doublet is also created due to inexact pole-zero cancellation, a very
long settling time is observed. (Doublets may also result in reduced
settling time in SC circuits [13] with a tradeoff in increased
sensitivity to MOS process variations. In practice, an adaptive
compensation technique [17] may be used to guarantee accurate pole-zero
placement in the presence of typical variations.)

As previously stated, on-chip CMOS and GaAs transconductance
amplifiers are wusually second-stage dominant-pole systems with
R;’C;” < R'Cp’ in the model of Fig. 6(a). Conventional application of
the Miller-multiplied capacitance effect in developing the equivalent
circuit of Fig. 6(b) predicts that the first-stage pole moves to a
lower frequency for a nonzero value of ng and will become dominant if
ng and/or g,», is large enough as indicated in Fig. 8(a). This
commonly-held view (c.f. [18], p. 377) is incorrect in terms of basic
root locus theory wherein the poles of a two-pole system can never
cross one another as pole-splitting negative feedback is applied [5].
The correct pole movements are as indicated in Fig. 8(b). With an
increase of ng or gpmo, the second-stage pole moves to a Tlower
frequency remaining dominant, while the first-stage pole moves to
higher frequency remaining non-dominant. In general, the poles are
always split apart with the application of pole-splitting compensation
no matter which of the poles is dominant. It is now clear that the
equivalent circuit model of Fig. 6(b) with Miller-multiplied

capacitances is not an accurate representation of second-stage-dominant
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transconductance amplifiers, and therefore cannot be used to

achieve the MST response in this case.

3.2 Improved Equivalent Circuit Model

In order to achieve the MST response, modeling techniques have
been developed that are more accurate at frequencies near the unity-
gain frequency of the opamp. The improved equivalent circuit model
includes the conventional first-stage-dominant one as a special case,
and it is able to predict accurately the pole movement for optimum
frequency compensation of second-stage-dominant transconductance
amplifiers.

In the circuit of Fig. 6(a), the impedance looking into ng from
the left, Z;, is found from Fig. 9(a) as

1 1+ s(Ch'+ ng)/gz’

Z; - : (30)
SCad(9mp/9p"'+ 1) 1+ sCo'/(gpot 95°)

When the operating frequency is low, Eqn. (30) becomes

1 1
Z; = = . (31)
sCyp ngd(gmz/gz’+ 1)

Since ng(gmz/gz’ + 1) is simply the Miller capacitance, the
conventional model clearly applies at low frequencies (Fig. 10). When
the operating frequency is between g5’ /(Cr" + ng) and
(Imo + 92°)/C57,
1
Im2 * 92
In this frequency range, the impedance is not due to the Miller

capacitance, but rather to a resistor, Ry;, which may be called a

"Miller resistance". When the operating frequency is higher than

(9m2 + 92°)/C2"
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Zj=—=—=_° (33)

which is due to a capacitance, Cs7» equivalent to ng and Cp’ in
series. The impedance looking into ng from the right (Fig. 9(b)) is
Just ng in series with R;” and C;’. The complete equivalent circuit
model shown in Fig. 11 is based on the impedances derived above. From
this analysis, it is clear that the conventional equivalent circuit
using the Miller-multiplied capacitors is an incomplete model accurate
only for low frequencies.

SPICE simulations on the improved equivalent circuit model of
Fig. 11 using the small-signal circuit parameters listed in Table I are
compared with simulations of the original circuit model (Fig. 6(a)) in
Fig. 12. Excellent agreement between the two circuits is obtained over
the frequency range of interest. The high-frequency RHP zero due to
ng is not included in the new equivalent circuit as the frequency of
the zero is usually large relative to the unity-gain frequency.

