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Abstract— A general gain-enhancement technique for opera-
tional amplifiers using a replica amplifier is described. Unlike
conventional techniques such as cascoding, which increases the
gain by inereasing the output resistance, the replica-amp tech-
nique increases the gain by matching the main and the replica
amps. Amorng the advantages of the replica-amp technique are
low supply, high swing, and effectiveness with resistive loads. This
technique has been demonstrated in a 1.2-pym CMOS two-stage op
amp. Operating from - 1-V supplies, the op amp has an effective
open-loop dc gain of greater than 10 000, while maintaining a high
swing of 100 mV from either supply rails. The gain-enhancement
circuit is shown to have only a small effect on the settling time
experimentally, analytically, and in SPICE simulation.

I. INTRODUCTION

ORTABLE systems are currently moving from 5-V to
 3.3-V supplies, with a trend toward even lower supply
voltages. At these low supply voltages, the design of analog
-circuits is extremely challenging. The key bottleneck is the
operational amplifier, which typically requires high open-
loop gain and high-frequency response to minimize errors
in the output voltage, and high output swing to maximize
the signal-to-noise ratio, especially in low-supply applications.
Obtaining high open-loop gain, however, is difficult in modern
MOS processes due to the small intrinsic gain of short-
channel MOS transistors. Although long-channel transistors or
subthreshold operations improve gain, the frequency response
is sacrificed. A number of circuit techniques have been used
to increase the gain by increasing the output resistance. Fig.
1(a) shows a simplified version of the popular cascode. The
output resistance is increased by a factor of gp,7,, so the
voltage gain is increased by the same factor [1]. This increase
in gain, however, is achieved at the expense of the output
swing. Although 1 Vpggar is necessary to saturate the
bottom transistor, typically a safety margin Vijargin is added
to ensure that the bottom transistor operates in the saturation
region. Taking into account the additional 1 Vpggar for
the top transistor, the maximum swing from supply is 2
Vbs,saT + Viargin- Since both Vpg sat and Viargin are on
the order of 200 mV, the sacrifice in output swing .can be
very large, especially in low-supply circuits. Fig. 1(b) shows
the active cascode -circtit [2], [3]. By adding an additional
amplifier, the output resistance is increased by the additional
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gain of A. Since the circuit requires a regular cascode, it suffers
the same output-swing limitation of 2 Vps sat + Vinargin. A
number of circuits using positive feedback to bootstrap the
output resistance have been reported [4]-[6]. Fig. 1(c) shows
an example from [4]. It can be shown that in the worst case, the
gain enhancement is turned off when the output swings within
2 Vps,sat + Vinargin + Vr from the supply. This limitation
is quite severe since Vo is typically on the order of 700 mV.
Although other positive feedback circuits such as [7] may not
suffer as severe an output-swing limitation, in most cases the
output swing is limited to 2 Vps,saT + Vinargin due to the use
of cascode; or Vr, due to the use of common-source ampIiﬁer;
or both. In addition, the use of positive feedback can result in
instability and is generally awkward to implement in a fully
differential topology.

The three techniques previously described improve gain by
increasing the output resistance and therefore are unsuitable
for driving resistive loads. The use of source follower as the
output buffer compromises the output swing further and hence
is not an attractive option for driving resistive loads. Moreover,
the increased output resistance makes the amplifier susceptible
to stray conductance effects, such as impact ionization and
leakage currents.

Switched-capacitor techniques [8], [9] can be used to reduce
the finite-gain error. However, they are useful only in limited
applications. Furthermore, the switched-capacitor techniques
require an additional clock cycle to remove the finite-gain
erfor, and the improvement is strongly affected by input
capacitance of the op amp [8] or by the common-mode
rejection [9].

In this paper, we describe an effective open-loop gain-
enhancement techriique that does not require the use of cas-
code, thereby maximizing the output swing and the input
common-mode range; and it does not require the use of
long-channel transistors or subthreshold operations, thereby
maximizing the speed. However, if desired, the technique
can be used in combination with conventional techniques
such as cascoding to further increase the open-loop gain. In
addition, the gain enhancement remains effective even with
moderate resistive loads. The gain-enhancement technique
to be described can be used with any operational amplifier
topologies, including two-stage, folded-cascode, and class
AB—single ended or differential. In the following sections,
we present the general gain-enhancement technique, followed
by a two-stage implementation example chosen to demonstrate
the technique in a low-voltage application. Although the
technique is general and can be applied to most switched
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Fig. 1. Conventional gain-enhancement techniques. (a) A regular cascode
circuit. (b) An active cascode circuit. (¢) A positive feedback circuit.

capacitor circuits, our discussion will focus on continuous-time
operation.

