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Abstract

This paper presents a new architecture for three-stage operational transconductance amplifiers (OTAs) with a class AB
input stage to improve the slew rate. The nested Miller compensation scheme is utilized to stabilize the proposed OTA. A
nonlinear current mirror in the first-stage is used to implement the class AB operation. Details of the proposed OTA are
described and the circuit level simulation results are provided using HSPICE and a 90 nm CMOS technology to verify the
usefulness of the proposed OTA. In comparison with the conventional class A OTA, it achieves 284.1% enhancement in
the slew rate and the settling time is reduced from 15.7 ns to 9.1 ns with approximately the same power dissipation.

Keywords CMOS operational transconductance amplifiers (OTAs) - Nested Miller compensation - Switched-capacitor

circuits - Fast settling - Slew rate - Three-stage OTAs

1 Introduction

The operational transconductance amplifier (OTA) is one
of the most utilized building blocks in analog and mixed-
signal integrated circuits. For high accuracy data converters
and switched-capacitor circuits, high speed and high dc
gain OTAs are required to settle with specific accuracy in a
specified limited time. On the other hand, by reducing the
feature size of the technology, the design of high dc gain
OTAs becomes more complex and difficult due to the
reduction in the transistor’s inherent dc gain and power
supply voltage. Hence to obtain both high dc gain and large
output swing, cascading of several gain stages are utilized
[1]. However, for closed-loop stability condition, complex
frequency compensation schemes are needed in multi-stage
amplifiers. Various compensation methods including the
most popular nested Miller compensation (NMC) and
reversed nested Miller compensation (RNMC) schemes
have been presented in literature [2].
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Several variants of the basic NMC and RNMC methods
have been proposed in [3-11]. In the majority of these
methods, the load capacitor of the OTA is large and the
required gain bandwidth is small and the settling time is not
a critical issue in their design consideration. On the other
hand, in high accuracy and high speed switched-capacitor
circuits, the load capacitor of the OTA is small and it is
important that the output of the OTA to be settled with a
specific settling accuracy at the desired limited time
[12-15]. As a result, the settling time is one of the most
vital parameters of OTAs which are used in the switched-
capacitor circuits.

Settling time consists of two parts. The first one is the
linear settling time which depends on the gain bandwidth
of the OTA, and the second one is the nonlinear settling
time which is limited by the slew rate of the OTA [16]. So
the nonlinear settling time has a significant impact on the
OTA settling performance. Therefore, the slew rate of the
OTA should be large enough to ensure fast settling. On the
other hand, the slew rate depends on the bias current of the
amplifier stages. So, in a conventional three-stage class A
OTA, to improve the slew rate, the bias current of the
amplifier stages must be increased which also increases the
static power dissipation. Therefore it is necessary to pro-
vide large slew rate without any additional power
dissipation.
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Recently several schemes have been reported to improve
the slew rate for single-stage, two-stage, and three-stage
OTAs [16-21]. In [16], a positive feedback network is uti-
lized to improve both the amplifier’s large-signal and small-
signal parameters significantly. In [17], two different three-
stage OTAs with NMC and damping factor control fre-
quency compensation (DFCFC) compensation schemes
have been realized and it is shown that the DFCFC com-
pensation scheme is more suitable to realize fast-settling
three-stage OTAs. In [18], a new structure is proposed to
improve the slew rate in three-stage OTAs with RNMC
compensation. Though this method does not require any
additional power dissipation but the utilized class AB
structure in the last stage does not have a significant effect on
the slew rate, because the major of the slew rate limitation is
due to the lowest bias current in the first stage and the two
additional capacitors used in this structure increase the die
area. In [19], flipped voltage follower (FVF) cells are utilized
to realize the class AB structure. The main concern in FVF
cells is the common-mode rejection ratio (CMRR) degra-
dation. This is because of the output resistance of the tail
current-source is very low. In [20], adaptive biasing and local
common-mode feedback (LCMFB) schemes are used to
realize a super class AB structure which improves the slew
rate without any additional power consumption. Nonethe-
less, the adaptive biasing is realized by FVF cells and the
LCMEB includes two resistors which increases the die area.
In [21], an architecture for sub-1 V bulk-driven OTAs has
been presented which exploits an NMC three-stage topology
and a class AB output stage to improve DC gain and driving
capability, respectively. But this structure is not very useful
for switched-capacitor circuits due to its limited slew rate
and settling performance.

