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Abstract: A 1 V operating fully differential OTA is pre-
sented. We designed a 1 V operating fully differential OTA
using NMOS inverters in place of traditional differential pair.
To obtain high voltage gain, a two stage configuration has
been used in which the first stage has feedforward to can-
cel common-mode signal and the second stage has common-
mode feedback. This OTA was fabricated by 0.18 μm CMOS
technology. Measured dc gain is 40 dB and a unity gain fre-
quency is 10 MHz. This OTA leads a solution to the low
supply voltage issue in scaled CMOS analog circuits.

1. Introduction

The operation of analog circuits from low supply voltages be-
comes necessary due to down scaling of technologies. In the
near future, the operation of analog circuits from 1 V sup-
ply voltage will be indispensable (Figure 1 [1]). However, it
is difficult for traditional fully differential OTA using differ-
ential pair to operate from 1 V supply voltage. There is an
idea using CMOS inverters in place of the differential pair to
lower its operating voltage [2], [3], however, CMOS inverters
require at least 2Vth so that the low supply voltage operation
below 1 V may be difficult.
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Figure 1. Supply voltage trend (ITRS road map)

On the other hand, it is possible for NMOS inverters to
operate from lower supply voltages than CMOS inverters. A
0.9 V operating fully differential OTA using NMOS inverters
have been reported [4]. However, the OTA cannot control its
common-mode output voltages by itself, because it has only
feedforward paths to cancel common-mode signals. On the
other hand, the cascade connection of feedforward OTA and
feedback OTA (F/F+F/B OTA) structure [3] can control its
common-mode output voltages at the half of supply voltage
by common-mode feedback. We designed and fabricated a 1
V operating fully differential OTA using NMOS inverters in

place of CMOS inverters in F/F+F/B OTA . Simulated and
measured results are presented.

2. Issues in Low Supply Voltage Operation

A traditional fully differential OTA uses the differential pair.
The differential pair is shown in Figure 2. This construc-
tion has more than three stacked MOSFETs between VDD and
GND, so that it is difficult for the differential pair to operate
from supply voltages as low as 1 V. To overcome this sit-
uation, we must adopt circuits with less number of stacked
transistors.
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Figure 2. Differential pair

There has been some ideas using CMOS inverters in place
of the differential pair to lower its operating voltage[2], [3].
The CMOS inverter is shown in Figure 3. This configura-
tion has only two stacked MOSFETs between VDD and GND.
However, CMOS inverters still require at least 2Vth to operate
so that the operation below 1 V may be difficult.

It is possible to lower the threshold voltage Vth by using
additional process steps; however, it is not practical from the
view point of increased production cost and leak currents in
the digital circuit. Thus, we decided to adopt simple NMOS
inverters, instead of CMOS inverters.

The NMOS inverter is shown in Figure 4. The use of a
PMOS as a load current source makes it possible to deter-
mine the NMOS inverter’s bias current independent of the Vth

of NMOS. Therefore, it is possible for NMOS inverters to
operate from lower supply voltages than CMOS inverters.

3. OTA Design

A circuit configuration of the F/F+F/B OTA is shown in Fig-
ure 5 [3]. This OTA consists a fully differential two-stage
OTA, in order to obtain high gain. We could obtain only about
20∼30 dB of voltage gain, if we used a single stage construc-
tion because of low output impedance of 0.18 μm CMOS pro-
cess for the minimum gate length.
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Figure 3. CMOS inverter (C-INV)
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Figure 4. NMOS inverter (N-INV)

To suppress common-mode gain, this OTA has feedfor-
ward paths and feedback paths. The first stage has feedfor-
ward paths for common-mode cancellation, while the second
stage has common-mode feedback paths to stabilize the out-
put common-mode voltage. The input common-mode voltage
is detected by averaging two inverted inputs, and only the in-
verted common-mode voltage is fedforward via two replica
inverters (C-INV4, C-INV7) to the inverters in main signal
paths (C-INV1, C-INV8). Likewise, the output common-
mode voltage is also detected by averaging two inverted out-
puts, and only the inverted common-mode voltage is fedback
via two replica inverters (C-INV12, C-INV15) to the invert-
ers in main signal paths (C-INV9, C-INV16). Hence, the
differential-mode signals are not fedforward or fedback be-
cause of the averaging. This is shown in Figure 6 (a).

Our main idea is to replace the CMOS inverters with
NMOS inverters; however, simple replacements cause a prob-
lem. In the averaging stages, differential signal may not can-
cel out due to its class-A operation of the NMOS inverters.
This is shown Figure 6 (b). This causes the differential-
mode output to clip in its upper half portion, because some
of the differential-mode component is fedback and lowers the
differential-mode gain. This never occur if we use CMOS in-
verters.

To solve this problem, we decline to use the NMOS in-
verters to average in the F/F OTA and F/B OTA stages. The
proposed OTA is shown in Figure 7.

