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Low Power Op-Amp Based on Weak Inversion
with Miller-Cascoded Frequency Compensation
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Abstract—A design for a rail-to-rail input and output
operational amplifier is introduced. The circuit operates with
0.8 V single supply. The rail-to-rail input stage with controlled
Om is obtained by biasing transistors in weak inversion and
one-times current mirror. The opamp provides a DC gain of 78
dB and gain-bandwidth (GBW) of 1.7 MHz at a 13 pF, 108 kQ
load by using 0.18 pm CMOS process (V= 0.4 V and Vy,= -0.4
V). The power consumption is 10 pW and g, variations are
6.4% over the entire input common-mode voltage range.

Index Terms—Low Voltage, Rail-to-Rail, Weak Inversion,
Constant Gy,

I. INTRODUCTION

In recent years, the importance of integrated circuits design

with low supply voltage is increased. The operational
amplifier (opamp) which is a fundamental building block in
the analog and mixed- mode circuits, is not an exception [1].

Some reasons can be given for the need to low voltage
circuits [2]. First, as the integrated devices dimensions
become smaller, gate-oxide with several nanometers
thickness is subjected to lower breakdown voltages, so it
requires lower supply voltage for ensuring device reliability.
The second reason is due to increasing the demand of
battery-powered portable equipment. In the portable devices
such as laptop, implantable cardiac pacemakers, wireless
communication devices and hearing aids, low power
dissipation is important to have suitable battery life and
weight. In these applications, the supply voltage has to be
reduced in order to have reasonable operation period from a
battery. The third reason is dictated by increasing packaging
density of the components on silicon chip. The chip can
dissipate limited amount of power per unit area, hence power
per electronic function has to be reduced in order to prevent
overheating of the silicon chip.

The low supply voltage limits the input common-mode
and dynamic range of op amps [3]. In order to obtain a large
dynamic range and high signal-to-noise ratio, the
common-mode range (CMR) must be kept as large as
possible. As the result, to compensate the reduced input
common-mode and dynamic range, the operational amplifier
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should be able to deal with signals that extended from the
negative supply rail to the positive supply rail, i.e.,
rail-to-rail.

In this paper, a compact two stages operational amplifier
with rail-to-rail input and output signal swing is presented by
using the approach from [4], [5]. The supply voltage sub-1v
is employed. Hence, most of the transistors operate in weak
inversion.

The performance of the proposed amplifier is described in
section 1. The design parameters are given in section I11. The
simulation results are presented in section IV and the
conclusions are drawn in section V.

Il. CIrcuUIT DESCRIPTION AND OPERATION

The overall architecture of the proposed operational
amplifier is shown in Fig. 1. In the next subsections, the input
and output stages and frequency compensation of the opamp
will be discussed.

A. Constant-Gy, Rail-to-Rail Input Stage

The conventional scheme to design rail-to-rail input stages is
through utilizing complementary differential pairs by placing
a p-channel differential pair and n-channel pair in parallel
[6], [7]. There are basically three operation regions [8]; when
the input CM voltage, Vi m is near the positive or the
negative supply, only the nMOS or the pMOS differential
pair is active, respectively. For V; ., around middle range,
both differential pairs are active. This common-mode range
overlap provides a forbidden voltage region in the amplifier s
common-mode input range. If the applied Vi falls within
this range, it will not be amplified properly. In order to avoid
a forbidden voltage region in the middle range, the supply
voltage has to be at least:

Vsup(min) =Vgs,n +Vgs,p +Vds,n +Vas,p 1)

where Vg n, Vg, p are the gate-source voltages of the
differential pairs and Vs n, Vs, p @re the saturation voltages of
the current sources. If the input transistors operate in strong
inversion, considering threshold voltages of about 0.4 V and
saturation voltages of 0.2 V, we have a supply voltage of 1.2
V. In order to reduce this value, we tend to bias transistors in
weak inversion.
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Fig. 1. Overall architecture of the proposed operational amplifier
However, the total transconductance (gnt) of input stage
when both differential pairs are active is twice of that when 1, + 1, =l =Constant 4)

just one pair is on. This fact impedes optimal frequency
compensation, since the unity-gain bandwidth of the op-amp
is proportional to that transconductance. Hence, some extra
circuitry and constant-g,, techniques are required to keep the
total transconductance constant.

