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ABSTRACT
This thesis presents the design of a low-voltage low-power pipelined analog-to-digital
converter using a new class-AB pseudo-differential operational transconductance amplifier
(OTA). The new class-sAB OTA makes use of partial positive feedback to enhance its
transconductance, which allows large gain-bandwidth product with low power dissipation. A 6-bit

15.36-MS/s pipelined ADC has been designed using a 0.35-um CMOS process.
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Abstract- This paper presents a new class-AB pseudo-
differential operational transconductance amplifier (OTA) for
low-voltage and high-speed switched-capacitor circuits. The
proposed OTA employs partial positive feedback to enhance the
input transconductance, thus increasing the open-loop DC gain
and the unity-gain frequency. A push-pull configuration is used
to obtain rail-to-rail output voltage swing. Using a 0.35-um
digital CMOS process, the proposed OTA can obtain 78-dB DC
gain, 72.5° phase margin, 100-V/us slew rate with 1-pF load
capacitor, while draining 170-uA quiescent supply current from
a single 1-V power supply voltage.

I. INTRODUCTION

Operational transconductance amplifier (OTA) is the most
critical component in switched-capacitor (SC) circuits, such
as filter, sigma-delta modulator and pipelined analog-to-
digital converter, for instance in [1]. To realize high-speed
and high-accuracy SC circuits, OTA must have high slew
rate, high unity-gain frequency, and large open-loop DC gain.
High-speed operation means fast-settling behaviour of OTA,
which requires a single-pole response and large unity-gain
frequency. High accuracy requires a high open-loop DC gain.
As the power supply voltage is reduced due to technology
scaling, designing OTA to satisfy these requirements is a
formidable task.

Class-AB OTA is often used to obtain the above features
with low quiescent power consumption [2], 3], [4]. In order to
maximize the signal swing and dynamic range under low
power supply voltage, cascode topologies are usually avoided.
Thus low-voltage high-gain OTAs are often realized by
cascading two or more gain stages. This increases DC power
dissipation, reducing the benefit of class-AB operation. In
addition, cascaded gain stages often leads to complex
frequency compensation to ensure stability.

In order to obtain the full benefit of class-AB operation,
OTA should be realized with a minimum number of cascaded
gain stages while still retaining high open-loop DC gain.
Since cascoding is prohibited in low voltage environment,
high gain may be obtained wusing large input
transconductance. Large input transconductance may be
achieved by using high DC bias current and large aspect ratio
of the input transistors, leading to high power dissipation and
reduced bandwidth, respectively. Another approach is to
increase the input transconductance by using a weak positive-
feedback [5]. In this way, high open-loop DC gain can be
obtained without cascode devices and excessive power
dissipation. This is obtained at the cost of extra poles and
zeros introduced by the positive feedback.

This paper proposes a new low-voltage, rail-to-rail output
swing, class-AB pseudo-differential OTA. The proposed
circuit employs partial positive-feedback to enhance the input
transconductance, thus improving the open-loop DC gain and
the unity-gain frequency. A push-pull configuration is used to
obtain rail-to-rail output voltage swing. An RC compensation
technique is used to compensate for the effect of pole and
zero introduced by the positive feedback. The paper is

organized as follows. Section Il presents the proposed class-
AB input stage, while the complete OTA is described in
section III. Circuit simulation is reported in section IV and
conclusion is given in section V.

1. Gy-ENHANCED CLASS-AB PSEUDO-DIFFERENTIAL
INPUT STAGE

Fig. 1 shows the recently proposed class-AB pseudo-
differential input stage [6]. The circuit comprises the
traditional source-coupled pair (M, and M,;) and the shunt-
feedback bias subcircuit (M,, M3 and ;). The shunt-feedback
subcircuit provides a low impedance to node Vs, which keeps
Vs approximately constant at V¢-Vgss. Thus the input source-
coupled pair operates in a pseudo-differential manner where
the quiescent current is well controlled by I;. When a large
balanced differential input voltage is applied, the output
current is absorbed by M,. The maximum output current is
limited by the amount of current that M; can supply, which
can be much greater than the quiescent current. Thus the
circuit operates in class-AB fashion. Note that the pseudo-
differential input operation is allowed because, in SC circuits,
OTA operates in an inverting, negative-feedback
configuration with a constant voltage at both input terminals.
The circuit can operate with a minimum supply voltage of
Vrut2Vpsar, thus it is suitable for low-voltage applications.

Fig. I: Class AB pseudo-differential input pair in [6].

One drawback of the circuit in Fig. 1 is that the input
transconductance is equal to that of a single transistor. Thus,
to obtain a high open-loop DC gain (4, = G,R..) without
sacrificing the bandwidth, a cascode output stage was
employed [2]. However, this results in a limited output
voltage swing, which is a serious issue in low-voltage
environment.