II. PRINCIPLE OF THE REPLICA-AMP GAIN ENHANCEMENT

A. Transconductance Building Block

For the purpose of discussion, consider a transconductance
amplifier with a finite output resistance r,. As an example, an
inverting amplifier using such a transconductance amplifier is
shown in Fig. 2, with feedback.

Assuming that the elements Zf and Zg are capacitors and
the initial charges on the capacitors are zero, the low-frequency
output voltage is given by

1
=-p (1 i 1+ﬁ
where 8 = %, the ratio of the two impedances in the
feedback network, and the low-frequency open-loop voltage
gain a, = gm7,. It can be seen from (1) that the finite gain

= -1 —€ur (D
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Fig. 2. An inverting op amp.

a, produces an error ¢ given by
_1+p

Qo

@

(2) states that the error decreases as the open-loop gain
increases. In the limit when the open-loop gain goes to infinity,
the finite-gain error goes to zero, and the output achieves an
ideal voltage of —fv;.

B. Basic Description of the Gain-Enhancement Technique

Fig. 3 shows the enhancement technique using a replica
amplifier RA. For simplicity, we first assume that Ar, is zero,
in which case the replica amp is identical to the main amplifier
MA and has the same feedback network as MA. The input
voltage vy is applied to both MA and RA in parallel. Since
RA is used in the same inverting configuration as the simple
op amp shown in Fig. 2, the output voltage of the replica
amplifier vo, is already very close to the ideal output voltage
within the finite-gain error given in (2). Since the coupling
transconductance amplifier CA is connected in parallel with
the inputs of the replica amplifier, CA produces a current ix,
which is the same as the current ¢x produced by RA. This
current ¢ 5 from CA is injected into the output resistance r, of
the main amplifier, producing a voltage that is already close to
the ideal voltage. Therefore, MA provides only a small amount
of error current Aix to bring the output voltage even closer
to the ideal voltage of —Gvy. Since the input voltage needs to
change by only a small amount to produce Ay, the effective
open-loop gain is increased. Analysis shows that the dc output
voltage of the main amplifier is

1
Vom = —f| ——— |vr 3)
1+ (1+/6)
corresponding to an error given by
14+ 8)\°
~ (2. 4
(*£9) @

Comparing (2) to (4), we see that the error term has been
reduced by the factor of 3225, increasing the effective open-
loop gain by the same factor. When the closed-loop gain (
is small and a, is large, the enhancement factor is potentially
very large. In such cases, the actual improvement is limited
by the matching between the main and the replica amps, as
will be shown later.

C. Minimizing Power and Chip Area

The coupling amplifier CA, though shown as identical to
both MA and RA, can be implemented with just a single



YU AND LEE: CMOS OPERATIONAL AMPLIFIER

v, Zg9
Z9
e b2 :
Replica Amp i o+ Ao
\%
Fig. 3. A replica-amp gain-enhancement technique.
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Fig. 4. Minimizing power and area by scaling down the replica amplifier.

transistor, as will be demonstrated in the two-stage example.
In addition, RA need not be identical to MA. In Fig. 4, the
transistors of the replica amplifier are scaled down by a factor
of N in width from those of the main amplifier. The feedback
network is also scaled by the same factor. As a result, the
additional amount of chip area and power due to the addition
of the replica amplifier can be minimized. Analysis shows that
the output voltage in this case is unchanged from that given in
(3). It is estimated that the replica amp can be scaled down in
width by a factor of about 3 without significantly increasing
the input-referred noise of the amplifier.