Several techniques have been reported to overcome gm
variations problem [1], [4], [9-11]. In the Most of these
methods, the input stage transistors are biased in strong
inversion and are employed complex biasing forms.

However, this is a simple solution. This idea is based on a
bipolar counterpart [7]. In the bipolar technology (MOSFET
in weak inversion), the transconductance is proportional to
the collector (drain) current by:

Ic(Ip)

-_C\DJ 2
=T hUy )
where n is the weak inversion slop factor, and Uy = KT/q is
the thermal voltage.

In the input stage given in Fig. 1, if transistors M;-M,
operate in weak inversion, the total gy, is given by [11]:

In
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where I, and Ip are the tail currents of the input pairs.

Therefore, in order to have a constant g,, operation the sum
of the tail currents must be according to the following
expression:

where |yt IS the drain current of the transistor Ms.

The gnm: control of the input stage is performed by means of
the current switch MSW and one-times current mirror Mg.Ms.
When the V; . is near to V, gate-source voltage of the
current switch MSW, VSW, is positive and this transistor is
off. As aresult, theentire drain current of Ms, | flows to the
pMOS pair. When the V; ¢, rises, VSW decreases and when
it becomes negative, the MSW starts to conduct. If the V; ¢
increases continuous, the transistor
MSW conducts half of Il at a certain point. Its current
becomes more and more, until it be equalled to Iy, and
mirrored via the current mirror Mg-M,, to the source node of
the nMOS pair and hence pMOS pair is completely turned
off. Part of |y, directs to pMOS pair when the amount of V;
«m IS around the middle range of the supply voltage and the
rest of it flows to MSW. Then it is guided to the nMOS pair
via current mirror Mg-Ms. Consequently, sum of the tail
currents of the pMOS and nMOS pairs is kept equal to Ity
The turning point (1,=1,) is determined by the VSW voltage.
For the nMOS and pMOS pairs with the same threshold
voltage, the VSW voltage must be exactly half of the power
supply voltage. If the weak inversion slop factor, n, is
different for the nMOS and pMOS pair, the g, will change
over the entire common mode voltage range. This problem
can be entirely solved by correcting the gain factor of the
current mirror Mg-Mg. When the current switch MSW guides
the current Iy, from the pMOS to nMQOS pair gradually, the
offset of the input stage will change and lead to degradation
of the Common Mode Rejection Ratio (CMRR).
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In order to overcome the above problem, the offset change
must be distributed over the common mode input range. This
requires that the W/L ratio of the current switch MSW be
small in compare with the input pairs M;-Mj.

The g, controlled by mentioned way offers small die area
and low power dissipation, besides a constant g, operation.
Because, the current switch MSW and the current mirror
Mg-Mg are small in compare with the input stage transistors.
Also, this method has not effect on noise of the input stage.
This is due to the produced noise in the g, control circuit, is
incorporated with the tail currents of the complement input
pairs. Hence, it behaves as a common-mode signal. As the
result, the generated noise of the g,, control can be neglected,
assuming that the input pairs M;-M, are matched.

Fig. 2 shows the normalized gp: curve versus to Vi cm.

B. Output Stage

In order to achieve the rail-to-rail output voltage range the
output transistors M,g-M,e, must be in the common-source
configuration. Due to efficient use of the power supply, they
should be biased in class AB. Also, the class-AB control must
be compact in order to better use of die area [4], [6].