To overcome the above limitation, the class-AB pseudo-
differential input stage was modified, as depicted in Fig. 2(a).
The new class-AB input stage employs a wecak positive-
feedback subcircuit (M,, M3 and 1;) to enhance the input
transconductance [5]. In other words, the positive-feedback
subcircuit produces a negative resistance, R, at the source of
M,, as illustrated by an equivalent half-circuit shown in Fig.
2(b). It can be shown that R, is approximately -g,2/(gm2€m3),
assuming all transistors are in saturated strong-inversion. If
M, is pushed into the triode region, R, is roughly —1/g,,;. Thus

This research work is supported in part by Thailand Research Fund (under grant number RSA4680027), and in part by
National Electronics and Computer Technology Center, National Science and Technology Development Agency (under
project: Research and Development in 3rd Generation Mobile Telecommunication Systems [NT-B-07-4B-13-517]).

IEEE

1-53



the transconductance of the Gy-enhanced class-AB input
stage can calculated as,

E‘J(s): gn(1+sRC)) )
v, (1+g,,R,)+sR,C,

where C; = Cy+Cyy; is the capacitance seen at the source of
M,. It is clear, from (1), that the DC transconductance is
multiplied by a factor of (/+g,R,)”, which is greater than
unity when -/ < g,R, < 0.

Equation (1) also reveals that one pole and one zero are
associated with the open-loop transconductance function. For
transconductance enhancement, i.e. -/ < g,R, < 0, both zero
and pole are in the right-half plane (RHP) at w. = -1/R,C; and
@, =—(1+g,.R)/(RC,)» respectively. The RHP open-loop
pole may produce closed-loop instability when the OTA is
employed in a negative-feedback configuration. However, it
is not a concern here because the RHP open-loop pole w, is
readily placed near the origin [7] to obtain high
transconductance. The RHP open-loop zero will be
compensated for in the overall OTA circuit as described in the
following section.
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(a) (b)
Fig. 2: (a) Simplified circuit diagram and (b) equivalent
half-circuit of the proposed Gm-enhanced class AB pseudo-
differential input stage.

tl

Fig. 3 demonstrates the G-enhancement of the proposed
circuit in Fig. 2, by comparing its simulated output currents to
those of the circuit in Fig. 1. As depicted in Fig. 3, the circuit
in Fig. 1 obtained the small-signal transconductance (i.c.
di/dv; at v; = 0) of 120 pS with 32-pA quiescent supply
current, while the circuit in Fig. 2 obtained the small-signal
transconductance of 1.0 mS with 45-pA quiescent supply
current. For this particular case, the small-signal
transconductance was enlarged by a factor of 8.3, with only a
slight increase in the quiescent supply current. For large-
signal operation, the output currents of the circuit in Fig. 2 are
2.5 times as much as those of the circuit in Fig. 1.

Therefore the class-AB pseudo-differential input stage in
Fig. 2 can achieve larger small-signal transconductance and
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greater large-signal output current. As mentioned in section I,
these properties render high unity-gain frequency and fast
slewing behaviour, which are greatly desirable for high-speed
and high-accuracy SC circuits.

el FB Y o loz e N
e ;‘L‘?Lﬁl‘ "
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Fig. 3: Output current vs. input voltage.
I1I. THE PROPOSED OTA

The complete OTA, depicted in Fig. 4, is realized by
applying the output currents of the class-AB input stage to
low-voltage current mirrors, formed by Ms-M; and 1. A
push-pull rail-to-rail operation is obtained by using Mg,y to
copy the output currents to the output nodes. The open-loop
DC gain of the OTA is given by the product of the input
transconductance and the output resistance. As the input
transconductance is large, high open-loop DC gain does not
require cascode devices in the signal path. This allows a high
open-loop DC voltage gain and a rail-to-rail output voltage
swing to co-exist under low power supply voltage, which is
the main advantage of the proposed OTA.

Apart from allowing low-voltage operation, the low-voltage
current mirror has a shunt-feedback to provide small input
impedance (= g,5/(€msEms)). This ensures that the feedback
associated with the finite output impedance of M, does not
degrade the circuit stability [5]. In addition, the transistors
Mu,p are added to ensure the stability of the circuit under
mismatches and variations.

The operation of the proposed OTA can be explained as
follows. Consider the right half of the circuit, supposed that
V2 is decreased, the gate and drain voltages of My, are
decreased while the gate voltage of My, is increased, as the
results of inherent feedback. Thus the drain current of My, is
increased and is being supplied by the drain current of My,
This current is mirrored by Mg, and My, into the output node
V.2 and is added by the drain current of Mg, which is a scaled
copy of the drain current of My,. As a result, the output
voltage V,, is increased. When V), is increased, the reverse
occurs and V,; is decreased. Due to the symmetry, the same
explanation can be applied for the left half of the circuit.

8

Lo

Fig. 4: Complete G,-enhanced class AB OTA.
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As shown in (1), the input transconductance function
includes a RHP zero, which degrades the phase margin and
the stability of the circuit. As described above, the output
current provided by the input transconductance causes in an
inverting relationship between Vj; and V,; (also for V;; and
Vo). Thus to compensate for the RHP zero, a non-inverting
feedforward signal path to the output node must be created.
This is obtained by connecting R¢ and C between the source
of My, (M,,) and the output node V; (V). As aresult, a left-
half plane (LHP) zero is created to compensate for the phase
lag due to the RHP zero of the input stage. Therefore the
phase margin of the OTA can be improved. Of course, R¢ can
be realized by a voltage-controlled resistor and its value can
be adjusted to obtain an optimum phase margin for different
values of load capacitor.

