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Abstract: The frequency overlap between biomedical signals and noise highlights the critical need for effective signal
processing and filtering to ensure precision in radio diagnostics. This work introduces the design of a 14 nm CNFET -
OTA-based low-pass filter (LPF) suitable for physiological signal filtration. A second-order LPF architecture integrating
CNFET-OTA was proposed and simulated using HSPICE. The filter achieved a cut-off frequency of 100.7 Hz, an average
power dissipation of 141.8 nW, a quality factor of 0.707, and a phase margin of 134°, confirming its applicability in
biomedical domains. Low power consumption, low cut-off frequency, with an appropriate quality factor, makes the
proposed LPF well-suited for real-time bio signal processing. Aiming for low power consumption while achieving low
cut-off frequency from a 0.5V power supply, CNFET-OTA-based LPFs ensure resilience in real-world applications,
paving the way for future advancements in this field.
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I INTRODUCTION

Filters are essential in ensuring the integrity of the desired signal by effectively removing noise and interference. In real-
world scenarios, including biomedical applications, signals are often subject to various forms of unwanted noise,
interference, and artifacts. As a result, the process of filtering becomes particularly challenging, requiring sophisticated
techniques to maintain signal quality while minimizing unwanted distortions. This challenge is intensified by the spectral
overlap between biomedical signals and noise [1]. OTAs are key components in analog and mixed-signal circuits,
including variable-gain amplifiers (VGASs) and filter architectures [2-4]. An OTA-C filter with a certain gain is suitable
for processing low-frequency biomedical signals [5]. The most widely used biomedical signals include
Electroencephalogram (EEG), Electrocardiogram (ECG), and Electromyography (EMG). These signals each have
distinct amplitude and frequency ranges, with EEG typically operating around 100 Hz, ECG at 250 Hz, and EMG at 500
Hz. [6]. Among various filter types, OTA-C filters offer a wide cut-off frequency range, making them highly suitable for
signal enhancement in applications such as electrocardiograms (ECG), electromyograms (EMG), and
electroencephalograms (EEG), where noise suppression is essential for signal clarity and diagnostic precision [7, 8].
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Their frequency response can be finely tuned via transconductance control and capacitor scaling, supporting efficient on-
chip integration [9]. CNTFET-based OTAs provide significant advantages, including higher transconductance, reduced
short-channel effects, and lower power consumption—attributes enabled by superior electron mobility and minimal
intrinsic capacitance, all of which contribute to enhanced performance [10]. Fig. 1 illustrates the bio signal processing
system, while Table | provides an overview of the typical power consumption for various miniaturized electronic devices.
This study presents design and HSPICE-based performance analysis of a CNTFET-OTA-driven low-pass filter (LPF) at
the 14 nm technology node.
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Fig.1 Block diagram for a typical biomedical acquisition system.

Table 1. Power requirements of various miniaturised devices [11].

Device description Power Requirement
Cardiac-pacemaker 1 uW
Cardiac-Activity Sensing 03 uW
Electrocardiogram-amplifier 2.76 pW
Drug-pump for ophthalmic use 400 uW
Neural-Activity-Monitoring 1-10 mW
Sensor-on-Wristband 0.83 mW
Chest-Patch 0.96 mW
Spirometer 0.01 mW
Wireless-sensor-network (WSN) 71 nW

