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A Design of an Ultra Low-Power Operational Transconductance
Amplifier

G. S Jovanović, M. K. Stojčev, S. D. Vučković

Abstract: This paper describes a design of an ultra low-power, low-voltage operational transcon-
ductance amplifier (OTA). A two stage OTA is implemented in 0.13 µm SiGe BiCMOS tech-
nology. The OTA operates with all transistors active in subthreshold region. Under the typical
operating conditions, circuit supply voltage is 0.5 V, supply current 150 nA and power con-
sumption is 75 nW. Low-frequency gain is 53 dB, gain-bandwidth product (GBW) 350 kHz
and phase margin 55◦. -1 dB gain compression point is -7.4 dBm and output intercept point
(OIP3) -21.5 dBm. OTA layout active chip area is 0.0014 mm2.
Keywords: Subthreshold, weak inversion, operational transconductance amplifier, low-power.

1 Introduction

The interest for low-voltage power suppling and low-power consumption of analog and dig-
ital circuits has grown rapidly [1]. This increased interest is mainly due to commercial pop-
ularity of battery-powered portable equipment, which reduce the power consumption is of
paramount importance. Some low-voltage/low-power consumption systems we standardly
meet in laptop/notebook/tablet computers, cellular phones, implantable devices, medical
electronics (pacemakers, hearing aids, blood flow meters. . . ), multimedia and wireless de-
vices, etc. [2].

Operational Amplifier (OPA) and Operational Transconductance Amplifier (OTA) are
basic building elements of most analog circuits. Design of low-voltage/low-power OPA/OTA
is crucial step during the design of such analog systems. In addition, efficient power con-
sumption, small layout area and the compatibility in interfacing with digital circuits is im-
perative.
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MOS transistor in weak inversion operation has gate-source voltage smaller than the
threshold voltage, as well as much larger transconductance due to exponential current-
voltage relationship [3-6]. Therefore, we chose operating points for transistors in weak
inversion region with aim to obtain compact OPA/OTA circuit with minimum supply volt-
age. However, the impedance matching and noise property of weak inversion operation
becomes worse. Thereby careful selection of transistors in weak inversion operation is
important [6].

Section 2 discusses the transistors that operate in weak inversion mode. The scheme
and circuits description of two stages subthreshold OTA is presented is Section 3. Section
4 reveals results of DC, AC, transient and harmonic balance simulation. The final Section
5, conclusion, describes the contribution.

2 Subthreshold circuits design

A MOSFET model includes gradual change of a charge in an inversion layer between the
source and drain due to the fact that the channel voltage varies from source voltage to drain
voltage [7-9]. A MOSFET can be operate in one of three different modes, depending on
the voltages at the terminals. The three operational modes are: weak, moderate, and strong
inversion. The boundaries between the modes are not strictly defined. The approximate
values are:

1. VGS>VT + 100mV - strong inversion,

2. VT +100mV >VGS>VT –100mV - moderate inversion,

3. VGS<VT – 100mV - weak inversion.

In strong inversion region, variation of drain current in terms of gate-to-source voltage
is given by

ID =
µCox

2
W
L
(VGS −VT )

2 [1+λ (VDS −VDSP)] (1)

where VT is the nominal threshold voltage, λ is the channel length modulation factor, and
VDSP is the drain-to-source pinch-off voltage.

The strong inversion MOSFET model assumes that the drain current, ID, falls to zero
when the gate voltage drops below the threshold voltage VT . However, this is not quite
true. In weak inversion, the number of free carriers in the channel is small enough to lead
to negligible drift current, but diffusion current makes the MOSFET to operate more like
a bipolar junction transistor. Below threshold, the channel charge drops exponentially by
decreasing the gate voltage [3-6]. The relation between drain current and gate-to-source
voltage in weak inversion region is given by

ID = ID0
W
L

e
qVGS
nkT (2)
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Fig. 1. MOS transistor transfer characteristics in weak, moderate and strong inversion as (a) lin-lin presentation,
(b) lin-log presentation.

where n and ID0 can be extracted from measured transfer characteristics of the transistor.
Fig. 1 shows the transfer MOSFET characteristic curve, ID = f (VGS). The threshold

voltage, VT , is around 0.4 V. Fig. 1(a) presents characteristic on standard linear-linear axis
plot. Fig. 1(b) shows the same characteristic, but drain current is now presented by using
logarithmic y axis scale. The figure clearly shows that the slope (1) of the exponential weak
inversion curve is significantly higher than the slope (2) of the quadratic strong inversion
curve.

MOSFET dynamic performances, which operates in subthreshold region, can be evalu-
ated from the equitation (2). Transistor transconductance is

gm =
∂ ID

∂VGS
=

ID

n · kT
q

(3)

and it linearly depends on the drain bias current. The channel-length modulation effect is
identical for weak and strong inversion. The variation of drain–source resistance in terms
of drain current is inverse in both regions, that is

rd =
∂ ID

∂VDS
=

1
λ · ID

. (4)

For common-source single stage amplifier the low-frequency voltage gain is

Av = gm · rd . (5)

3 Two-stage OTA operating in weak inversion

Fig. 2 shows the electrical scheme of a two stages transconductance amplifier. The first
stage uses differential amplifier with n-channel transistors at the input. The second stage is
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Fig. 2. Scheme of CMOS two stage OTA in weak inversion

conventional inverter with active load. The same reference current is used for the differen-
tial amplifier and inverter stage. Bias currents in the both stages are controlled together.