The complete OTA can operate with a minimum supply
voltage of Vy+2Vpsar. The common-mode input voltage is
equal to the supply voltage as an n-type input stage is used.

IV. SIMULATION RESULTS

The proposed OTA was designed and simulated by using
Cadence Spectre™ with process parameters from a 0.35-pm
standard CMOS technology. The circuit was designed to
operate with a single 1-V power supply voltage and its
nominal parameters are summarized in Table 1. Unless stated
otherwise, all simulation results were obtained with Cp = 1
pF, Cc = 0.5 pF, and R¢ =4 KQ.

Fig. 5 shows the simulated open-loop AC frequency
response of the proposed OTA. The circuit can obtain 78-dB
open-loop DC gain, 86-MHz unity-gain frequency, and a
phase margin of 72.5°. Note that a higher DC gain can be
obtained by using increasing the channel lengths of M; and
M;, at a cost of reduced phase margin.

To examine the closed-loop performance, an ideal voltage
level shifter was used to realize the proposed OTA in the
unity-gain feedback configuration. Fig. 6 and Fig. 7
demonstrate that the circuit can obtain a rail-to-rail
differential output voltage swing of + 980mV. The output
current delivered to the load capacitor is shown in Fig. 8. The
simulated performance of the proposed OTA is summarized
in Table II.

To test the performance of the proposed OTA, a first-order
SC integrator, as depicted in Fig. 9, has been designed. Fig.
10(a) shows the differential output voltage of the SC
integrator when applying a +0.5-V, 2-MHz square-wave
differential input voltage and a 20-MHz sampling frequency.
Note that the rail-to-rail output voltage swing is obtained and
the output voltage settles very fast because of the large output
current supplied to the load capacitor. Fig. 10(b) shows the
output current delivered one of the load capacitors. The
maximum capacitor current is about 500 pA, which is about
11.2 times the output quiescent current,

V. CONCLUSION

A new low-voltage class AB pscudo-differential OTA has
been described. The proposed OTA employs partial positive-
feedback to enhance the input transconductance. The key
advantage of the circuit is that high open-loop DC voltage
gain, fast settling, and rail-to-rail output swing are achieved
simultaneously under low-voltage low-power operation. The
proposed OTA is thus suitable for low-voltage high-speed
switched-capacitor applications.
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TABLE 1
CIRCUIT PARAMETERS
Components Value
(WL), 5/035
(W/L)s, (W/L)s 10/0.35
(W/L)Y 0.9/0.35
(W/L)s 20/0.35
(W/L)s, (W/L)2 30/0.35
(W/L) 22/0.35
L 2 pA
I, 17 pA
Ve ov
Ve 1V
Re 4KQ
Ce 0.5 pF
TABLEII
SIMULATED PERFORMANCE OF THE PROPOSED OTA
Parameters This work 2]
Process 0.35um 0.35um
Voo v 1.1V
DC gain 71.5dB 65 dB
Unity-gain 86 MHz (C,=1pF, Cc=0.5pf) 15 MHz
frequency 140 MHz (Cy=1pF, Cc=0.2pf) (Cr=1pF)
50 MHz (C,=4pF, Cc=0.5pf)
Phase margin 72.5° (CL=1pF, Cc=0.5pf) 76°
28° (CL=1pF, Cc=0.2pf)
45° (C,=4pF, Cc=0.5pf)
Iong 170 pA 7 pA
O/P swing +/- 980 mV +/- 700 mV
Laetling 50 ns (0.1% accuracy) 165 ns (1%
accuracy)
Slew rate 100 V/ps 7.8 Vips
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Fig. 5: Frequency response of the proposed OTA.
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During the hold phase (¢y;), one capacitor is connected in
feedback and the other three capacitors are connected to

Abstract  This paper describes the design of a
low-voltage low-power pipelined analog-to-digital

converter using a new class-AB pseudo-differential
operational transconductance amplifier (OTA). The class-
AB OTA employed in this work makes use of partial
positive feedback to enhance its transconductance, which
allows large gain-bandwidth product with low power
dissipation. A 6-bit 15.36-MS/s pipelined ADC has been
designed using a 0.35-um CMOS process. Simulation
results show that the ADC can achieve a maximum DNL
and INL of 0.5 LSB and 0.59 LSB, respectively, and an
SFDR of 47.5 dB, while draining 2.8 mA from a 2 V
supply voltage.

1. Introﬁuction

Third-generation (3G) cellular systems employ wide-
band code division multiple access (WCDMA) scheme to
provide high data rate applications. The WCDMA
transmission rate of 3.84 Mchip/s has demanded for wide
bandwidth ADC, which could easily lead to significant
increase in power consumption. In WCDMA receivers,
high speed and medium resolution ADC are required [1].
Therefore low power dissipation is an important feature
of ADC for WCDMA receiver.

