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Abstract— This paper presents a novel approach for achieving bias
control in low-power amplifiers by utilizing gate tunneling current.
The conventional method to set a capacitive-feedback amplifier’s
DC bias operating point is to use a large on-chip resistor, adding
significant power and area overheads. In contrast, the proposed
technique leverages the inherent characteristics of tunneling current
to establish and regulate the DC bias, eliminating the need for large
on-chip bias resistors. The amplifier is fabricated in a 22-nm FDSOI
technology and occupies an active area of 102 pm®. Experimental
measurements show a total 700-nA current consumption from a
0.8-V supply. The amplifier also demonstrates 228 puVgms input-
referred noise over a 10-kHz bandwidth and a signal-to-spurious-free
dynamic range (SFDR) of 40 dB.

I. INTRODUCTION

The rapid advancement in CMOS circuits and systems plays
an important role in the development of biomedical devices
that monitor and measure various bioelectric signals, such as
electrocardiographs (ECG), electroencephalographs (EEG), and
electromyographs (EMG). The processing of bioelectric signals
typically starts at low frequencies. For instance, an ECG analyzes
signals ranging from a few millihertz (mHz) to less than 100 Hz,
while an EMG examines signals between tens of hertz (Hz)
and approximately 5 KHz [1]. In these cases, DC signals are
not utilized, and capacitors are employed for AC coupling, as
depicted in Fig. 1(a). A high-pass filter is formed by capacitor
(' and resistor R;. To ensure minimal noise in the circuit for
biomedical applications, the maximum value of resistor R; needs
to be determined. For example, if the total noise voltage within the
signal range of 1 Hz to 500 Hz should be less than 1 uVgys, the
maximum calculated resistance is 120 k{2 at room temperature.
Additionally, if the minimum frequency to be processed is 1 Hz,
the coupling capacitor is calculated to be 1.3 pF. However,
implementing such a circuit on a silicon chip becomes impractical
due to the excessively high capacitance required, as the available
capacitance on such chips is generally in the order of tens of
picofarads (pF).

As a solution, Fig. 1(b) is commonly employed, where the
amplifier operates in the charge domain. However, this circuit
lacks a well-defined DC bias condition. To overcome the issue of
the unknown DC value, a resistor R, is introduced between the
input and output of the amplifier. This setup, along with capacitor
(', forms a high-pass filter with a cutoff frequency of 1/27w R Cs.
As above, if the minimum frequency to be processed is 1 Hz,
for a 1-MQQ resistor the capacitor is calculated to be 160 nF.
Although this capacitance is considerably lower than the one
required in the resistive feedback, it remains impractically large
for on-chip integration. Furthermore, if a gain of approximately
10 is desired for the design, the input capacitor C; would need to
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Fig. 1.  (a) Resistive feedback. (b) Capacitive feedback with a large resistor
defining DC bias state. (c) Capacitive feedback using gate tunneling current as
bias control.

be 1.6 pF. These values are too large for on-chip implementation.
A reasonable value for C; would be 10 pF, which leads to the
calculation of C5 as 1 pF for achieving a gain of 10. Consequently,
R is further determined to be 160 G2. This value remains high
for on-chip integration. In an attempt to address this challenge,
a MOS-bipolar pseudoresistor element is frequently used [2]-[4]
as a potential high-resistance on-chip component. However, this
element has limitations in terms of operating voltage and physical
size.

In light of this issue, the proposed design leverages the
phenomenon of gate tunneling in an advanced CMOS process
to define the DC state of the capacitive-feedback amplifier, as
depicted in Fig. 1(c), eliminating the requirement for a large
on-chip resistor. This paper presents the study and investigation
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Fig. 2. Testbench used to simulate the gate current of a transistor.
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Fig. 3. Simulated gate current and gate voltage as a function of drain voltage

under four different bias currents.

of a simple capacitive-feedback amplifier, implemented with
standard transistors in a 22-nm FDSOI technology. The amplifier
consumes 700 nA of current in total. To the best of the authors’
knowledge, this represents the first reported amplifier on silicon
of its kind. This work demonstrates the effective utilization of
gate tunneling in advanced CMOS technology to overcome the
limitations associated with large on-chip resistors in capacitive-
feedback amplifiers.