D. Effect of Mismatch

Previous analyses for Figs. 3 and 4 assume that MA and RA
are perfectly matched. In practice, mismatch limits the gain-
enhancement factor. Since mismatch is most likely dominated
by the mismatch in output resistance, we consider this effect
when the output resistance of RA in Fig. 3 is r, + Ar,, where
Ar, is no longer zero. It can be shown that

. r
Vom = =3 vy, assuming ZA_:— <L
o

! o
T

Comparing (1) with (5), we see that the error due to finite
gain is reduced by

To 1

Ar, = A ©

gain enhancement factor =

As can be seen from (6), for a 5% mismatch between MA
and RA, the effective gain-enhancement factor is 20. Other
sources of mismatch can be similarly analyzed.

E. Gain Enhancement when Resistively Loaded

Conventional gain-boosting techniques such as cascoding
increase the gain by increasing the output resistance. Ampli-
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fiers built with such techniques suffer significant gain reduc-
tion when they drive resistive loads. In contrast, Fig. 5 shows
the case when the present technique is used with two identical
external resistive loads Ry, added to both MA and RA. Anal-
ysis shows that even when Ry is many times smaller than r,,
the effective open-loop gain of MA remains almost unchanged.
When R is more than an order of magnitude smaller than
7o, the effective open-loop gain does go down, though the
gain enhancement remains effective. The enhancement factor
in this case is -‘(’i’f@?). This analysis is predicated on the fact
that the resistive loads are matched much better than the output
resistance of MA and RA. This condition is generally satisfied,
since typical on-chip- poly resistors are much better matched
than the output resistance of MOS transistors; and for off-chip
resistive loads, the resistors can also be closely matched.

III. CIRCUIT IMPLEMENTATION

A. Circuit Description

The technique described above can be applied in principle to
any operational amplifier built with transconductance stages.
To demonstrate the concept, a two-stage op-amp topology
without cascode is chosen to maximize the output swing. In
Fig. 6, the top half of the circuit is the main amp and the
bottom half is the replica amp. For simplicity, no scaling is
used, and RA is an exact replica of MA if we ignore the small
dashed box near the output of RA. We will return to that box
later. The external feedback networks are such that the same
ratio 3 is maintained between MA and RA. Although a single-
ended topology is chosen, the application of the replica-amp
gain enhancement technique to a fully differential topology is
straightforward. All the transistors used are of minimum gate
length of 1.2 pm, with the exception of the output PMOS
current source transistors MP4 and MPX4, which have a gate
length of 1.8 um. In a two-stage op-amp design, though the
gain-boosting technique can be applied to the first, the second,
or both stages, for simplicity the technique is applied only to
the second stage.

The coupling amplifier is implemented with just a single
transistor, MN4, which is connected in parallel with the second
stage of RA. Since MN4 and MNX3 are connected in parallel,
with 0 V applied to the input of the main amp, MN4 already
provides the necessary current such that the output of the main
amp is the same as that of the replica amp. This output voltage
differs from the ideal value by the small error voltage given
by (2). Therefore, transistor MN3 provides a small amount of
error current Azx. As a result, for a given output voltage,
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Fig. 6. Schematic of the op amp.

only a very small amount of error voltage is necessary at the
input of the main amp to drive the output of the main amp to
the final level given by (3). Transistors MNX5, MPX5, and
MPX6 in the small dashed box are added to mimic half of
the input differential stage of the replica amp. Together, these
transistors bias MNX4, resulting in MA and RA having the
necessary matched output resistances.

B. Settling Time Considerations

Qualitatively, from Fig. 3, we see that MA and RA are
driven in parallel by the input voltage vy, each with its
independent feedback network. In the worst case, we expect
the settling time to be no more than the time it takes for the
replica amp to settle first plus the time it takes for the main amp
to settle. In other words, the worst-case settling time is 2 7,
where 7, is the settling time when no enhancement is applied
using a replica amp. Therefore, there is no possibility of any
settling components slower than 2 7. In practice, MA and RA
settle more or less in parallel, so the actual settling time is less
than 2 7,. A more rigorous quantitative analysis for a two-stage
op amp is shown in Appendix I. The analysis indicates that in
closed loop, the added poles are at the same location as the
original poles without the replica-amp gain enhancement. It is
shown that if the replica amp has the same load capacitance
as the main amp, the settling time is approximately 1.3 7. In
the limit, when the replica amp load capacitance is reduced
to zero, the settling time is essentially just 1 7., the original
settling time of the unenhanced op amp. Due to the difficulty
of measuring settling accuracy at and greater than .1% at tens
of MHz speed, SPICE simulation is used to demonstrate the
validity of the analytical results summarized in Appendix I. In
addition, although Appendix I assumes only a single mismatch
in the output resistance, to account for multiple sources of
mismatch in any physical implementation of the op amp the
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TABLE 1
EXPERIMENTAL PERFORMANCE SUMMARY OF THE TWO-STAGE OP AMP