Pipelined ADC is the most attractive architecture for
high speed and low power dissipation. A low-power
pipelined ADC can be designed by scaling the capacitor
values and by using low-power active circuitry such as
class-AB OTA and dynamic comparator. This paper
presents the design of a 6-bit 15.36 MS/s ADC, which is
intended to be used in a 3G WCDMA receiver.

2. Pipelined ADC Architecture

Fig. 1 shows the block diagram of the 6-bit pipelined
ADC, which comprises two 2.5-bit stages followed by a
2-bit full flash stage. The first two stages perform coarse
quantization. Each 2.5-bit stage consists of a flash ADC,
a multiplying digital-to-analog converter (MDAC) and a
small decoding logic, as shown in Fig. 2. A sample-and-
hold function in each stage allows concurrent operation
of all stages. The output bits of each stage are delayed
properly before applying to a simple redundant sign digit
(RSD) error correction circuitry.

The differential switched-capacitor MDAC of the
2.5-bit pipelined stage is shown in Fig. 3. The input
signal is sampled into four equal capacitors during the
sampling phase (¢s) while the amplifier is disconnected.

the DAC output, which is either +V,, 0, or =V
according to the output of the sub-ADC. The output
voltage of the MDAC can be written as:

I/{ml = 4l/m - Dsub VDA(,‘ (])
where Dy, is an integer between —3...3 according to the
binary sub-ADC output 000...110, respectively.

Power consumption of the overall ADC is minimized
by scaling the capacitor values and minimizing the power
consumption in OTA, comparator, and other active
circuitry. The capacitor values were calculated to satisfy
the SNR requirement of the ADC and the specifications
of OTA were then calculated accordingly.

Vit 25t [ 256t [ 7] 2-bit
Vin- —3) stage N stage N stage
- 3 bits 4 3bis -+ 2bits
Y \J Y
I Delay Elements J
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Fig. 1: Block diagram of the 6-bit pipelined ADC.

Fig. 2: Block diagram of 2.5-bit pipelined stage.
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3. Gy-Enhanced Class AB Pseudo-
Differential OTA

To realize high-speed and high-accuracy pipelined
ADC, OTAs with high slew rate, high unity-gain
frequency, and large open-loop DC gain are required.
High-speed operation means fast-settling behaviour of
OTA, which requires a single-pole response and large
unity-gain frequency. High accuracy requires a high
open-loop DC gain. As the power supply voltage is
reduced due to technology scaling, designing OTA to
satisfy these requirements is a formidable task.

Class-AB OTA is often used to obtain the above
features with low quiescent power consumption [2], [3],
[4]. In order to maximize the signal swing and dynamic
range under low power supply voltage, cascode
topologies are usually avoided. Thus low-voltage high-
gain OTAs are often realized by cascading two or more
gain stages. This increases DC power dissipation,
reducing the benefit of class-AB operation. In addition,
cascaded gain stages often leads to complex frequency
compensation to ensure stability.

In order to obtain the full benefit of class-AB
operation, OTA should be realized with a minimum
number of cascaded gain stages while still retaining high
open-loop DC gain. Since cascoding is prohibited in low
voltage environment, high gain may be obtained using
large input transconductance. Large input
transconductance may be achieved by using high DC bias
current and large aspect ratio of the input transistors,
leading to high power dissipation and reduced bandwidth,
respectively. Another approach is to increase the input
transconductance by using a weak positive-feedback [5].
In this way, high open-loop DC gain can be obtained
without cascode devices and excessive power dissipation.
This is obtained at the cost of extra poles and zeros
introduced by the positive feedback.

This section describes a new low-voltage, rail-to-rail
output swing, class-AB pseudo-differential OTA. The
proposed circuit employs partial positive-feedback to
enhance the input transconductance, thus improving the
open-loop DC gain and the unity-gain frequency. A push-
pull configuration is used to obtain rail-to-rail output
voltage swing. An RC compensation technique is used to
compensate for the effect of pole and zero introduced by
the positive feedback.

Fig. 4 shows the recently proposed class-AB pseudo-
differential input stage [6]. The circuit comprises the
traditional source-coupled pair (M,, and M,;) and the
shunt-feedback bias subcircuit (M,, M; and 1;). The
shunt-feedback subcircuit provides a low impedance to
node Vs, which keeps Vs approximately constant at V-
Vgss. Thus the input source-coupled pair operates in a
pseudo-differential manner where the quiescent current is
well controlled by I,. When a large balanced differential
input voltage is applied, the output current is absorbed by
M,. The maximum output current is limited by the
amount of current that M, can supply, which can be much
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greater than the quiescent current. Thus the circuit
operates in class-AB fashion. Note that the pseudo-
differential input operation is allowed because, in SC
circuits, OTA operates in an inverting, negative-feedback
configuration with a constant voltage at both input
terminals. The circuit can operate with a minimum supply
voltage of Vy+2Vpgar, thus it is suitable for low-voltage

applications.

Mll
M!
VI

" I

lo1

‘g_{

Fig. 4: Class AB pseudo-differential input pair in [6].