The organization of this paper is as follows: Section II describes
the tunneling effect of a transistor. Section III presents the
design of the amplifier and provides simulated results. The chip
fabrication and measurement results are presented in Section IV.
Section V concludes the paper.

II. TRANSISTOR TUNNELING CURRENT

A tunneling current arises when electrons traverse a barrier
that, classically, they should not be able to penetrate. In the
case of MOSFET devices, the gate oxide serves as an insulator,
preventing the electrons in the channel beneath it from interacting
with the conductive gate situated above. However, when the
gate oxide becomes extremely thin, quantum effects allow for
the probability that electrons will “quantum jump” across the
insulating barrier and appear in the gate. This phenomenon is
particularly notable in advanced CMOS processes, such as the 22-
nm node, where the gate oxide thickness is reduced to less than
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Fig. 4. The proposed capacitive-feedback amp]Tiﬁer with an off-chip resistor.

2 nm, leading to a significant flow of gate current due to tunneling.
In addition to the gate oxide thickness, other parameters, such as
transistor size, gate-drain voltage, gate-source voltage, and drain-
source voltage [5], [6], affect the amount of tunneling current.

Fig. 2 illustrates the schematic used to simulate the gate current
I, and gate voltage V;, as a function of drain voltage for both
NMOS and PMOS transistors. The minimum-sized transistor is
employed across four different bias currents, ranging from 10 nA
to 5 A, with a supply voltage of 0.8 V. An ideal amplifier is
incorporated into a negative feedback loop to ensure that the
drain voltage of the transistor tracks the swept voltage V;. The
simulated gate currents and gate voltages are depicted in Fig. 3.
As shown in the figure, the gate current values are measuring in
the range of hundreds of femtoamperes (fA). In addition, the gate-
source voltage exhibits a significant influence on the observed
values [7].

III. CIRCUIT IMPLEMENTATION AND SIMULATION RESULTS

The proposed amplifier using the effect of tunneling current
is depicted in Fig. 4. It consists of a CMOS inverter serving
as the amplification stage, along with a current mirror and an
off-chip resistor to generate the bias current for the inverter.
Although on-chip resistors in the M{2 range are currently feasible,
the inclusion of an external potentiometer provides increased
flexibility in evaluating the circuit’s performance during chip
measurements. The capacitive-feedback amplifier is designed for
unity gain, with both the input and feedback capacitors set at
100 fF. By adjusting the capacitor values, the amplifier can easily
expand its working frequency range. Furthermore, modifying the
capacitor ratio enables the amplifier to increase its gain.

Using an inverter as an amplifier is commonly known as
the current-reuse technique [2]. By utilizing both PMOS and
NMOS transistors in the input stage, both the gain and output
thermal noise power are doubled. However, the input-referred
thermal noise power at the gate of the inverter is scaled by
a factor of two. In this design, the focus is on verifying the
functionality and performance of the design algorithm rather than
achieving exceptional performance in metrics such as low noise
efficiency factor (NEF) [8]. Consequently, the transistor sizing
is not optimized specifically for minimizing flicker noise. Both
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Fig. 5. Simulated output DC operating voltage as a function of bias current at
four different temperatures.
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Fig. 6. Monte Carlo simulation of inverter DC bias states under 300-nA bias
current (2000 runs).

input transistors are designed with double the minimum length.
They are sized and biased in weak inversion to maximize the
gm /14 ratio. Moreover, the NMOS transistor is sized larger than
the PMOS transistor to attain reasonable bias states.