In the differential amplifier, composed of transistors M1 and M2, conversion from dif-
ferential input to single ended output is achieved by using current mirror, transistors M4 and
M5. The current of M1 is mirrored by M4 and M5 and subtracted from the M2 current.The
result current on the output resistance of the first stage gives the single-ended output volt-
age. Final, the output signal, Vout , is obtained with second stage. Capacitor CC takes care
of compensation requirements.

In order to obtain higher voltage gain, it is necessary to increase the transconductance
or to augment the output resistance. The output resistance can be augmented by making the
transistor longer (L). The transconductance can be increased by raising the drain current,
but this decreases the output resistance, so this is not helpful. If a transistor is operating
in strong inversion, it is possible to increase the transconductance by increasing W/L. If
a transistor is operating in weak inversion region, the transconductance is independent of
W/L, so there is no way to increase it without lowering the output resistance.

Taking into account the expressions of gm and rd , defined in equitation (3) and (4), the
DC gain of the two-stage OTA can be approximately written as follows:

Av = gm2
rd2rd5

rd2 + rd5
·gm7

rd6rd7

rd6 + rd7
=

1

n2 ·n6

(
kT
q

)2
1

(λ2 +λ5)(λ6 +λ7)
. (6)

Based on the equation (6), gain in weak inversion region is independent of bias current
and W/L ratio. The typical resistance of the nodes in weak inversion varies from several
tens of MΩ up to GΩ. This means that the poles of the amplifier transfer characteristics
are very low and the bandwidth is limited. The higher bias current will provide greater
transconductance and increase bandwidth.

If transconductance gm2 is fixed and the compensation capacitor CC should be defined
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according to the following equation in order to achieve the desired gain–bandwidth product
(GBW):

GBW =
gm2

2πCC
. (7)

4 Simulation results

For design simulation and verification of the proposed circuit we used the IHP design kit
SG13S, for 0.13 µm BiCMOS technology, and the electronic design software Advanced
Design System (ADS) version 2014.01 [10].

The design procedure starts from a constraint which relate to DC operating point, i.e.,
by choosing bias currents IM3 and IM6. Selected values are IM3 = 50 nA and IM6 = 100 nA,
what means that the total OTA’s supply current is IDC = 150 nA. Power supply voltage of
0.5 V was used, and power consumption of 75 nW is obtained. Fig. 3. shows OTA’s DC
characteristics: outputs voltages and supply current in term of differential input voltage.

Fig. 4 shows a frequency response of the OTA. The low-frequency voltage gain is 53
dB, unity-gain bandwidth (GBW) is 350 kHz, and phase margin is 55◦.

The IM6 bias current is set to increase the OTA slew rate (SR), and is given by

SR =
IM6

CC +CL
. (8)

where CL is output load capacitance. For load and compensation capacitors, CL = 1 pF and
CC = 350 fF respectively, simulation result shows that the slew rate is 0.105 V/µS.

OTA’s nonlinear characteristics were tested. The first test relates to 1 kHz single tone
input. 1 dB compression point was determined, and it corresponds to P−1dB = -7.4 dBm.
Simulation results are presented in Fig. 5.

Fig. 3. OTA’s DC characteristics in weak inversion (a) outputs voltages and (b) supply current in term of input
voltage.
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Fig. 4. OTAs AC characteristic: voltage gain and phase shift in term of frequency.

Fig. 5. OTA‘s -1 dB compression point.

Total harmonic distortion (THD) is simulated at frequency of 1 kHz and 100 mV output
voltage amplitude. Outputwaveform distortion relative to input pure sine wave is -41 dB.

Next, at 1 kHz frequency, the OTA was tested with two tones input signal, at 100 Hz fre-
quency spacing. The output intercept point OIP3 = -21.4 dBm was determined by applying
harmonic balance analysis.

The summary of the two stage subthreshold operational transconductance amplifier
characteristics are given in Table 1.

The OTA chip layout drawing is shown in Figure 6. Active area occupation is just 40 *
35 = 1400 µm2.
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Table 1. Summary of amplifier performances.

Parameters Values
Process 0.13 µm
Supply voltage 0.5 V
DC supply current 150 nA
Power 75 nW
GBW gain bandwidth 350 kHZ
Phase margin 55◦

DC gain 53 dB
Slew Rate 0.105 V/µS
-1 dB compression point -7.4 dBm
IIP3 -21.5 dBm
THD @1kHz, Vout=100mV -41 dB
Silicon area 0.0014 mm2

Fig. 6. OTA chip layout drawing.

5 Conclusion

Design of low-voltage ultra low-power subthreshold operational trasconductance amplifier
is presented. The capability of subthreshold OTA implemented as two-stage amplifier was
tested in a 0.13 µm BiCMOS technology. The OTAwas supplied with 0.5 V. Under this
condition a low-frequency gain of 53 dB was achieved. GBW is 350 kHz with power
consumption of only 75 nW.
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This design demonstrates that carefully-designed subthreshold OTA represents a good
candidate solution which can be used in low-voltage, low-power electronic building block
that we meet in analog section of mixed-signal integrated circuits.
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