One drawback of the circuit in Fig. 4 is that the input
transconductance is equal to that of a single transistor.
Thus, to obtain a high open-loop DC gain (4, = G,iRou)
without sacrificing the bandwidth, a cascode output stage
was employed [3]. However, this results in a limited
output voltage swing, which is a serious issue in low-
voltage environment,

To overcome the above limitation, the class-AB
pseudo-differential input stage was modified, as depicted
in Fig. 5(a). The new class-AB input stage employs a
weak positive-feedback subcircuit (M,, M; and 1)) to
enhance the input transconductance [5]. In other words,
the positive-feedback subcircuit produces a negative
resistance, R, at the source of M,, as illustrated by an
equivalent half-circuit shown in Fig. 5(b). It can be
shown that R, is approximately -g,»/(gm:€»3), assuming
all transistors are in saturated strong-inversion. 1f M, is
pushed into the triode region, R, is roughly —//g,,;. Thus
the transconductance of the G,,-enhanced class-AB input
stage can calculated as,

b (5)= g, (1+sRC,)
vjl (l+gman)+sRnC.!

()

where C; = Cy+C,; is the capacitance seen at the source
of M,. It is clear, fgrom (1), that the DC transconductance
is multiplied by a factor of (/+g,R,)”’, which is greater
than unity when -/ < g,,R, < 0.

Equation (1) also reveals that one pole and one zero
are associated with the open-loop transconductance
function. For transconductance enhancement, i.e. —/ <
gmR, < 0, both zero and pole are in the right-half plane
(RHP) at @, = -1/R,C; and ®, _(l+gman)/(RnC:}’
respectively. The RHP open-loop pole may produce
closed-loop instability when the OTA is employed in a
negative-feedback configuration. However, it is not a

concern here because the RHP open-loop pole , is
readily placed near the origin [7] to obtain high



transconductance. The RHP open-loop zero will be
compensated for in the overall OTA circuit as described
in the following section.

Fig. 6 demonstrates the G,-enhancement of the
proposed circuit in Fig. 5, by comparing its simulated
output currents to those of the circuit in Fig. 4. As
depicted in Fig. 6, the circuit in Fig. 4 obtained the small-
signal transconductance (i.e. di,/dv; at v; = 0) of 120 uS
with 32-pA quiescent supply current, while the circuit in
Fig. 5 obtained the small-signal transconductance of 1.0
mS with 45-pA quiescent supply current. For this
particular case, the small-signal transconductance was
enlarged by a factor of 8.3, with only a slight increase in
the quiescent supply current. For large-signal operation,
the output currents of the circuit in Fig. 5 are 2.5 times as
much as those of the circuit in Fig. 4.
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Fig. 5: (a) Simplified circuit diagram and (b) equivalent
half-circuit of the proposed Gm-enhanced class AB
pseudo-differential input stage.

Therefore the class-AB pseudo-differential input
stage in Fig. 5 can achieve larger small-signal
transconductance and greater large-signal output current.
As mentioned above, these properties render high unity-
gain frequency and fast slewing behaviour, which are
greatly desirable for high-speed and high-accuracy SC
circuits.

Ovtant curmest (A}

Fig. 6: Output current vs. input voltage.

The complete OTA, depicted in Fig. 7, is realized by
applying the output currents of the class-AB input stage
to low-voltage current mirrors, formed by M;-M; and I,.
A push-pull rail-to-rail operation is obtained by using
Mg, to copy the output currents to the output nodes. The
open-loop DC gain of the OTA is given by the product of
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the input transconductance and the output resistance. As
the input transconductance is large, high open-loop DC
gain does not require cascode devices in the signal path.
This allows a high open-loop DC voltage gain and a rail-
to-rail output voltage swing to co-exist under low power
supply voltage, which is the main advantage of the
proposed OTA.

Apart from allowing low-voltage operation, the low-
voltage current mirror has a shunt-feedback to provide
small input impedance (= g,s/(2ms2ms)). This ensures that
the feedback associated with the finite output impedance
of M, does not degrade the circuit stability [5]. In
addition, the transistors M,,, are added to ensure the
stability of the circuit under mismatches and variations.

The operation of the proposed OTA can be explained
as follows. Consider the right half of the circuit, supposed
that V;; is decreased, the gate and drain voltages of My,
are decreased while the gate voltage of My, is increased,
as the results of inherent feedback. Thus the drain current
of My, is increased and is being supplied by the drain
current of My,. This current is mirrored by Mg, and My,
into the output node V, and is added by the drain current
of Mg, which is a scaled copy of the drain current of Myy,.
As a result, the output voltage V,;, is increased. When V;;
is increased, the reverse occurs and V ; is decreased. Due
to the symmetry, the same explanation can be applied for
the left half of the circuit.

As shown in (1), the input transconductance function
includes a RHP zero, which degrades the phase margin
and the stability of the circuit. As described above, the
output current provided by the input transconductance
causes in an inverting relationship between V;; and V;
(also for V;; and V). Thus to compensate for the RHP
zero, a non-inverting feedforward signal path to the
output node must be created. This is obtained by
connecting Re and Cc between the source of My, (M,,)
and the output node V,; (V). As a result, a left-half
plane (LHP) zero is created to compensate for the phase
lag due to the RHP zero of the input stage. Therefore the
phase margin of the OTA can be improved. Of course, R¢
can be realized by a voltage-controlled resistor and its
value can be adjusted to obtain an optimum phase margin
for different values of load capacitor.