Although the complete equivalent circuit is very accurate, it is
complicated, and must be simplified for ease of use in frequency
compensation calculations. In SC applications, the OTA is usually a
second-stage dominant-pole system with the non-dominant pole at the
output of the first stage. Therefore, in the high frequency range
between  g,’'/(C," + ng) and (gpo + 95')/C»’, the "Miller resistor”
(Eqn. (32)) dominates the effect of the impedance Z; on the first
stage, while the capacitances Cy; and Cg; can be ignored. For the
second stage, R;’ is removed for simplicity without a significant
reduction in accuracy. The simplified equivalent circuit for the

second-stage dominant-pole system is shown in Fig. 13(a). Perhaps
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surprisingly, it has the same form as the previous simplified model of
Fig. 6(b), with the only difference being in how the element values
are determined. For the first stage of Fig. 6(b),

Ry =Ry’ Ryy/(Rp” + Ryy)s Cp =20y’ (34)
and for the second stage,

Ry = Ry, Cr=Cr" + ng Cl’/(ng +C;’). (35)
This two-pole circuit with new element values is applied to frequency
compensation in the same manner as before. In the case of the
transconductance amplifier, note that R; is reduced significantly from
Ry’ due to the small Miller resistance, Ry; (Eqn. (32)), and C; is
almost unchanged. Therefore, Ri€C; < Rp’Cy’, i.e., the first-stage pole
moves to higher frequency because of the Miller resistor effect, while
the second-stage pole moves to a lower frequency.

For most general purpose opamps with output stages, the condition
Rp’Cy” > Ry'Cy’ is usually satisfied. Therefore, the opamp is a first-
stage dominantFpo1e system prior to compensation. In this case, Ryi
and Cgy in Fig. 11 may be ignored due to their very high impedances at
low frequencies, while at the output of the second stage, removing Ry’
is usually a valid approximation. With these simplifications, the
equivalent circuit for the first-stage dominant-pole system reduces to

the conventional Miller capacitor model of Fig. 13(b), [19].

3.3 Applications in Frequency Compensation

The simplified equivalent circuit for the second-stage dominant-
pole system (Fig. 13(a)) was derived using Eqns. (34)-(35) and applied
to frequency compensation for the MST response. The compensation
element values were calculated using Table I, and Eqns. (24)-(25) with

D =0.01 as Re = 18.86 kQ and Cg = 2.65 pF.  SPICE simulations with
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these values for the simplified equivalent circuit and the original
circuit of Fig. 6(a) are compared in Fig. 14(a). The agreement is
excellent at frequencies near the unity gain crossover frequency where
the phase margin, and thus the settling time, is determined. Although
the agreement is not as good at low frequencies, this is of no concern
in frequency compensation. The simulated unity-gain phase margins were
72.4 and 73.1 degrees for the original and the simplified equivalent
models. The small difference was caused by neglecting the high-
frequency zero introduced by ng in Fig. 6(a). The conventional first-
stage dominant-pole equivalent circuit (Fig. 13(b)) using the Miller
capacitance effect was also applied to the compensation of the
transconductance amplifier with Re = 12.63 kQ and Cf = 4.97 pF, as
calculated previously. The SPICE simulation results of Fig. 14(b) show
poor agreement with the original circuit in both the low- and high-
frequency ranges.

Finally, the more accurate compensation element values obtained
using the improved model, Re = 18.86 kQ and Cf = 2.65 pF, were used in
a simulation of the CMOS opamp of Fig. 5. The results indicated good
cancellation of the pole-zero doublet, and a unity-gain phase margin of
67.6 degrees which is an error of less than four percent relative to
the ideal 70 degree phase margin. For comparison, the previous
technique yielded a phase margin of 84 degrees giving a 20 percent
error. With some minor empirical adjustment, the 70 degree phase
margin, and thus the MST response for D = 0.01 is achieved with
Re =17 kQ and Cg = 2.9 pF. The simulation results of the step
responses for the 70 degree MST and the commonly-used 60 degree phase

margin responses are shown in Fig. 15. It is seen that the MST
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response, (the first peak of the response touches the upper error
limit), reduces the settling time considerably as compared with the 60
degree phase margin case even though a slightly larger compensation

capacitance is required to achieve the larger phase margin.
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IV. MST DESIGN FOR ONE-STAGE FOLDED-CASCODE OPAMP