Main Amp Replica Amp

Channel Length:

MP1, 2 1.2 pm 1.0 pum
MP3, 4 1.2 pm 1.1 pm
Feedback Network:

Cr 10.0 pF 10.0 pF
Cy 10.0 pF 10.1 pF
Ce 10.0 pf 9.9 pF

TABLE 11

SOURCES OF MISMATCHES USED IN SPICE SIMULATION

Enhancement OFF ON
Supply Voltage 1V 1V
Output Swing 100 mV from either rail 100 mV from either rail
DC Gain: no load 810 10 800

1 k€2 load 200 10 500
Power Dissipation 4 mW 9 mW
Settling Time (1%

[gairgl-of—3 ci(rcuit] 33 ns 35 ns
Gain-Bandwidth 63 MHz 63 MHz
Load Capacitance 29 pF 29 pF
Die Area 0.34 mm? 0.61 mm?

channel lengths of the transistors are mismatched, as shown in
Table II, resulting in mismatches in g,,, device capacitance,
and output resistance. In addition, 1% mismatches in both C;
and C', are also introduced between the main and the replica
amps. In order to separate the effect of final dc-gain error from
the dynamic part of the settling, Fig. 7 shows the percentage
difference between the output voltage as a function of time
and the final output voltage. Due to the value of the nulling
resistor used, one of the two poles shown in Appendix I for
the unenhanced op amp is canceled, resulting in a first-order
system. Since the Y-axis in Fig. 7 is on a log scale, first-order
settling behavior will be a straight line with a slope inversely
proportional to the time constant. Ignoring the slight ringing
of the gain-enhanced op amp, Fig. 7 shows that both op amps
have similar slopes, indicating that the time constant of the
exponential decay are similar in both cases. For eight orders
of magnitude in the percentage settling, the worst-case increase
in settling time is about 16%. This SPICE result supports our
qualitative reasoning as well as quantitative analysis of the
replica-amp technique.

C. Noise Contribution from the Replica Amplifier

In Fig. 8(a), the noise contribution from RA is considered.
S, main is the spectral noise density at the input of MA, when
RA is disconnected. S, e, 18 the spectral noise density at the
input of RA. H;; is defined as the voltage transfer function
from the input of MA to the output of MA. Hs; is defined
as the voltage transfer function from the input of RA, through
the coupling amp depicted as the dashed line, to the output of
MA. The effective input-referred spectral noise density, S, ;
is given by
1 (jw) |? 7
Hi(jw)

Fig. 8(b) shows the magnitude of Hy;1 and Hy; using SPICE.

Sn,i = SN,main(jw) +

SN rep(Je0)-
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for noise calculation. (b) Voltage transfer functions H11 and Ho;.

For frequency range above 100 KHz, |H2;| < |Hi1|. Hence,
from (7), it can be seen that the noise contribution from
the replica amplifier to S, ; is negligible. Although for low
frequency, 1/f noise will be increased, in applications such
as switched capacitor circuits the low-frequency noise can be
removed using standard offset cancellation techniques.

IV. EXPERIMENTAL RESULTS

The CMOS operational amplifier shown in Fig. 6 is fabri-
cated in a standard 1.2-pm N-well digital CMOS process with
single poly and double metal. The test circuit shown in Fig. 9
is used to characterize the performance of the op amp using
#+ 1-V supplies. For the main amplifier, an external effective
capacitance of 22 pF in parallel with the effective capacitance
from the feedback network gives a total load of 29 pF. The
total load capacitance of the replica amp is approximately
19 pF. Fig. 10 shows the step response of the test circuit.
The vertical resolution is 200 mV/div, while the horizontal
resolution is 50 ns/div. The 1% settling time is measured to
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Fig. 10. Transient response.

be 55 ns. Within the resolution of the measurement setup,
no significant difference in settling time is observed in the
unenhanced amplifier with similar loading. This agrees with
the theoretical analysis outlined in Appendix I as well as the
simulated result.