The complete OTA can operate with a minimum
supply voltage of V3 +2Vpsar. The common-mode input
voltage is equal to the supply voltage as an n-type input
stage is used. The proposed OTA was designed and
simulated by using Cadence Spectre™ with process
parameters from a 0.35 pm standard CMOS technology.
The circuit was designed to operate with a single 1.5-V
power supply voltage with C = 4-pF. Fig. 8(a) shows the
simulated open loop AC frequency response of the
proposed OTA. The open loop DC gain is 52 dB, the gain
bandwidth is 110 MHz and the phase margin is 60° in
Fig. 8(b). The simulated performance of the proposed
OTA is summarized in Table 1.



Fig. 7: Complete Gm-enhanced class AB OTA.
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Fig. 8: Frequency response of the proposed OTA.

Table I: Simulated performance of the proposed OTA

Parameters This work
Process 0.35-um
Voo 1.5-V
DC gain 52-dB
Unity-gain frequency 110-MHz
Phase margin 60°
Ibpg 320 pA
O/P swing +/-1.49 V
tseutling 52 ns (0.1 % accuracy)
Slew rate 100 V/ps

4. Differential Pair Dynamic Comparator

Fig. 9 shows the dynamic comparator utilized in the
sub-ADCs [1]. It is based on two unequally sized cross-
coupled differential pairs M,-M; and M;-M; with
switched tail current source Ms and Mg, A CMOS latch
M;-M)o, connected directly above the source coupled
pairs, is reset to Vpp with M;;-M;; when Vi, is low.
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When Vi, goes high, Ms and M, are turned on and M-
M, compare ¥, -V, with a-W - V,;f), wherea s

defined by the imbalance between M;, M,, M5 and M;,
M., Ms. After the latch devices M;-My are turned on, the
circuit regeneratively amplifies the voltage difference at
the drains of the input pairs.

This circuit requires only a single-phase clock and
the comparator threshold is set by the dimensions of M-
Mg In this case, the comparator input offset voltage is
dominated by that of the cross-coupled differential pairs
with large transconductances rather than by the offset of
the CMOS latch. The circuit is quite robust to circuit
mismatches because the input voltage is amplified by M-
M, before comparing by M;-M,q.

Fig. 9: Differential dynamic comparator

5. ADC Simulation Results

The 6-bit pipelined ADC was simulated by using
Cadence Spectre'™ with process parameters from a 0.35
pm standard CMOS technology. The differential non-
linearity (DNL) and the integral non-linearity (INL),
shown in Fig. 10, were found to be 0.55 LSB and 0.59
LSB, respectively.

Fig. 11 shows the simulated SFDR of the ADC,
which was obtained with FFT calculation. The SFDR is
limited by the third-order distortion and it was found to
be more than 47.5 dB over the whole Nyquist band. The
ADC drains 2.8 mA from a 2V supply voltage giving a
total power dissipation of 5.6 mW. The simulated ADC
performance is summarized in Table II. It is shown that
the proposed ADC can achieve similar performance as
that of the ADC in [1], while operating at lower supply
voltage.

6. Conclusion

A 6-bit CMOS pipelined A/D converter was designed
by using a G,,-enhanced class AB OTA. The new OTA
allows the ADC to be realized with low power
consumption with rail-to-rail output swing under lower
supply voltage. Simulation results suggested that the
proposed ADC can be used in a WCDMA receiver.
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Table II: Simulated performance of the ADC.

Parameters This work 1]
Resolution 6-bit 6-bit
Conversion rate 15.36MS/s 15.36MS/s
Differential input 1-Vpp 1.2-Vpp

voltage
DNL 0.55 LSB 0.27 LSB
INL 0.59 LSB 0.18 LSB
SFDR 47.5dB 50 dB
Power Dissipation 5.6 mW 6 mW
Supply voltage 2V 2.7V
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ABSTRACT

A new low-voltage, rail-to-rail output swing, class-AB
pseudo-differential  operational  transconductance
amplifier (OTA) for high-speed switched-capacitor
applications is proposed. Positive feedback is employed
to enhance the input transconductance, which increases
the open-loop DC gain and the unity-gain frequency of
the OTA. Using a 0.35-um CMOS process, the proposed
OTA can obtain 78-dB DC gain, 72.5° phase margin,
100-V/us slew rate with 1-pF load capacitor, while
draining 170-11 quiescent supply current from a single
1-V power supply voltage.

Keywords: Class-AB, Switched-capacitor,
Pseudo-differential, Positive feedback

1. INTRODUCTION

High-speed, high-accuracy, low-power, and low-voltage
are very important properties of modern portable analog
and mixed-signal circuits and systems, such as
switched-capacitor (SC) filters, sigma-delta and pipelines
A/D  converters. High-performance operational
amplifier with low-voltage and low-power capability is
the key building block of these SC circuits, for example,
in [1]. For high-speed and high-accuracy operation,
amplifier must have high slew rate, high unity-gain
frequency, and large open-loop DC gain. Designing such
an operational amplifier with low power consumption
under low power supply voltage is a formidable task.