Another widely used CMOS opamp in SC circuits is the one-stage
folded-cascode opamp. It provides higher frequency operation and a
higher power supply rejection ratio than the conventional cascode and
two-stage opamps. An early version of the folded-cascode opamp was
analyzed by Ribner and Copeland in 1984 [20]. Figure 1 shows a newer
version of the folded cascode opamp which has been used for several
years [21], but was first published in 1987 [22]. For switched-
capacitor applications, a major advantage of this version over the one
analyzed by Ribner and Copeland is that this is a one stage opamp.
Therefore, the loading capacitance is used to provide closed-loop
stability and no additional compensation capacitance is required as in
two-stage opamps.

For first-order analysis, the folded-cascode CMOS opamp is
usually approximated as a one-pole opamp [18]. However, in order to
design the opamp for the minimum settling time (MST) response, second-
order effects must be considered. In this chapter, a two-pole model of
the folded-cascode opamp of Fig. 16 is developed based on a complete
small-signal analysis. The developed model represents the opamp very
accurately, and is easily applied in the design for the MST response.
Based on the optimization criterion proposed in Chapter II, the design
equation for the MST response of the one-stage folded cascode opamp is

derived and verified with SPICE simulations.



dd
Vi . [ |
M3 || b1~ L M7
a “ T —— [_ | e
M4 - || <y, — }i.nz M1 j|—<j v |- M8
. b2 V. + V. - 'b2 v
b | inn || Tin d ‘—Q‘!ED

v, © [ M11 c
Via L>-‘ iimz
vSS

Fig. 16 A one-stage CMOS folded-cascode operational amplifier.

37



38

4.1 Small-Signal Modeling

A complete small-signal model for the folded-cascode opamp
(Fig. 16) is shown in Fig. 17 [23], where the loading capacitance C; is
included in Cy and V,,+ is associated with node d in Fig. 16. The node

equations for this circuit can be written as (neglecting ng]O)

In1(Vin/2) + (1/Rg + sC)Va + gqsq(Vy - Vp) + GpqVy = 0 (36)

(1/Ry + SC)Vp + ggsq(Vp - Va) - GpgVy = 0 (37)

Im1oVp + (1/Rc + sSC Ve + Gqsg(Ve - Vout) + GpgVe = 0 (38)

SCaVout + 9ds9(Ve - Vout) - GmoVe + 9dsg(Vg - Ve) - GpgVe = 0 (39)
Ip1(-Vin/2) + (1/Rg + sC)Vgo + gysg(Va - Vg)+ Gpgle = 0 (40)

Where Gp = 9y + Ipps. In deriving the above equations, the very small
ng10 in Fig. 16 is neglected as a good approximation. Due to the fact
that Rbe << RCCC, ng]O does not act as a Miller capacitance, but
rather as a Miller resistance, which is much larger than Ry, at node b.
Using a dominant-pole approximation, we derive the transfer function of

the small-signal circuit model of Fig. 17 as

ag(l - s/sz1)(1 - s/szp)
(1 - s/ug)(1 - s/wg)(1 - s/wp) (1 - s/w;)

a(s) (41)

with

g.1G
2 = ml®m8 (42)

(9ds1 + 9ds7)9ds8 *+ 9ds99ds10(Cms/Cmg)

(94s1 + 9ds7)9ds8”Cmg + 9ds99ds10/Cm9
wd = - ’ (43)

Cq




Fig. 17 A complete small-signal model for the opamp in Fig. 16. Nodal
voltages V, -V, are referred to the nodes a-e in Fig. 16, and

Vout js associated with node d.
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G
v = - -1, (44)

Ce

g
op = - (45)