Table II summarizes the measured performance at supplies
of + 1 V. As indicated, the output can swing within 100 mV
from either supply rails. The effective dc gain is increased by
a factor of approximately 13 with no load resistor. When a 1-
k€ resistor is added to both MA and RA, the gain drops from
810 to 200 for the unenhanced amplifier. However, when the
enhancement circuit is turned on, the gain remains at greater
than 10 000. It should be noted that the output resistance 7,
of the amplifier is estimated to be 3 k{2 due to high current
and short-channel transistors. Thus, the 1 k2 load resistance
represents approximately Z¢. This result demonstrates the
effectiveness of the replica-amp technique when resistive
loads have to be driven. The power and the die area are
approximately twice those without enhancement. However, as
we have shown, scaling of the replica amplifier can be used
to reduce both the power and the area consumptions.

Fig. 11 shows the die photograph. The chip contains two
versions of the same amplifier. The version at the bottom part
of the chip is scaled down by a factor of 10 for use with smaller
capacitors. The experimental results were obtained from the
bigger amplifier shown at the top of the chip. MA and RA
are at the top and bottom half of the active area. As can be
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Fig. 11.

seen, since no scaling is used for simplicity, MA and RA are
identical. Due to the lack of a second-layer poly, the 10-pF
metal-poly compensation capacitors occupy a large area.

V. CONCLUSION

Conventional gain-enhancement techniques such as cascod-
ing increase gain at the expense of reduced swing, which can
be a major sacrifice in low-supply applications. In addition,
since the gain is increased by increasing the output resistance,
they are sensitive to impact ionization and resistive loads. In
contrast, we have described a technique that increases the
gain by matching the main and the replica amplifiers. This
technique is general and can be applied to any op amp using
transconductance stages. A two-stage topology was chosen
to demonstrate the technique in a high-swing, low-supply
application. We have shown experimentally that the op amp
can be operated at + 1-V supplies, with a dc gain of greater
than 10 000, with or without 1-k{2 resistive loads. Qualitative
and quantitative analyses indicate that the technique has only
a small effect on the settling time, especially if the capacitive
load of the replica amp is small compared to that of the main
amp. In view of the current trend of ever decreasing supply
voltages, the technique offers an attractive alternative to the
conventional gain-enhancement methods.

APPENDIX I

The settling time of an operational amplifier typically con-
sists of the initial slew-rate component and the final small-
signal component. In order to.show that the replica amplifier

Chip photograph of the two-stage op amp.
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has only a small effect on the settling time of the main ampli-
fier, we first note that the gain-enhancement technique does not
effect the slew-rate behavior appreciably. Consequently, we
focus on the effect of the replica amp on the small-signal com-
ponent of the settling time. A simplified small-signal model
shown in Fig. 12 is used for a two-stage op amp. The top half
is the main amp, while the bottom half is the replica amp. The
coupling amp, which is connected in parallel with the second
stage of RA, is modeled as a voltage-controlled current source
with a transconductance of ¢,,2.. Rrm and Ry, represent the
parallel connection of the output resistance of the amplifier
and any load resistor for the main and replica amplifiers,
respectively. The buffers labeled X1 in series with the pole-
splitting compensation capacitors Cy,,, and C.,. are added to
simplify the analysis by eliminating the right-half-plane zeros
typically encountered in two-stage op amps. In the actual
implementation of the circuit, the right-half-plane zeros are
removed by the nulling resistors as shown in Fig. 6. Assuming
the loading of the capacitive feedback network is negligible,
the replica amp has an open-loop transfer function given by

Vor _ ar v ®
V_p TirTLrS* +TRS + 1
where
Gr = GmirgmorR1rBre,
T1r = Ry, (Crr + Co) = R, Cop,
Trr = Rp,.Cr,, and
TR'= Tir + Trr + gm2r Rrr R1,Cor,

2 g R R1,.Cop. )]
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Fig. 12. Small signal model of a two-stage op amp.