High-speed  operation  means fast-settling
behaviour, which requires single-pole response and large
unity-gain frequency. High accuracy requires a high
open-loop DC gain. Low supply voltage reduces the
dynamic range and discourages the use of cascode
topologies for high gain amplifiers. Thus low-voltage
high-gain amplifiers are often realized by cascading two
or more gain stages. This leads to high DC power
consumption and complex frequency compensation to
ensure stability.

Class-AB operational amplifier can be used to obtain
the above features with low quiescent power
consumption [2], [3], [4]. However, previously reported
circuits has to use cascode topologies to obtain high
open-loop DC gain. This results in limited output swing,

0-7803-8560-8/04/$20.0002004IEEE

which reduces the dynamic range. Another approach is to
increase the input transconductance by using a weak
positive-feedback [5]. In this way, high open-loop DC
gain can be obtained without cascode devices. This is
obtained at the cost of extra poles and zeros introduced
by the positive feedback.

This paper proposes a new low-voltage, rail-to-rail
output swing, class-AB pseudo-differential OTA that
employs a weak positive-feedback to enhance the
transconductance. An RC compensation technique is
used to compensate for the effect of poles and zeros
introduced by the positive feedback. Section 2 presents
the proposed class-AB input stage, while the complete
OTA is described in section 3. Circuit simulation is
reported in section 4 and conclusion is given in section 5.

2. Gy-ENHANCED CLASS AB
PSEUDO-DIFFERENTIAL INPUT STAGE

Fig. 1 shows the recently proposed class-AB
pseudo-differential input pair [6]. The circuit comprises
the traditional input source-coupled pair (M,, and M,;)
and the shunt-feedback bias subcircuit (M,, M; and I;).
The shunt-feedback subcircuit provides a low impedance
to node Vs and keeps the voltage Vs approximately
constant at V-Vgs;. Thus the input pair operates in a
class-AB pseudo-differential manner where the quiescent
current is well controlled by I,. When a large input
voltage is applied, the output current is supplied by M,.
The maximum output current is limited by the amount of
current that M, can supply. The circuit can operate with a
minimum supply voltage of Viy+2Vpsar, thus it is
suitable for low-voltage applications. Note that the
pseudo-differential input operation is allowed because, in
SC circuits, OTA operates in an inverting,
negative-feedback configuration with a constant voltage
at both input terminals.

One drawback of the circuit in Fig. 1 is that the
input transconductance is equal to that of a single
transistor. Thus, to obtain a high open-loop DC gain (4,)
without sacrificing the bandwidth, a cascode output stage
was employed [2]. However, this results in a limited
output voltage swing, which is a serious issue in
low-voltage environment.



To overcome the above limitation, the class-AB
pseudo-differential input stage was modified, as depicted
in Fig. 2(a). The new class-AB input stage employs a
weak positive-feedback subcircuit (M,, Ms and 1)) to
enhance the input transconductance [5]. In other words,
the positive-feedback subcircuit produces a negative
resistance, R,, at the source of M,, as illustrated by an
equilvalent half-circuit shown in Fig. 2(b). It can be
shown that R, is approximately -g2,./(2n28m3), assuming
all transistors are in saturated strong-inversion. If M, is
pushed into the triode region, R, is approximately —1/g,;.
Thus the transconductance of the G,-enhanced class-AB
input stage can calculated as,

h(‘)= g (1+sRC,)
vl] . (1+ngRn)+SRnCJ

where C, = C,,,+C,; is the capacitance seen at the source
of M,. It is clear, from (1), that the DC transconductance
is multiplied by a factor of (/+g,R,)”, which is greater
than unity when -/ < g,.R, < 0.

Equation (1) also reveals one pole and one zero
associated with the open-loop transconductance function.
For transconductance enhancement, i.e. —/ < g,R, < 0,
both zero and pole are in the right-half plane (RHP) at w.
= -//R,C, and ff’p:*(Hg..nR,.)/(R”C,) , respectively.

The RHP open-loop pole may produce closed-loop
instability when the OTA is employed in a
negative-feedback configuration. However, it is not a
concern here because the RHP open-loop pole o, is
readily placed near the origin [7] to obtain high gain. The
RHP open-loop zero will be compensated for in the
overall OTA circuit as described in the following section.

Fig. 3 demonstrates the G,-enhancement of the
proposed circuit in Fig. 2, by comparing its simulated
output currents to those of the circuit in Fig. 1. As
depicted in Fig. 3, the circuit in Fig. 1 obtained the
small-signal transconductance (i.e. di/dv; at v; = 0) of
120 uS with 32-pA quiescent supply current, while the
circuit in  Fig. 2 obtained the small-signal
transconductance of 1 mS with 45-pA quiescent supply
current. For only a slight increase in the quiescent supply
current, the small-signal transconductance was enlarged
by a factor of 8.3. For large-signal operation, the output
currents of the circuit in Fig. 2 are as much as 2.5 times
those of the circuit in Fig. 1.

