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Abstract: A novel low-voltage two-stage operational amplifier employing resistive biasing is
presented. This amplifier implements neutralization and correction common mode stability in
second stage while employs capacitive dc level shifter and coupling between two stages. The
structure reduces the power consumption and increases output voltage swing. The
compensation is performed by simple miller method. For each stage an independent common-
mode feedback circuits has been used. Simulation results show that power consumption is 2.1
mW at 1 V supply. The dc gain of the amplifier is about 70 dB while its output swing is as

high as around 1.2 V.
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1 Introduction

Rapid growing in technology and science has forced
electronic engineers to implement deep submicron
technologies in order to enhance the speed and lower
the power consumption. The main challenges to achieve
these requirements are voltage limitation, noise
performance and power reduction.

One of the main elements implemented in the
circuits such as data converters, filters and switched
capacitor (SC) is operational amplifier (OP-AMP).
There are several structures of OP-AMPs but only a few
of them are suitable for use in deep submicron processes
where low power consumption is a main requirement.

As the high precision in the most applications
translates to high gain, so obtaining high gain is of great
importance. The first challenge in providing high gain is
the small voltage of supply which limits the cascode
topology to have enough output voltage swing.
Therefore the use of this topology in output stage is not
suitable. In addition the small voltage swing decreases
the signal to noise ratio of the amplifier [1]. The second
problem in the deep submicron process is small
transistor’s output resistance. In order to increase this
resistance one should decrease the bias current of
transistor which in turn reduces the speed. Another
solution to overcome to the problem is implementing
gain boosting [2] to enhance gain in a high speed circuit
[3]. To achieve high gain, at least, two cascaded stages
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are required. Using multi-stages amplifiers (more than
two) creates several low frequency poles which
decreases the speed of the amplifier and increases
power consumption. Implementing common-mode
feedback (CMFB) circuit in two stages OP-AMP is
another important issue in low voltage applications. To
have good common mode stability, two local common-
mode feedback sub-circuits are required to regulate the
output voltage of each stage [4] since a single-loop
common-mode feedback is unstable in two stages OTA.
Local common-mode feedback also increases power
dissipation. The maximum output swing decreases if the
common mode voltage is variable.

Process parameters variations in deep submicron
processes are large which limits the optimum design [5].
It is supposed that the best choice for a high gain and
high swing circuit with low power consumption is two-
stage operational amplifier whose first stage is folded-
cascode amplifier [6]. The first stage provides large gain
and has a small output swing voltage while the second
stage produces a low gain and a high swing voltage.
Also, the second stage plays an important role in
frequency compensation of amplifier. Although this
choice has good advantages for designer, it has some
drawbacks.

Outline of this paper is as follows. In section 2, the
structure of a commonly used two-stage op-amp is
described. In section 3, proposed structure is described
and the simulation results are shown in section 4.
Finally, conclusion is presented in section 5.
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2 Common Two-Stage Amplifier

To achieve high gain in low voltage processes, two-
stage amplifier topology is a best choice. Folded
cascaded differential pair has two main advantages of
increasing both the output swing and common mode
input range [7]. Thus two-stage operational amplifier
with a folded cascode as the first stage has many
applications requiring high precision and low supply
voltage. This structure is shown in Fig. 1.

The first stage has high gain and low swing and the
second stage has low gain and high swing. The dc gain

Adczgmlgmll[(ro3||r01)(1+gm5r05)||r09 (1)
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where, g, and 1, is transistor trans-conductance and

output resistance respectively.

The voltage swing of the first stage is expressed as:
Vo1swing=2%[Vpp-(AV3 +AVs +AV; +AVy)] (2
where, AV is overdrive-voltage of related transistor.
This stage is used for compensation and amplification
as well. The gain is miller multiplication coefficient for
the compensation capacitor. It is obvious that using
multi-stages amplifies has many advantages. These
amplifies have high gain and high output voltage swing,
however, their speed is less than that of the one stage
amplifiers such as cascode, folded cascode or telescopic
amplifiers [8]. In addition, these amplifiers consume
more power. Furthermore, the two-stage amplifiers
require two common mode feedback circuits.