In this paper, a new architecture is presented to enhance
the slew rate of three-stage OTAs with NMC compensation
for switched-capacitor circuits. The proposed architecture
enhances the slew rate by using a nonlinear current mirror
in the first stage to realize the class AB input stage with no
additional bias branches or voltages. The rest of the paper
is organized as follows. In Sect. 2, the large signal analysis
and slew rate of a three-stage class A OTA with NMC
compensation are briefly reviewed. In Sect. 3, the pro-
posed three-stage class AB OTA is described. The circuit-
level simulation results of the proposed OTA are provided
in Sect. 4, and finally, Sect. 5 concludes the paper.

2 Large signal analysis of three-stage class
A NMC OTA

Figure 1(a) shows a typical fully-differential circuit
implementation of a three-stage class A OTA with NMC
compensation. The first-, second- and the third-stage
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comprises of an pMOS, pMOS, and nMOS input pairs with
active loads, respectively. To define the output common-
mode voltage of the OTA stages, as shown in Fig. 1(b),
two independent switched-capacitor common-mode feed-
back (CMFB) circuits are used. The first one is used to
define the output common-mode voltage of the first stage
and the second one defines the output common-mode
voltage of both the second and the third stages at the same
CMEFB loop. The NMC compensation for this OTA is
performed by C,,; and C,, capacitors as illustrated in
Fig. 1(a) to ensure the OTA closed-loop stability.

When a large input signal is applied to the OTA, it
enters to the slewing regime where the output of the OTA
changes with a constant rate which is called the slew rate.
The differential slew rate at the output of the OTA stages
shown in Fig. 1(a) is obtained as follows [18]:

1 1 2Ip13 — Ips — 1
SR] _ LS’ SR2 _ Dil(), SR3 _ D13 D5 D10
le Cm2 CL

(1)

where Ips, Ipyg, and Ipj3 are the bias currents of Ms, M,
and M5 transistors, respectively, and Cy is the total load
capacitance. The overall slew rate of the OTA is defined by
the minimum of the above mentioned slew rates. In a three-
stage OTA with NMC compensation that derives a small
load capacitance, because of the small-signal considera-
tions and closed-loop stability, the transconductance of the
last stage must be greater than that of the first and second
stages. So, the slew rate of the OTA is mainly limited by
the bias current of the first stage. Therefore, to reduce the
settling time, it is necessary to boost the current of the first
stage in the slewing phase without needing additional static
power dissipation. In this paper, a three-stage OTA with a
class AB structure in the first stage is proposed to improve
the slew rate of the OTA.

3 Proposed three-stage class AB NMC OTA
3.1 Proposed OTA structure

Figure 2 shows the structure of the proposed three-stage
class AB OTA. The first stage consists of a pMOS input
pair, an active load, and a nonlinear current mirror. This
nonlinear current mirror dramatically reduces the quiescent
current and boosts the bias current during the slewing
phase, and hence, improves the slew rate of the OTA
[22, 23]. Recently, several types of nonlinear current mir-
rors have been proposed to enhance the slew rate of the
OTAs [24, 25], which they need additional bias voltages to
realize. But the nonlinear current mirror which is used in
this paper is very power efficient because any additional
bias branches or voltages are not needed [22]. The
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Fig. 1 a A typical fully-differential circuit implementation of a three-stage class A OTA (bias circuitry not shown for simplicity) and b CMFB
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Fig. 2 Proposed three-stage class AB OTA (bias and CMFB circuits are not shown for simplicity)

nonlinear current mirror comprises of M3, to Mg, transis-
tors which are shown in Fig. 2, and it is used to build the
class AB operation in the first stage of the proposed OTA.
The second stage consists of a tail current source transistor,
M,;, a pMOS differential pair with My and M,(, and an
nMOS active load with M;; and M;, transistors. The last
stage comprises of an nMOS differential pair with M;3-M4
and a pMOS active load with M5-M,¢ transistors.