In Fig. 1, the feedforward class-AB control is performed
by M5 and My;. These transistors are biased by two in-phase
signal currents from cascodes M3 and Mg and their
gate-voltages are maintained at a constant value by the
stacked diode-connected transistors (Mjs-Myg and Maz-Mo,).
In the output stage of the reported circuit in [6], the class-AB
control, and the quiescent current in the output transistors are
sensitive to supply voltage changes. Here, we use of the
floating current source to obtain the insensitive quiescent
current to supply voltage variations. The floating current
source (Mg, and Myg) has the same architecture as the
feedforward class-AB control, and hence the power supply
voltage dependency of the class-AB driver, is automatically
compensate. The transistors, My, My, Mas, Mys and Myg,
Mao, M3, My, create two translinear loops that determine the
value of the floating current source.

r V,
) i, em e

Figure 2. The normalized g curve versus to Vi cm
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C. Frequency Compensation

Frequency compensation is needed due to provide stability
in the Two- stage opamps. For a special value of power
consumption, each of compensation techniques presents a
trade-off between the bandwidth and stability [12].

In this implementation, frequency compensation is
performed by the cascoded Miller which compared to
classical Miller compensation, have some advantages.
Firstly, it is well known that, the two-stage opamp gain can
be improved by using of the cascode architectures. If applied
cascode is placed in the Miller loop, non-dominant pole is
shifted to higher frequency and this, results in a larger
unity-gain frequency. Hence, for the same value of
bandwidth, the amplifier with cascoded-Miller compensation
can offer higher Power Signal Rejection Ratio (PSRR) and
lower power consumption. Also, in [4] is shown that the
opamp with this compensation responds to small and large
signals, faster than classical Miller compensation, and gives a
better slew-rate. However, a weak point of this compensation
is that the amplifier peaks at high output currents and the
worst case situation takes place for a load capacitor that is
equal with the Miller capacitor.

Since in this paper, power consumption is a key factor,
therefore the cascoded Miller is used.

In Fig. 1, cascoded Miller compensation is performed by
connecting the Miller capacitors to the source of the cascode
transistors, M3 and My, instead of connecting to the gate of
the output transistors.

I1l. DESIGN PARAMETERS

The aspect ratios of the transistors in Fig. 1, as well as the
value of capacitors CM; and CM, are given in Table I. The g,
control operation with low power supply voltage is obtained
through designing all transistors with large aspect ratios
operating in weak inversion except the current sources.

Transistor Ms always operates in saturation region, and
never in linear region, through properly selecting the
gate-voltage VSW of MSW.

IV. SIMULATION RESULTS

The opamp is simulated with TSMC 0.18 um CMOS
technology. The threshold voltages of nMOS and pMOS
transistors are in the range of 0.4 V. The supply voltage Vpp
is 0.8 V. The load is a 13 pF capacitor in parallel to 108 kQ
resistor. Fig. 2 shows the normalized gy curve versus to V;
cm- The simulated g variation is 6.4%. Fig. 3 Shows the
frequency response of the opamp. The DC gain is 78 dB,
unity-gain bandwidth is 1.7 MHz, and phase margin is 68°.
The simulation results are presented in Table II.
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Fig. 3. Frequency response of the proposed operational amplifier
TABLE |
COMPONENT VALUES V. CONCLUSION
Components W(um) / L(um) This paper has presented a new design strategy for a
M. M, 60/0.4 constant-g,, rail-to-rail low power operational amplifier. In
the proposed circuit, power consumption is reduced by
M3, My 150/0.4 L . . . . .
biasing the transistors in weak inversion and using of the
Ms, Mio, Muy, MSW 22.5/5 cascoded Miller compensation. The constant-g,, operation is
Ms, My, 6.25/5 achieved using one-times current mirror that has a constant
YRy ST transconductance only when input stage pairs are biased in
7y V27 . . . . . .
weak inversion. The simulation results have been provided.
Mg, Mg, M3o, My 9/5
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