First, we decline to use averaging action at the F/F OTA
stage by disconnecting the outputs of N-INV3 and N-INV6.
This permits signals to feedforward both common-mode and
differential-mode; however, only the common-mode signals
are canceled and the differential-mode signals aid due to the
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Figure 5. Configuration of F/F + F/B OTA
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Figure 6. The flow of the differential signal of F/F+F/B OTA
using CMOS inverters (a), and using NMOS inverters
(b).

cross connection around the feedforward paths.
Second, in the F/B OTA stage, we adopted a resistive

averaging circuit in front of the feedback circuit consist-
ing of NMOS inverters (N-INV10∼13). This eliminates the
differential-mode signals input to the feedback circuit, and
only the common-mode feedback remains. The resistance of
the averaging circuit must be large in order to keep the volt-
age gain high. In this design R = 220 kΩ is used, because the
estimated output resistance of N-INV9(N-INV-14) is 22 kΩ.

We assume a 0.18 μm CMOS process in the design. The
gate length L of the NMOS inverters are 0.18 μm (minimum
dimension) considering speed and power dissipation. Gate
widths of the NMOS are designed to be 1.5 μm, and those of
PMOS are designed to be 6 μm. The first stage inverters have
all the same aspect ratio to keep common-mode cancellation
high. In the second stage, main forward path inverters (N-
INV9, N-INV14) have ten times the larger gate width than the
first stage inverters, because they must provide larger output
currents. Other inverters are the same dimension as that of

418



N-INV1

N-INV2 N-INV3 N-INV4

N-INV5 N-INV6 N-INV7

N-INV8

−IN

−OUT+IN

+OUT

Cc

N-INV9

N-INV10N-INV11

N-INV12

N-INV13

N-INV14

R

Cc Rc

Rc

R

Figure 7. Proposed OTA

the first stage. Each unit inverter consumes about 5 μA, and
the output stage inverters consume about 50 μA from 1.0 V
power supply. Total current consumption is about 170 μA.

Because the proposed circuit is a two-stage amplifier, we
introduced a conventional Miller compensation at the second
stage as shown in Figure 7. The compensation capacitor Cc is
2 pF, and resistor Rc of 1 kΩ is put in series, in order to ob-
tain phase margin of about 60 degrees. Simulated differential-
mode gain is 44 dB, and the unity gain frequency is 13 MHz
for no-load.

4. Simulated and Measured Results
The proposed OTA was designed and fabricated by using
TSMC 0.18 μm 1P6M mixed signal CMOS technology. A
micrograph of the fabricated OTA is shown in Figure 8. The
size of the fabricated OTA is 315.5 μm × 193.8 μm. The large
area of the right side is occupied by resistors of the averaging
circuit (2 × 220 kΩ).
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Figure 8. Chip micrograph of the proposed OTA

Figure 9 shows the simulated and measured frequency
responses of the proposed OTA. The simulated differential-
mode gain is 42 dB and the measured gain is 39 dB for a
100 kΩ load with a 13 pF capacitor in parallel. For common-
mode, the simulated gain is −33 dB and the measured gain is
−35 dB for the same condition.

These results indicate that the measured responses of the
differential-mode are well matched with the designed re-
sponses.

The common-mode phase response could not be measured.
Measurements for common-mode signal is difficult because
the common-mode signal is very small due to a very large
common-mode rejection ratio of the proposed OTA. However,
because the measured common-mode gain is less than unity
for all frequency range, a stability problem will not occur.
Anyway, the measured results indicate its usefulness of the
proposed circuit configuration operating at very low power
supply voltage situations.
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Figure 9. Bode plot of the proposed OTA

Figure 10 (a) shows measured output clipping levels to
show the maximum output voltage swings of the two outputs.
Each output voltage swings 880 mVp-p at 1 V power supply,
as expected from the simulation result. Figure 10 (b) shows
the maximum differential output voltage swing, which is 1.8
Vp-p at 1 V power supply. It has been confirmed that the pro-
posed OTA has a very large output swing capability even in a
low power supply voltage.

The simulated and measured performances of the proposed
OTA are summarized in Table 1. Unfortunately, its current
consumption was not measured, because the power supply
line is common to other circuits on the same chip.

5. Conclusion

We proposed an NMOS inverter based fully differential two-
stage OTA, which can operate from 1 V power supply. The
proposed OTA has been designed and fabricated in 0.18 μm
CMOS process. The measured results confirm that the OTA
can successfully operate from 1 V power supply with about
40 dB, unity gain bandwidth of about 10 MHz at 170 μA of
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Figure 10. Measured output swing of the proposed OTA. Two
single-end output voltages (a), and differential output
voltage (b).

Table 1. Performance summary of the proposed OTA
(RL=100 kΩ, CL=13 pF)

Item Simulated Measured

Supply voltage 1.0 V 1.0 V
Current consumption 170 μA −
Open-loop dc gain 42 dB 39 dB
Unity gain frequency 9 MHz 10 MHz
Phase margin 52 deg. 53 deg.
Output voltage swing (28∼974) mV (50∼ 930) mV
CMRR @10 kHz 75 dB 74 dB

current consumption. This OTA provides a solution to the low
supply voltage issue in scaled CMOS analog circuits.

The differential-mode gain of the proposed OTA is lower
compared with that of reference [3] in this design; however,
we can improve its gain by using larger gate lengths. The pro-
posed OTA can operate from lower supply voltage than the
reference [3], and has better control over current consump-
tion because it is based on class A inverters unlike class AB
CMOS inverters in the reference [3]. The proposed OTA may
be applied to integrated variable filters because its transcon-
ductance can be controlled by changing its operating current.
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