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Abstract

This paper presents a CMOS low-voltage operational
amplifier, which uses a minimum selector circuit to
control the class AB operation of the output stage. The
operational amplifier basic characteristics are analyzed
and simulated using the SMASH 4.0 simulator with the
ACM model of the MOSFET. The supply voltage is 1.5V
and the total quiescent current is 4.5UA for a unity-gain
frequency of IMHz. This design is being integrated on the
AMS 0.8um CMOS technology. The operational amplifier
presented here offers a competitive design choice for low-
power low-voltage circuits.

1. Introduction

In the last years many efforts have been made for the
reduction of both the supply voltage and the power
consumed by the CMOS circuits [1], mainly due to the
increasing use of portable equipment. The correct
operation of analog circuits at low-voltage demands to
explore new blocks and new circuits topologies. For
analog circuits, the operational amplifier (opamp) is one
of the most useful blocks. The opamp is usually made up
of two gain stages, namely, the differential input stage and
the output stage. In this paper, we will place more
emphasis on the output stage due to its high current,
demanded by the resistive nature of the load. In class A
output stages, the maximum current is equal to the bias
current. Class B output stages combine high output current
capability with very low quiescent current but introduce
crossover distortion. The common-source class AB stage,
Fig. 1(a), presents a good trade-off between distortion and
quiescent dissipation. The output transistors are biased
with a small quiescent current compared to the maximum
output current, which reduces crossover distortion in
comparison with class B output stage. Furthermore, a
minimum current in the output transistors, for any bias
condition, prevents a turn-on delay of the non-active
transistor and, thus, crossover distortion [7].
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In Fig. 1(b) we can observe the ideal characteristic of
a class AB amplifier. The quiescent current I is slightly
higher than the minimum current L;,. The maximum
source and sink currents depend on both the supply
voltage and the dimensions of the transistors.
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Fig. 1: (a) Common-source class AB stage.
(b) Ideal characteristic for class AB stage.
(c) Non-linear function for class AB control.



In this work, an opamp with class AB output is
proposed. The amplifier structure is very simple, its power
consumption is low, and it can operate with supply
voltages down to 1.5V. The class AB control block is
composed of a translinear circuit, whose analysis and
experimental results are presented in section 2. The
operation of the opamp together with simulation results
are shown in section 3. This opamp is intended to operate
in a S/H circuit and should be capable of driving resistive
loads.

2. Minimum current selector circuit

To obtain the class AB control of the output stage, a
non-linear function such as the one in Fig. 1(c) is
necessary and can be accomplished by a translinear MOS
circuit [4]. There are several forms to implement the
characteristic represented in Fig. 1(c) [4-6]. One of them,
based on the minimum current selector circuit of Fig. 2
[4], was used in this work. For the analysis of the circuit
in Fig. 2, assume that all transistors have the same
dimensions. When Iy is much larger than I, transistor M1
operates in the linear region; consequently, Vgsmz =Vgsms
and Ip = Iz. When Ip is much larger than Ig, the voltage
Vpm increases forcing M1 to operate in saturation and Iy
= Ig. Finally, for Iy = Ip Vgs3 = Vgsa; consequently, M1
and M2 behave as the series association of two transistors.
Therefore, Iy=Ip=2Ig. The MOS translinear stage was
simulated with SMASH [14] and the advanced compact
MOSFET (ACM) model [12, 14]. The ES2-0.7um
technology was chosen. The aspect ratio of all transistors
are the same, 5S0um/20um, and the results of the
simulation are shown in Fig. 3(a).
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Fig. 2: Translinear structure that implements the
function of Fig. 1(c).

For the experimental verification, transistors with
aspect ratio 18um /Sum from a 2um technology were
used. The experimental results shown in Fig. 3(b), are in
close agreement with simulation. The difference between
experimental and simulation is mainly caused by
mismatch.
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Fig. 3: (a) Simulated normalized transfer
characteristic. |s = 1772nA.
(b) Experimental normalized transfer
characteristic. |s = 200nA.
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In Fig. 3, j; =I_B is the normalized drain current,
S
while L=punC o,0>W/2L is the normalization current [12].

The minimum current selector circuit as presented in
Fig. 2 is asymmetric. To convert it into a symmetrical-
circuit, M1 and M2 are divided into M1A, M1B, M2A,
and M2B, as shown in Fig. 4.
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Fig. 4: Modified translinear structure of Fig. 2.



3. Class AB amplifier with minimum
current control

There are several categories of CMOS class AB
output stages [7, 8, 13]. The topology of our class AB
opamp is based on [8], Fig. 5. In this work, we propose to
implement the bias control circuit using the minimum
current circuit shown in the previous section.
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Fig. 5: Principle of class AB compact amplifier.

The new opamp (Fig. 6(a)) is constituted of two
stages and the class AB control circuit. The first stage is
formed by a differential amplifier (M1 and M2), followed
by a cascode amplifier. The second stage is a push-pull
amplifier (M25 and M26). The class AB control circuit is
formed by two minimum current selectors [4], given by
transistors M10-M13 and MDI10-MDI13. When the
voltages in nodes 8 and 10 are the same the output current
is null and the output quiescent current is given by:

(W/L)26 (W/L)7 (W/L)25

(W), 7 ®(WL), (W/L),

The bias voltage Vbl is supplied by the circuit of
Fig. 6(b) [9], designed to bias M3 and M4 in the edge of
saturation.