Therefore the proposed class-AB pseudo-differential
input stage in Fig. 2 can achieve larger small-signal
transconductance and greater large-signal output current
with little increase in the quiescent supply current. As
mentioned in the introduction, these properties render
high unity-gain frequency and fast slewing behaviour,
which are greatly desirable for high-speed high-accuracy
OTAs.

(M

3. THE COMPLETE OTA

The complete OTA, depicted in Fig. 4, is realized by
applying the output currents of the class-AB input stage
to low-voltage current mirrors, formed by Ms-M; and I,.
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The transistors Ms,, copy the output currents to the
output node providing a push-pull operation. The
open-loop DC gain of the OTA is given by the product of
the input transconductance and the output resistance. As
the input transconductance is large, high open-loop DC
gain does not require cascode devices in the signal path.
Thus this allows a high open-loop DC voltage gain and a
rail-to-rail output voltage swing to co-exist under low
voltage environment, which is the key advantage of the
proposed OTA.

Apart from allowing low-voltage operation, the
low-voltage current mirror has a shunt-feedback to
provide small input impedance (= go5/(2ms€me)). This
ensures that the feedback associated with the finite output
impedance of M, does not degrade the circuit stability
[5]. The transistors My, are added to ensure the stability
of the circuit under mismatches and variations.

Re¢ and C¢ provide a non-inverting feedforward
path to the output node. This creates a left-half plane
(LHP) zero which compensates for the phase lag due to
the RHP zero of the input stage. Therefore the phase
margin of the OTA can be improved and adjusted for
different values of load capacitor.

The complete OTA can operate with a minimum
supply voltage of Vy+2Vpsar. The common-mode input
voltage is equal to the supply voltage as an n-type input
stage is used.

4. SIMULATION RESULTS

The proposed OTA was designed and simulated by using
Cadence Spectre™ with process parameters from a
0.35-pm standard CMOS technology. The circuit was
designed to operate with a single 1-V power supply
voltage and nominal parameters summarized in Table 1.
Unless stated otherwise, all simulation results were
obtained with C; =1 pF, C¢ = 0.5 pF, and Rc =4 KQ.

Fig. 4 shows the simulated open-loop AC
frequency response of the proposed OTA. The open-loop
DC gain is 78 dB and the gain-bandwidth is 86 MHz and
the phase margin is 72.5°.

To examine the closed-loop performance, an ideal
voltage level shifter was used to realize the proposed
OTA in the unity-gain feedback configuration. A 1-MHz
squarewave differential input voltage of * 1 V was
applied to the OTA, and the output responses are
depicted in Fig. 6 to Fig. 8. Figs 6 and 7 demonstrate that
a rail-to-rail output voltage swing of * 980mV can be
obtained. The output current delivered to the load
capacitor is depicted in Fig. 8. The simulated
performance of the proposed OTA is summarized in
Table 2.

5. CONCLUSION

A new low-voltage class AB pseudo-differential OTA
has been described. The proposed OTA employs a weak
positive-feedback to enhance the transconductance. The
key advantage of the circuit is that high open-loop DC



voltage gain and rail-to-rail output swing are achieved
simultaneously under low-voltage low-power operation.
The proposed OTA is thus suitable for low-voltage
high-speed switched-capacitor applications.
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Fig. 1: Class AB pseudo-differential input pair in [2].
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Fig. 2: (a) Simplified circuit diagram and (b) equivalent
half-circuit of the proposed Gm-enhanced class AB
pseudo-differential input stage.
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Fig. 4: Complete Gm-enhanced class AB OTA.
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Table 1: Circuit parameters

Component Value
(W/L), 5/0.35
(W/L), (W/L)s 10/0.35
(W/L), 0.9/0.35
(W/L)s 20/0.35
(W/L)s, (W/L); 30/0.35
(W/L)s 22/0.35
/; 2 ud
I, 17 pA
Ves oV
Ve i1V
Re 4KQ
Cc 0.5 pF

Table 2: Simulated performance of the proposed OTA

Parameters This work 12]
Process 0.35um 0.35pm
Voo 1V 1.1V
DC gain 77.5dB 65 dB
Unity-gain 86 MHz (c,-1pF. cc-0.5pp | 15 MHz
frequency 140 MHz (c,=1pF, cc=0.5pp | (€=1pF)

50 MHz (c,~4pF, Cc=0.5p0)

72.5% (.= IpF, Cc-0.5pD 76°
28° (c,=IpF. Cc=0.5pp
45° (Cy=4pF. Ce=0.5pp)

Phase margin

fronsies: Reaporre lDD,Q 170 [JA 7}‘,4

e R s O/P swing | +/- 980 mV +/- 700 mV
- ;”*" | - 50 ns (0.1 % accuracy) | 165 ns (1%
i ! accuracy)

£ . f Slewrate | 100 V/us 7.8 Vius
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Fig. 7: Differential output voltage response to a 1-MHz
square-wave input voltage.
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