Ch

G
o, = - 2, (46)

Cc

and

Sz1s Szp = (0p + w)/2 ¢ J(wp? + 0 2)/4 - 3wpu /2 (47)
where a, is the DC gain of the opamp. Eqn. (40) shows that the

transfer function of the folded-cascode opamp has four left-half-plane
(LHP) poles and two LHP zeros. The dominant pole (Eqn. (43)) of the
opamp is at the output node d due to the large values of Tloading
capacitance and output impedance. The frequencies of fhe three non-
dominant poles (Egns. (44)-(46)) are of the same order. It can be
shown that the two LHP zeros (Egqn. (12)) are usually a conjugate
complex pair, where the real part of the frequency,
Re(s,1, Szp) = (wp + 0.)/2, is the average of wp and w.. For a first
order approximation, Re(s,j, S,p) can be considered to be cancelled
with the two poles wp and w.. Thus, the transfer function of Eqn. (40)
is simplified to a two-pole model with

a

0
(1 - s/wg)(l - s/wp)

a(s) = (48)

Figure 18 shows the two-pole small-signal circuit model of the folded-
cascode opamp in which

ImI = 9m1> (49a)

Cr = Cas (49b)

Ry = 1/Gpg, (49c)
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Fig. 18 A simplified two-pole small-signal model for the folded-

cascode opamp.
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and ImII = Gm s (50a)
Cr1 = Cg (50b)

1
RII = (50C)

(94s1 + 9ds7/9ds8”6mg + Ids99ds10”Cm9-

The dominant pole of this circuit is always associated with the second
stage. Figure 18 shows a comparison of the SPICE simulated frequency
responses of a folded-cascode CMOS opamp and its two pole model. The
two-pole model is accurate up to the unity-gain frequency. Although
the phase responses of the model and the opamp disagree slightly at the
unity-gain frequency due to the inexact pole-zero cancellation, they
are still in fairly good agreement and can be used to design the MST

response for the opamp.

4.2 Opamp Design for MST Response

In Chapter II, we have shown that the minimum small-signal
settling time response of a two-pole system is obtained when the
response to a step input is underdamped so that the first peak just
touches the upper error bound. Equation (15) shows that a well-defined
pole separation factor provides the MST response for the two-pole
opamp; This pole separation value for the folded-cascode opamp is:

We 4 (a, + 1)

By = — = (51)
Wy 1+ (ﬂ/]ﬂ D)Z

Using Eqn. (51) with Eqns. (7)-(9) and assuming Cy = C;, we obtain

C;[1 + (n/1n D)2] - 4(g,1/6pg)Ce = 0 (52)
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Equation (52) can be used either to determine the optimum loading
capacitance for a given opamp, or as an opamp design equation for a
given C;.

A folded-cascode opamp was designed using Eqn. (52) with
C; =5 pF and D = 0.01 with the device sizes listed in Table II. The
frequency responses of the opamp and its two-pole model are shown in
Fig. 19. Figure 20 shows the simulated MST response (C; = 5 pF)
compared with a more underdamped, yet wider bandwidth response
(C; = 4.5 pF) and a more overdamped, yet narrower bandwidth response
(C; = 5.5 pF). Interestingly, longer settling times are observed when
C; is either larger or smaller than 5 pF even though the unity-gain
bandwidth increases for smaller (; values. (Similar behavior has been
reported for SPICE simulations of one-stage GaAs opamps [24].) The
simulated phase margin for the MST response of this opamp is about 67
degrees which is slightly smaller than the MST phase margin predicted
in Chapter II for the ideal two-pole opamps (around 70 degrees). This
is because the third and fourth poles of the folded-cascode opamp are
not exactly cancelled by the complex zeros, which results some
additional phase shift. The small-signal settling time of the opamp
versus the loading capacitance is plotted in Fig. 21. It is shown that
the settling time is a very strong function of C;, and the minimum
settling time is obtained at 5 pF as designed. Similar to Fig. 3, the
discontinuities in response time of Fig. 21 are associated with the
natural frequency of the system, and occur when response peaks or
valleys Jjust enter the bounded region for increasing loading

capacitance.
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Table II
M1 120/6 M7 460/6
M2 120/6 M8 332/6
M3 460/6 M9 126/4
M4 332/6 M1O 126/4
M5 126/4 M1l 240/6
M6 126/4 M12 240/6

Table II. W/L ratios (in microns) of a one-stage folded-cascode

opamp for MST response with C; = 5 pF.