Fig. 5 presents the simulated output DC operating voltage as a
function of the bias current at four different temperatures. With a
supply voltage of 0.8 V in this process, it is desirable to position
the output bias voltage close to the midpoint of the supply rail.
Therefore, biasing the circuit with a current larger than 100 nA
is suitable. In this particular design, a bias current of 300 nA
is applied to the amplifier. Monte Carlo simulations have been
performed to investigate the impact of process and mismatch
variations on the DC bias states of the amplifier. Fig. 6 displays
the variations in DC operating voltages at the input and output
of the inverter amplifier. The mean of input operating voltage is
approximately 503 mV with a standard deviation of 11 mV and
that of output is approximately 465 mV with a standard deviation
of 35 mV.

The simulations also include the evaluation of the open-
loop gain and closed-loop gain, as depicted in Fig. 7. During
simulations, a load capacitor of 2 pF is added to the output of
the amplifier to account for the parasitic capacitance of the pad.
The open-loop gain is approximately 30 dB, while the closed-
loop gain is about -0.9 dB. It should be noted that the closed-
loop gain of the amplifier is affected by the parasitic capacitance
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Fig. 7. Simulated AC performance under a load capacitor of 2 pF.
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Fig. 8. Simulated circuit noise and dynamic performance.

present in the inverter, which contribute to gain degradation.
The bandwidth of the amplifier spans from 10 Hz to 300 kHz.
Increasing the capacitance allows for further extension of the
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Fig. 9. The chip photograph and the layout of the amplifier.
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minimum bandwidth to lower frequencies.

Fig. 8(a) presents the simulated input-referred noise, which is
found to be dominated by flicker noise. When a 1-kHz 100-mVpp
sine wave is applied to the amplifier, the output spectrum, with the
DC tone removed, is shown in Fig. 8(b). The signal is measured
at -27 dB, while the second harmonic tone exhibits a level of
-83 dB. This results in a signal-to-spurious-free dynamic range
(SFDR) of approximately 56 dB.

IV. EXPERIMENTAL RESULTS

The fabricated amplifier, along with other unrelated circuits,
was realized in a 22-nm FDSOI technology. The core area of the
amplifier measures 6.3x16.2 um?. Fig. 9 presents a photograph of
the entire chip, with the highlighted rectangular region indicating
the location of the amplifier. The layout of the amplifier is also
depicted in the figure, and it can be observed that a significant
portion of the area is occupied by the two 100-fF capacitors.

An off-chip 2-M2 resistor was used to bias the inverter
amplifier, resulting in a total current of 700 nA measured from the
0.8-V supply. This indicates that the bias current of the inverter
amplifier is approximately 350 nA. The noise measurement was
performed using Audio Precision’s APx555 audio analyzer. The
analyzer’s filter settings were adjusted to a high-pass frequency
below 10 Hz and a low-pass frequency of 20 kHz. To measure the
input-referred RMS noise, the input and output of the amplifier
were shorted, ensuring an accurate representation of the noise
characteristics. The resulting noise spectrum is illustrated in
Fig. 10, revealing a measured value of 228 uVgys across a
frequency range of 10 Hz to 10 kHz. Additionally, when a 1-
kHz 100-mVpp sine wave is applied to the amplifier, the output
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Fig. 11. Measured circuit output noise and dynamic performance for a 100-
mVpp 1-kHz input signal.

spectrum after removing the DC tone is shown in Fig. 11. The
signal amplitude is -28.7 dB, and the second harmonic tone is
-69.2 dB. These values contribute to an SFDR of approximately
40.5 dB.

V. CONCLUSION

A charge-coupled amplifier was designed using a 22-nm FD-
SOI technology. The amplifier employs gate tunneling current as
a means of DC bias control, eliminating the need for a large on-
chip bias resistor. It operates at a supply voltage of 0.8 V and
consumes a total current of 700 nA. The utilization of tunneling
current as DC bias control offers an efficient and power-conscious
solution for designing low-power amplifiers in advanced CMOS
technology. Employed throughout the signal chain of a DAC or
ADC for example, this tunneling current method will reduce
overall current consumption and improve the performance of
state-of-the-art biomedical devices.
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