As for the conventional three-stage class A OTA shown
in Fig. 1(a), for this proposed three-stage class AB OTA,
two separate switched-capacitor CMFB circuits shown in
Fig. 1(b) are used to define the output common-mode
voltage of the amplifier stages. To reduce the transistors
transconductance dependence on the power supply voltage,
temperature and process variations, a constant g,, biasing
circuit is used in both class A and class AB OTAs [26].
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In the proposed OTA, the slew rate enhancement
becomes possible due to the dynamically changing of the
VL and Vg nodes voltage, and as a result, changing at the
first stage current in the slewing phase. In the slew rate
enhancement structure, transistors My ¢, are designed to
operate in the triode region. The same aspect ratio is
selected for M3y, and Mj,¢, transistors, respectively.
Therefore, in the quiescent condition, Vg = Vi and M3y.¢p
transistors have the same gate voltage. As a result, the
resistance seen at the source of the M;,¢, transistors is
equivalent and hence a 1:1 current ratio is achieved. The
performance of the first stage at different modes is as
follows.

If no differential voltage exists at the input of the
amplifier, as mentioned above, Vx = Vi and the copy ratio
of the current mirror is still 1:1. But, when a large positive
differential input voltage, Vj,, is applied to the OTA’s
input, I} increases and Iz decreases, and as a result, Vi
increases and Vi decreases. So, the transistor Mz, enters
into the saturation region and its drain-source resistance is
increased while the drain-source resistance of Mg, is
decreased since V| is increased. In consequence, the copy
ratio of M3,-Ms, current mirror is enhanced. At the same
time, the drain-source resistance of My, is decreased when
V1 is increased while the drain-source resistance of Mgy, is
increased as Vg is decreased. Therefore, the copy ratio of
My,-Mg, current mirror is decreased. If the differential
input voltage is totally unbalanced (Vi > > Vi), I = 0
and Vi = 0, and as a result, the transistor M3y is turned off.
In consequence, Vi rises and gives the maximum current of
the first stage output, and the slew rate of the first stage, and
hence, the total slew rate of the OTA is enhanced. There-
fore, the output current of the first stage is determined by
the channel width of M5, and Ms, transistors and it is
independent of the bias current.

Similar to the large positive differential input voltage,
when a large negative differential input voltage, Vi,, is
applied to the OTA’s input, Iz is increased and I is
decreased, and as a result, Vi is increased while V| is
decreased. In consequence, the copy ratio of My,-Mg,
current mirror is enhanced. When the differential input
voltage is totally unbalanced (V;,. > > Vj,,), I, =0 and
VL =0, and as a result, the transistor My, is turned off.

Fig. 3 Small-signal model of

Therefore, Vi rises and gives the maximum current of the
first stage output, and hence, the slew rate of the first stage
of the OTA is enhanced.

When a large input signal is applied to the proposed
class AB OTA, the differential slew rate at the output of the
OTA stages is obtained as follows:

1 21 —Ips — 1,
SR, = D10 g, _ 213 = Ips — Db
Cm2 CL (2)
SR . <IDlo 2Ip13 — Ips — 1010)
= min| =—,
Cm2 CL

According to relation (2), the slew rate of the first stage
is large owing to its class AB structure and the overall slew
rate of the proposed OTA is limited by slew rate of the
second and third stages.

3.2 Small-signal analysis

The small-signal model of a three-stage OTA with NMC
compensation technique is shown in Fig. 3 where g, R;,
and C; represent the transconductance, output resistance
and the equivalent parasitic capacitance of the corre-
sponding gain stages, respectively. Cp includes the load
capacitor as well as the third-stage output parasitic
capacitors of the OTA. By assuming high DC gain in
amplifier stages and load and compensation capacitors are
much greater than all parasitic capacitances of the circuit,
ie. guiri > >1and Cp, Gy, Cpo > > Cj,, the open-
loop signal transfer function of the three-stage NMC
amplifier is expressed by [3]:

A(S) _ Vaut(s)
Vin (S)
1— MS _ GG 52
= Ag gm3 gm28m3
(14 sR1gmR28m3R3Cm1 ) (1 + 5 4cszzszﬁ + 52 g—;}cﬁ)
(3)
where Age = — gmiR18m2R28m3R3 is the dc gain and ;.