All mentioned drawbacks are important; however as
two-stage amplifier is used in a low voltage process
such as 90nm CMOS, some drawbacks are more
important. If the second stage is connected directly to
the first stage, the output voltage swing will be:

Voutswing=2>< (VD '(Voutlbias'vthll)) (3)
where, Vouiswing 18 output voltage swing of amplifier,
Vout1y,;,s @nd Ving1 is output de voltage of first stage and

threshold voltage of M;; respectively. Cascoding
transistors in the first stage’s output results in a high
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value of oy, .- SO swing of second stage output is
limited for a low voltage application [9].

3 Proposed Amplifier

In request to a voltage level shifter which increases
the voltage swing of second stage, a capacitive level
shifter is preferred to source follower for its lower
power consumption. However for this structure it is
required to charge the coupling capacitor with an
appropriate and constant voltage. To do this, the
capacitor is connected to a constant voltage during
common mode adjusting time. This coupling capacitor
is placed between first stage’s output and second stage’s
input as shown in Fig. 2. In this figure, the dc voltage of
capacitor affects the bias of second stage.

As it mentioned above, the coupling capacitor is
charged in common mode adjusting time. In this time,
top plate is charged with first stage CMFB and bottom
plate is charged to Vg As it is shown in Fig. 1, two
switches, two resistors and input transistor of second
stage determine the voltage of capacitor’s bottom plate.
When the op-amp is in common mode adjusting period,
the transistor’s drain current is given by:

1 w
ID= E uncox r (VB'Vth)2

. .. wo. .
where, u, is electron mobility, C,, and T Is gate oxide

“)

capacitance of transistor and aspect ratio respectively
and Vj is the voltage between two resistors. It is known
that the drain current of output transistor is fixed by the
bias circuit, so Vp is to be charged with respect to bias
voltage. This is done by two resistors.A large coupling
capacitance connected to node B is another important
issue which needs special consideration. In this case, the
bias of node B is fixed in a long time constant due to
high resistors Ry,; and Ry,. However this is done once in
startup time of amplifier. It can be easily shown that the

output dc voltage is:
Rp1+Rp2 (5)
Vope=—FH— V&
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Fig. 2 Capacitive coupling between two stages amplifier and
2'nd stage CMFB.
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It means that the dc output voltage is proportional to
VB. It is clear that this structure acts as second stage
CMFB. Using this simple structure has two main
advantages. Firstly, in contrast to the conventional
switched capacitors which use capacitive CMFBs and
therefore occupies large area, this simple CMFB does
not use capacitor. Secondly, this CMFB charges the
coupling capacitors which are used as a level shifter
with appropriate voltage.

Although the above topology has many advantages
which were explained but it has many drawbacks. The
first drawback is that only the fraction of the first stage
output is amplified by the second stage. This is due to
this fact that there is a miller capacitance between
second stage input and output. So:

Ccoupling X v (6)
Ccoupling"’cp Ostagel
where C, is given by:
szcgsalo F8moo 10 RLng9,10 ™
and Ceoupiing 18 coupling capacitor. This decreases the

Vp=

Ccoupling

amplifier gain by factor of . Since the gain of

coupling+cp
two-stage amplifier implemented in 90nm CMOS
process is limited to about 70dB, it is necessary to
eliminate the effect of miller capacitor. The best
solution is to use neutralization method as it is shown in
Fig. 3.

The second drawback is produced by simple second
stage CMFB since this simple CMFB works only in
small period of common mode adjusting period. The
half-circuit part of amplifier in common mode is shown
in Fig. 4. This circuit shows common mode half circuit
in amplification phase, Cr and C; is feedback capacitor
respectively. Mp is one of input differential pare
transistor, Mc is control transistor in first stage common
mode feedback loop and M, is one of output stage
transistor. Careful consideration of this figure shows
existence of positive feedback in common mode of
amplifier. To stabilize the amplifier in common mode,
the common mode loop gain (CMLG) should be less
than unity:

R
CMLG=2mek o ®
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Fig. 3 Use neutralization method for eliminate the effect of
Capacitor miller effect.
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In the above equation, g,,, is trans-conductance of
M,,Ry is output resistance of amplifier while g,,,. and r,
are trans-conductance and output resistance of M.,
respectively. The loop gain in common mode is around
unity, so it is unreliable and should to be reduced to
appropriate value. Figure 5 shows the proposed circuit
whose loop gain is less than unity.