The design of a class AB amplifier for the sample-
hold circuit shown in appendix A will be presented. For
own application, a unity-gain frequency of 1IMHz is
adequate. From the analysis of the settling time [11], we
chose the value of gu (2u=gm2s+8ms), the
transconductance of the second stage.
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Setting the zero of the opamp frequency response at
10 times the unity-gain frequency, approximately, it
follows that gm=gn./10. The compensation capacitance
Cc=CM1+CM2 is determined from the gain-bandwidth
product GBW=g,,,//Cc. The transistors were sized using
the all region current-based MOSFET model of references
(12, 14]. The main design equations are:

ID:n.Q)t.gm.[l_uti] (])
2
w - &n ( 1 (3)
L) n,,C, ¢1L\/1+i[ -1
Wit )
L Lsqpis

209

(b)
Fig. 6: (a) Amplifier with class AB control based on the minimum current selector circuit.
(b) Bias circuit for Vb1[9].

where n is the slope factor, ¢, is the thermal voltage,
i=lp/lg is the inversion level. The other symbols have
their usual meanings.

Table I shows the design value for the class AB
opamp with minimum current control circuit.

am

Table I: Design value for the class AB op
= R N “A

S

0.75 \
0.6 HA
1.5 UA
7.5 uS
1M Hz

4 us
65 usS




Given the transistor transconductances, the
dimensions can be determined by specifying either the
inversion level or the drain current. For this low-frequency
design, operation in moderate inversion was chosen. The
dimensions and inversion levels of the transistors are
summarized in Table II.

Table Il: Aspect ratios and inversion levels of the

(W/L)y, 2 38/2
(W/L)2s 9572
(W/L)2¢ 3472
(W/L)103.4.5.6 (W/L)ps.ps, 14/4
(W/L)2122.31.33.34 8/4
(WIL), )
(W/L)10,11,12,13 14/2
(W/L)sg 19/2
(W/L)30.3> 16/4
(W/L)p7.p9.p10 7/4

Cymi, Cmz 1
ifM30.M34) 10

| if {remaining transistor) 2

The opamp is going to be used in the S/H shown in
Fig. Al. For both the load transistor M3 and the feedback
transistor M2, W/L = 10um/20um, and the maximum
current is 3.51A. Thus, the opamp should supply at least
TuA. The opamp was simulated with SMASH 4.0 [14]
using the ACM model. In Fig. 7 the open loop AC
characteristics of the opamp are presented. The low-
frequency gain is about 106dB and the phase margin is

47°,
SMASH 4.00 ; Small signal analysis ; DAUsuarios\VolneyAO_AB_NarC1\ao_ab_marc1.nsx  single ;
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Fig. 7: AC characteristic for the class AB opamp.

Fig. 8§ presents the DC transfer characteristic of the
opamp of Fig. Al operating in the sample mode. I;, is the
current through M1. The currents of the transistors M25
and M26 are plotted. The quiescent current of M25 (or
M26) is around 1.64A and the minimum value tends
towards 0.8LA. The total quiescent current of the opamp
is SIg+lqg, that is, 4.5uA. The break points for input
currents of the order of £5UA are caused by voltage
swing in the opamp output, which is limited to values
close to Vpp and V.
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SMASH 4.00; DC analysis ; DA\ O_AB_MarC1\ao_ak_marc1.nsx; single ;
SJu_Bu -5y -Au -3u v -ty 0 du 2u 3y 4u 5y By Ty |Scabing:
H H . RN H YT

1D(M26) |...
1S(M25) .

~[oA

Fig. 8: DC characteristics of the s amplifier in
Fig A1. li; current is the x-axis variable

In Fig. 9, V20 and V54 represent the output voltage
(Vo) and the input voltage, respectively, of the circuit of
Fig. Al. The settling time to 6=04% is around 4pis. Table
IIT summarizes the opamp characteristics simulated with
SMASH [14].

OpDepoi

SMASH 4.00 ; Transient anatysis ;
- 180 19y

A4y 150 16y

_AB_MarC1\ao_sb_marci.nsx; single ;
2% 24u 250 26y [Scalng

’ ... |-580my
582my
|-584mv
586mV

17y

200

20y |
v(se) |

... fsBBmY
590my
... F592mv
594y
.. |598mv
... Fs98my
... }600mY
F602my
504my
. feosmy
508mY

response of the S/R circuit of Fig. Al.

Table lll: Simulated opamp characteristics

0.75 \4
106 dB
GBW 1 MHz
ts (0.4%) 4 us
Lot 4.5 A
Bias voltage (Vg) -0.59 \"/
Maximum output current 195 UA
PSRR (Vpp): DC 105 dB
100kHz 40 dB
PSRR (Vs5): DC 115 dB
100kHz 20 dB
Input-referred noise [y
spectral density (f=1kHz) % nV/ Hz
Input-referred noise
(1Hz-10kHz) i KV
THD (S/H)
f=1kHz , I,=3pA 7 dB
Zoy, (open loop) (1kHz) 30k Q
Zow (closed loop) of S/H
(1KH7) 35 Q




4. Conclusions

A very simple operational amplifier, class AB output
stage for low-voltage operation was presented. The class
AB control is based on the minimum current selector
circuit presented in [4]. The simulation results are
summarized in Table III. The opamp is being integrated
on the AMS 0.8um technology [10] and the prototype
should be ready for tests in April 2001.
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Appendix A
Sample-hold

The class AB amplifier was designed to operate in a
sample-hold (S/H) of the switched-MOSFET technique
(SM) [2, 3], Fig. Al. The specs to be met are: unity-gain
frequency of 1MHz, hold capacitor Cy = SpF, load
conductance g = 17uS and settling time (8=0.4%) less
than Sus. The settling time for a S/H circuit is given by
equation (A1) [11] with g, = g, = g3 = g where g;, £, and
g3 are the conductances of the transistors M1, M2 and M3,
respectively (Fig. Al).
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Fig. A1: S/H circuit [2, 3].
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