= 1/(R1g,2R28m3R3Cr1) 1s the dominant pole. The dc gain

relation of class A and proposed class AB OTAs only
differs in output resistance of the first stage. R, is the first-
stage output resistance and its value is given by:

the three-stage NMC amplifier

Im1 I/in
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R classa = Tdst | Fasa (4)
Ry ciassap = Tas7|| (Fassa + (1 + gmsaldssa)Tassp) (5)

where rgy, is the drain-source resistance of the transistors.
Since the transistor Msy, is in the triode region, its rqg is very
small and the first-stage output resistance of both structures
is approximately the same. Therefore, there is not any
significant improvement on the dc gain of the proposed
OTA in comparison with the conventional class A OTA
shown in Fig. 1. The gain-bandwidth product (wggw) of
the amplifier is well approximated by the open-loop unity-
gain frequency as Wgpw = &m1/Cmi- As it is seen from (3),
the open-loop amplifier has three poles and two zeros. One
of the poles is real and dominant and two others are
complex-conjugate. The natural frequency, w,, and the
damping factor, {, of the non-dominant poles are obtained
as below:

8m28m3
=g 6
=\ Gty (6)
1 CmZ 8m3
(= 7
2V C\em @

The damping factor of the non-dominant complex poles
is one of the most important parameters in the settling
behavior of the OTAs [27]. So, it is necessary to adjust {
properly, to have a fast settling three-stage amplifier. From
the relations (6) and (7), it is seen that C,, controls the
damping factor of the non-dominant poles. Therefore, { can
be controlled by setting an appropriate size of Cp
according to the following condition:

Con = 40282, (8)
8m3

By neglecting the zeros effect in the phase margin (PM),
the value of the C,,,; is achieved based on the required PM
and damping factor of the non-dominant poles as [28]:

Cm =2¢ (Ctan (PM) + £/ tan®(PM) + 1> @CL 9)

8m3

The value of the g, is chosen to satisfy the required
gain-bandwidth and the value of g3 must be much greater
than that of g,,; and g».

4 Simulation results

To prove the usefulness of the proposed three-stage class
AB OTA shown in Fig. 2, it is designed using a 90 nm
CMOS technology with HSPICE and circuit-level simula-
tion results are provided. The goal is to design a fully-
differential switched-capacitor sample and hold (S/H) cir-
cuit that is used in an 11-bit pipeline analog-to-digital
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Fig. 4 Fully-differential flip-around S/H circuit

converter (ADC) with a sampling rate of 50 MS/s and 2
V,p differential input signal, where the power supply is
1.2 V. The simulated switched capacitor S/H is a flip-
around type which is shown in Fig. 4 where ¢; and ¢, are
the non-overlapping clock phases. The sampling capacitor
is Cs = 1 pF and the effective load capacitance is Cy = 2
pF. Cp is comprised of the next stage capacitance, the
CMFB capacitance, the parasitic capacitances of output
transistors, and the feedback capacitors.

The designed OTA must meet the speed and accuracy
requirements of the targeted S/H circuit. Therefore, in the
first step, the requirements of the OTA must be met, such
as dc gain, settling accuracy and settling time. In order to
achieve the accuracy of 11 bits, the dc gain of the OTA
must be Ag. > 22=-722 dB, and the desired settling error
is about < 0.0002. The settling time (¢5) should be about
half of the clock period. Therefore, according to the sam-
pling frequency of 50 MS/s, the settling time must be less
than 10 ns with less than 0.02% settling error.

For a fair comparison, both conventional class A and
proposed class AB OTAs were designed with approxi-
mately equal power dissipation with the following design
parameters: Wgpw = 150 MHz, & = 0.7, PM = 64°. By
assuming that g.; =1 mA/V and g,, =2 mA/V, the
obtained value for Cy,; is about 1 pF from the gain-band-
width requirement. g3 and C,,,, are obtained according to
relations (8) and (9), respectively, as g3 = 9.25 mA/V and
Cu2 = 0.8 pF. The final simulated device sizes of both
OTAs are summarized in Table 1.

The simulated open-loop frequency response of both
OTAs is shown in Fig. 5. The achieved unity-gain fre-
quency and phase-margin of the proposed OTA are about
193.6 MHz and 61.8 degree, respectively. The simulated
DC gain of the proposed OTA is 81.6 dB which is about
4 dB greater than DC gain of the class A OTA. This is
achieved since instead of the simple current mirror, the
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Table 1 Simulated device parameters of both OTAs

Class A NMC OTA

Proposed class AB NMC OTA

Class A OTA (GAIN)