Equation (8) shoWs a second-order system with the domi-
nant pole at —; and the nondominant pole at —Tﬁl—

To investigate the effect of the replica amplifier on settling
time, we first consider the closed-loop transfer function for the

unenhanced case. We start with Black’s formula, given by

()

14+ G(S)fl

where a{s) is the open-loop transfer function similar to the
negative of that defined in (8) and

Cy

Vom

V4

Ac (10)

fi ——————Og o and
c,
=4 11
f2 Cy+Cy an

It follows that the unenhanced closed-loop transfer function
is given by

Vo foam

Al unenh = —— . 12
cl,unenh g TlTLm32+7'M3+f1am ( )
The closed-loop poles are given by

m V4 m2CeC C?
5y cloneq = —Im2 :!:]\/ F19m19m2CeCL = gnnCe (13)

2CL ZCCCL

We now consider the gain-enhanced case. Careful analysis
[10] shows that when everything is matched except R, =
Ry, (14 A), the effective open-loop transfer function for the
main amp is given by
Vom
A off = ~—

Vem
& 0, (271 TLm 5% + Tars + fla7n)/(7127%m34 + 27 TLm Tar8®

14 frama, (14)

+ TA%JSQ + fiamTars + T+ A

where we have used the fact that

fl = flm = flr;
f2 = f2m = f27“a
T1 = Tim = Tir;
Tom = 71— A),
Um = Gc = gmirgm2cRir Rim,
am = a.(1—A),and
™ '-_‘—'TR(l—A). (15)
From (14), the dc gain is given as
a
, & 16
o = 1 (16)

which is consistent with (5) where % is the gain-enhancement
factor.
The zeros are located at

-V gm2 + 4 \/8flgmlgm20cCL - gf,znzcg
T 4CL 2C.Cy,
where the subscripts m and r have been omitted from model

parameters such as g,,1 and Oy, since the main and the replica
amps are assumed to match.

a7

The dominant pole location can be shown to be at
A
Sp,dominant — — T (18)
™

which is lower than that of the unenhanced case by the gain-
enhancement factor.

Again we derive the closed-loop transfer function for the
replica-amp gain enhanced case by substituting (14) into
Black’s Formula:

f20m (2T1TLm 8% + Taes + fram)
(TiTLm 82 + Taa s + fram)?

Vom .,

19)

Acl,enh =
Ch
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Comparing (12) to (19), it can be seen that instead of one
pair of complex poles given by (13), we have two coincident
pairs. In addition, there is a pair of clpsed-loop complex
zeros given by (17). For the purpose of discussion, we have
assumed the poles and zeros given respectively by (13) and
(17) are complex. The case when they are real can be similarly
considered.

The closed-loop zero and pole locations characterize the
settling behavior when the op amp is used in a feedback
configuration. For a complex-pole pair —a #+ jw, the dy-
namic componeni of the step response takes the form of
e™* cos(wt + #), where § = tan™! 2. Since the imaginary
part of the pole location governs the ringing frequency, while
the real part governs the decay of the exponential envelope,
for simplicity, we consider only the real part in settling time
considerations. (13) and (17) show that the real part of the
Zeros is at half the frequency of the poles. It can be shown
that the decay of the exponential envelope to 0.1% is about
30% longer in (19) than in (12). This confirms our intuition
that the replica amp cannot slow down the main amp by more
than a factor of two.

For simplicity, we have ignored the loading effect of the
feedback capacitors in the previous analysis. However, de-
tailed analyses show that the feedback capacitors have no
significant effect other than increasing the effective load ca-
pacitance by oh fé’

The above analys1s assumes that the replica amp has the
same capacitive load as the main amp. By reducing the
capacitive load of the replica amp, the settling time can be
further improved. A similar analysis can be carried out with
Crr < CLpm. In the limit when Cp,. is zero, we get the
closed-loop voltage transfer function:

_Vom o _J2
v; i

TM3+flam

s+1

Hence, it can be seen that the real pole-zero pair cancels,
leaving a pair of complex poles at the original locations given
by (13), when no replica amp is used. Since the pole-zero pair
frequency is comparable to the closed-loop bandwidth, even
if there is a slight mismatch there is no appreciable settling
time increase. Therefore, by decreasing the replica amp load
capacitance, the settling time can be made to be much less
than a 30% increase predicted by the previous analysis. In our
implementation, the replica amp capacitive load is significantly
lower than that of the main amp. Hence, the gain enhancement
has only a small effect on the settling time.

f1a

1
20
(TlTLm52 + a8+ fiam (20)
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