45

AU T o P S

100 |- LGAIN i SN SRS S S

GAIN (dB), PHASE (degree)

' '
' '
v '
. v v
. .
200 . . : . :
— N
LELLAALLI LERLAALLLL Tv LRI ERALL mrrrar rieim

10 100 1K 10K 100K 1M  10M 100M
FREQUENCY (Hz)

Fig. 19 SPICE simulated frequency responses for the original opamp of
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V. DISCUSSION AND CONCLUSIONS

A frequency compensation technique for fast-settling opamps has
been presented, and an improved equivalent circuit model for a two-
stage operational amplifier was also proposed. The results show that
for a first-stage dominant-pole system, the Miller capacitance
approximation is appropriate whereas for the second-stage dominant-pole
system, the Miller resistance approximation is required. This improved
modeling not only provides for much more accurate compensation, but
also improves the understanding of pole-splitting compensation. The
minimum small-signal settling time analysis is also applicable to the
optimization of one-stage two-pole opamps as presented in Chapter Iv.

One potential concern relates to the sensitivity of the MST
response to process variations. Variations in phase margin were
simulated with standard process variations about both the MST and
nominal 60 degree cases for the two-stage opamp. The compensation
capacitance was varied by 10 percent, while the g,’s and the
compensation resistance were varied by 125 percent. As shown in
Table I1I(a), the MST exhibited nearly identical sensitivity to the
commonly-used 60 degree case. As shown in Table III(b), the
sensitivities were also simulated for +25 percent variations in R;’ and
R»’, and t10 percent variations in (;’ and C,’. Again, the
sensitivities were similar. Obviously, we cannot compensate the opamp
exactly at the MST point over processing variations. The key point
here is that if we select the MST as the nominal condition, then
including process variations, the range of settling times is always
less than the range obtained if we select 60 degrees as the nominal

condition. The improvement is typically a factor of two. This argument
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obviously applies for temperature variations as well. A similar
sensitivity to process variation was also observed in the folded-
cascode opamp.

We are somewhat justified in neglecting slew-rate effects in many
applications. Using conventional two-stage or cascode opamps, sliew-
rate effects may be ignored for cases wherein the maximum output
voltage change during any sampling period is less than about 500 mV.
For high frequency CMOS SC filters, either class-AB or adaptively-
biased [25]-[30] opamps may be used as they do not exhibit slew-rate
limiting, and therefore small-signal analysis is applicable. T%he slew-
rate limitation on the MST design is suggested for future study.
Another suggestion for future work is the applications of the MST

design techniques for SC filters.
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TABLE III(a)

0.75C¢ 1.0C¢ 1.1C¢
0.75g 65.7 68.6 70.8
o (52.4) (59.4) (56.4)
1.00g 65.9 70.0 73.6
" (56.2) (60.0) (62.7)
1.25g,  61.7 65.7 69.7
(54.2) (58.0) (61.4)

TABLE 111(b)

0.9C' 1.1 ¢/

. 74.6 67.5
0.75R" 640y  (57.4)

' 73.7 66.9
1.25 R (62.8) (56.5)

Table III. Comparison of phase margins (in degrees) versus typical
process variations for the MST compensation versus the 60-
degree compensation (numbers in parentheses) for the

circuit of Fig. 6(a) with Rg-C¢ compensation elements.
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