A
=)
I
I

Parameter M x W/L gm (MA/V) Parameter M x W/L gm (MA/V)
M, M, 2 x 8 um/0.2 pm 0.9 (gm1) M, M, 2 x 4 pum/0.2 pm 0.62 (gn1)
Ms, M, 2 x 1.8 um/0.3 pm 1.1 M, 4 x 4 um/0.2 pm 1.03
Ms 4 x 8 um/0.2 pm 1.9 M5y, M4y, Ms,, Mg, 1 x 1 pm/0.3 pm 0.33
Mg, M5 4 x 6 um/0.2 pm 1.56 (gm2) M3p,M4,Ms,, Moy 2 x 1 pm/0.3 pm 0.17
Mg, My 4 x 1.8 pum/0.3 um 1.2 M7, Mg 6 x 2 um/0.2 pm 0.71
Mo 8 x 6 um/0.2 pm 2.7 Moy, Mo 4 x 6 pm/0.2 pm 2.3 (8m2)
My, My» 8 x 3.5 pm/0.2 pm 7.4 (8m3) My, My» 4 x 1.8 pnm/0.3 pm 2.41
M3, My 8 x 16 um/0.3 pm 114 M3, My 8 x 3.5 pm/0.2 pm 10.1 (gmn3)
Cin1s Cin2 (pF) 0.8, 0.45 M5, Mg 8 x 16 um/0.3 pm 9.74
M 8 x 6 pm/0.2 pm 54
CL (pF) 2 Cint, Co2 (PF) 0.8, 0.5
Ci. (pP) 2
P S . 85.2 V/us for the conventional class A OTA and 327.3 V/
55 "":; ps for the proposed class AB OTA. Simulation results of
ol R | the proposed three-stage class AB and conventional class A
wl {100 OT.As. in different pr(.)cess.corner cases and temperature
) w0l _ ﬁg varlatloqs are summarlze?d in Table? 2.
g o The simulated large-signal transient response of Vi and
5 ° : 200 % Vk node voltages and the first stage output current are
§ 207 ——  Proposed class AB OTA (GAIN) \ ] é illustrated in Fig. 7 when a large 1 V differential input

Proposed class AB OTA (PM)
Class A OTA (PM)

o &
S &
: T

'
a3
o
=3

1 I 1 L -4
102 10* 10° 10% 100

Frequency(Hz)

Fig. 5 Open-loop frequency response of the simulated OTAs

nonlinear current mirror is utilized in the first stage of the
proposed OTA. The simulated closed-loop step response of
both class A OTA and proposed class AB OTA is shown in
Fig. 6 where a large differential input step of 1V is
applied. The settling time of the proposed three-stage class
AB OTA with 0.02% settling error is 9.1 ns while for the
conventional class A OTA, it is 15.7 ns. As shown in
Fig. 6, there are some amounts of overshoot in step
response. Nonetheless, this is acceptable in switched-ca-
pacitors circuits to achieve a fast settling behavior. Indeed,
in switched-capacitor circuits, the settling time and accu-
racy are the most important parameters and the output
voltage should be settled regardless of some rings and
overshoots at the beginning of the step response. The
achieved improvement in the settling time is mainly due to
the dramatically enhancement in slew rate, which is

@ Springer

voltage is applied to the proposed OTA in the closed-loop
configuration. As it is seen, during the positive slewing, the
drain current of Ms, and Vi are substantially increased.
During the negative slewing phase, the Mg,’s drain current
and the Vi are also substantially increased as theoretically
expected. In consequence, the slew rate of the first stage is
enhanced and the effectiveness of the proposed structure is
well proved. It should be noted that in Fig. 4, the OTA is
reset in phase ¢;. As a result, the output voltage and the
other voltages and currents of the OTA are reset to the
quiescent values as it is seen in Fig. 7.

To evaluate the robustness of the proposed class AB
OTA against process and mismatch variations, extensive
circuit-level Monte Carlo simulations have been done. The
result is shown in Fig. 8 where the settling time is illus-
trated for 1000 runs in which both process and local vari-
ations of device parameters have been considered. As it is
seen, the achieved settling time satisfies the targeted
requirement.