The widths of transistors are expressed as follows:
Witger , =K*Wiy (9-a)
WMonl,Z =GXWMc1,2 (9-b)

As can be seen in Fig. 5, two transistors M¢; and
Mc, sample and scale the input transistors’ currents of
the second stage and feedback their summed into their
inputs. So only common mode parts of bias current is
fed back to the second stage with no effect on
differential mode parts of bias current. It can be proved
that:

I (10-a)

il BV gmoRL (lo'b)

where [ is bias current of stage 2, I is bias current of
Mgp12 and AVC is common mode gain of second

stage. As it is seen in the above equations, the common
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Fig. 5 Proposed circuit for attenuate common mode gain.
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mode gain of second stage decreases if (1-1(%) <1.

Also, for 0>>1 the power consumption of second stage
is approximately the same as that of when common
structure is used for the second stage.

From (10-b), it can be seen that by applying this new

structure and choosing (1-K§)<1, the loop gain of

amplifier is less than unity and amplifier is stable in
common mode. The final schematic of amplifier is
shown in Fig. 6.

4 Citations and References

Figure 7 show the proposed two-stage amplifier in
Multiplying-DAC-subtract configuration called MDAC.
This circuit is one of most important circuit block in
pipelined ADC, where @; and @, are 100MHz
nonoverlap clock, V., is input common mode voltage
and Vpac+ and Vpuc. are related to prior stage result.

The simulated results for the amplifier in 90nm
CMOS process with 1 V supply as shown in Fig. 7 are
presented in Figs. 8 to 11. These results are obtained
with HSPICE Ver. 2007.09. The proposed amplifier
operates in switched capacitor application as it shown in
Fig. 7. The amplifier’s dc gain is about 69.6 dB as it is
clear from Fig. 9 and its phase margin is around 57.3
degrees at p=1.

As it is seen from Fig. 10, the unity-gain bandwidth
is about 416 MHz. It is important to note that the
frequency compensation is performed by simple miller
method. The common mode gain of amplifier is about
30 dB.The simulated FFT output voltage is presented in
Fig. 11. For this amplifier, the SFDR and THD are
73.37 dB and -73.19 dB respectively.

The simulated step response of proposed OPAMP is
shown in Fig. 9. The slew rate is about 130 V/us. Table
1 shows the main parameters of the amplifier and
comparison with other work.
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Fig. 7 Switched capacitor circuit MDAC with proposed two
stage amplifier.
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Fig. 9 Simulated op-amp step response ($=0.5).
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Fig. 10 Frequency response of the proposed OPAMP.
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Fig. 11 256 point FFT performance of the Switch capacitor
circuit (gain 2) with using proposed op-amp.

Table 1 Performance comparison of different OP-MPs.

Parameter |Thiswork| Ref[10] | Ref[11] | Ref[12]
Process 90nm | 90nm | 90nm | 180 nm
Power 10V 10V | 12V 18V
supply(Vdd)
Power 21mw | 34mwW | 20mwW | emwW
Consumption
Open loop gain | 69.6dB | 74dB | 70dB | 72.2dB
Unity-gain  [416.7 MHz| 1000 2500 1100
frequency MHz MHz MHz
Gain margin -10dB - - -
@IpF(p=1)
Phase margin 57.3° - 60° 58°
@IpF (B=1)
Slew Rate 130 V/us - 25VIns -
Load 1IpF - 300fF | 10pF
Output voltage 12V 15V 0.5v 2V
swing
(Vp-p)
Input CMR 0.8V - - -
Settling time 3.8nS - - -
(0.05%)
SFDR 73.37dB - - -
THD -73.19dB - -

5 Conclusion

In this paper, a two-stage folded cascode amplifier

with 1V supply
CMOS process

for use in pipelined ADC in 90 nm
was presented. It was shown that by

employing resistive biasing in second stage and

capacitive dc I

evel shifter and with simple miller

compensation, the proposed op-amp has large unit-gain
bandwidth, good phase margin, fast-settling behavior

and large output
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voltage swing.
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