In order to compare the proposed three-stage class AB
OTA with respect to the conventional class A OTA, the
small-signal and the large-signal figure-of-merits (FoMs)
are used, which are defined as FoOMg = GBW x Ci/power

qulop
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Fig. 6 Simulated step response (a)

of a three-stage class A and 1.2
b proposed class AB OTAs
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and FoM| = SR x C/power, respectively. As it is seen in
Table 2, the main advantage of the proposed OTA is its
large slew rate which offers 210% improvement in the
FoM; . This enhancement has a considerable effect on the
settling performance of the proposed three-stage OTA. It is
worth mentioning that the same value of compensation
capacitors is utilized in both proposed OTA and conven-
tional class A OTA which is shown in Fig. 1. Therefore,
the required active die area in both OTAs will be approx-
imately the same since it is mostly occupied with metal—

Time(ns)

insulator-metal (MIM) capacitors in mixed-signal inte-
grated circuits. Finally, in Table 3, the proposed class AB
three-stage OTA is compared with some other class AB
OTAs which have been utilized in switched-capacitor cir-
cuits. It should be noted that in fast-settling switched-ca-
pacitor circuits, the load capacitor is small and the OTA
design is different with those that are used in low-dropout
(LDO) voltage regulators. In LDO regulators, the load
capacitor is large and it is in the range of several hundreds
of pF while in switched-capacitors, it is usually in the range

@ Springer
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Table 2 Simulation results summary

Parameter Class A NMC Proposed Class AB NMC
TT@27°C SS@85°C FF@—-40°C TTr@27°C SS@85°C FF@ —40°C
DC gain (dB) 71.6 774 78.1 81.6 79.4 83.7
Josw (MHz) 175 122.4 245 193.6 168.6 229.1
Phase margin (degree) 62.8 64.5 60.0 61.8 62.5 61.8
0.02% settling time, t;, @ 1 V input step  15.7 18.3 14.1 9.1 9.8 7.85
Static power dissipation (mW) 2.5 23 2.65 3.09 3.0 3.35
Average slew rate (V/ps) 85.2 79.1 93.8 327.3 256.2 470.6
FoMs (MHz x pF/mW) 140 106 184 125.3 1124 136.8
FoM,. (V/us x pF/mW) 68.2 68.8 70.8 2114 171 280.95
Vbbp 1.2V
Technology 90 nm CMOS
20
@, ,
b, go|  [N=1000 ]
e mean=9.02 ns
p 1 70 S$td=0.47 ns
E i Beam—at
R T e S 60
o ’
g ;:ositive »n
g 0 ¢ dewing E 50
. [
5 3
° \ 30
negative 20
L H . . . glewing .
“o 5 10 15 20 25 30 35 40 10
Time(ns)
0
(b) %104 8 8.5 9 9.5 10
6 T ] T | L Settling Time(ns)
TMSl
S :“‘ Fig. 8 Monte Carlo simulation results of the settling time
M2
41 ke _iMBI
< 3 — of several pF. According to Table 3, the achieved results of
— ' S
£ 2| - the proposed three-stage Class AB OTA are comparable
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compensation technique is proposed. The slew rate of the
NMC amplifier is mainly limited by the bias current of the
input stage. By using a class AB structure in the input

stage, the slew rate of the proposed OTA is
The proposed class AB OTA achieves

well increased.
a fast-settling
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Table 3 Performance comparison of several three-stage amplifiers which have been used in switched-capacitor circuits
Parameter IEICE 2011 [12] AICSP 2014 [13] ICEE 2014 [17]  AICSP 2015 [18] This work
Supply (V) 1.8 1.2 1.2 1.2 1.2
DC gain (dB) 85.7 72.1 72.9 72.4 81.6
fosw (MHz) 21.3 202.8 110.7 121 193.6
Phase margin (degree) 62.0 63.2 61.3 63.8 61.8
CL (pF) 2 2 2 2 2
Average slew rate (V/us) - - 120.9 487.9 327.3
Implementation Single-ended Fully-differential ~ Fully-differential ~Fully-differential ~ Fully-differential
Settling time ty, /t,,. (ns) @ 1 V input step 13.1 8.7 17.5 7.5 9.1
20.9
Settling accuracy 0.1% 0.02% 0.02% 0.02% 0.02%
Static power dissipation (mW) 0.54 52 3.0 2.5 3.25
FoMg (MHz x pF/mW) 78.8 78 73.8 96.8 125.3
FoM_ (V/ ps x pF/mW) - - 80.6 390.3 211.4
Technology 0.35 um 90 nm 90 nm 90 nm 90 nm

performance in switched-capacitor circuits in comparison
with the conventional class A OTAs.
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