I.A. Review of CNTs and incorporation of OTA-C as an implementation into LPF

Carbon nanotubes (CNTSs), formed by rolling graphene sheets into cylindrical structures, have become a focal point of
extensive research because of their exceptional physical properties [12]. Carbon nanotubes primarily occur in two forms:
single-walled nanotubes (SWCNTSs) and multi-walled nanotubes (MWCNTS) [13, 14]. Single-walled carbon nanotubes
(SWCNTSs) are especially notable for their remarkable properties, including ballistic electron transport, superior thermal
conductivity, outstanding mechanical strength, and a high aspect ratio. In the realm of electronics, semiconductors remain
fundamental, and the distinct advantages of CNTs have shifted research attention towards CNT-based semiconductor
technologies [15]. A CNTFET, utilising SWCNT or MWCNT as the channel material, serves as an alternative to
conventional bulk-silicon MOSFETS [16]. Beyond pure CNT-based devices, hybrid CMOS-CNFET designs have also
been proposed, demonstrating superior performance over standard CMQOS, especially at nanoscale technology nodes [17,
18]. The Operational Trans conductance Amplifier (OTA), a voltage-controlled current source, can linearly process a
wide range of input signals to generate corresponding output currents [19]. OTA-C filters are ideal for on-chip integration
because their frequency characteristics can be easily adjusted. This is done by altering the transconductance (Gm) or
changing the filter capacitance value, offering flexibility in design [1]. Low-pass filters (LPFs) play a vital role in
biomedical signal processing by preserving critical components of signals (for example, the P-wave, QRS complex, and
T-wave in an ECG) while attenuating high-frequency noise, thus improving diagnostic accuracy. Therefore, low-power
LPF design is essential in biomedical signal acquisition systems [20]. Recent studies have shown that CNTFET-based
OTA-C LPFs, even at reduced technology nodes, can function effectively with a low supply voltage while minimizing
power consumption [1, 21]. Thus, the present work focuses on designing a CNTFET-OTA-C-based LPF at the 14 nm
technology node for processing physiological signals effectively.
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1. METHODS AND METHODOLOGY

Fig.2 represents a second-order OTA-C filter as an application of CNTFET-OTA utilising CNTSs as the channel material,
which combines PCNTFET and NCNTFETS. This filter topology includes OTAs (n = 02) and capacitors C1 and C2. The
low cut-off frequency is obtained by selecting capacitor values C1 = 2600 pF and C2 = 1300 pF.
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Fig. 2 lllustration of CNTFET-Gm-C low-pass filter

The input signal can be applied to V1, V2, or V3 terminals, with Vo Serving as the output terminal. As a result, the filter
can demonstrate either low-pass (LP) frequency response (FR), high-pass FR, or band-pass FR, depending on the input
signal applied concerning V1, V2, and V3. A low-pass filter is realised by applying a dynamic input signal (Vin=0.2mV)
to V1 with grounded V2 and V3. For both the OTAs of the proposed filter structure, transconductances gm; and gm, are
maintained equal. Table Il presents input conditions for the proposed circuit with wo and quality factor (Q). This provides
the electronic tunability by adjusting gm, which can be controlled through the bias voltage and capacitance values. The
output voltage (Vou) for the proposed CNTFET-OTA-incorporated-LPF can be expressed as equation 1.

Vout = S2C1C2V3+SClgm2V2+gmlgm2V1/ 52 C1 C2+SClgm2+gmlgm2 ......... (1)

Table Il. Various input conditions for the designed CNTFET-based Circuit.

Circuit Input Condition o Q
Low Pass Filter | Vi;=Vi, V,=V3=0 gm/NC1 C2 \C2/C1

The HSPICE simulation using the Stanford University CNTFET model [22] was executed to assess the filter's
performance at the 14nm technology node with a supply voltage of 0.5V, bias voltage (Vyiss = 0.3V), several tubes (N =
20), and a Pitch-value (S = 20). Table Il outlines some of the key CNTFET parameters used in the circuit design.

Table I11. Important Simulation parameters for designing CNTFET-based circuits.

Parameters Denotation | Value
Channel-length (Physical) Lch 14 nm
Doped-CNT-source/drain-extension-length Lss: Ldd 14 nm
Gate-dielectric or high-K dielectric-constant-HfO, Keate 16
Oxide-thickness Tox 4 nm
CNT diameter Dcenr 1.5 nm
Interspacing of two adjacent CNTs (Pitch) (centre-to-centre) | S 20 nm
The mean-free-path-in doped-CNT-p+/n+ Leff 15 nm
The mean-free-path (in the intrinsic CNT channel) Lgef 20 nm
CNT-work-function 0s 4.5
Doped CNT (Fermi Level) Ef, 0.6
Tubes' Chiral Vectors (m, n) 19,0
N in CNTFET N 20
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1. RESULTS AND DISCUSSION

A CNTFET-OTA for the implementation of a low-pass filter is designed, and its key performance parameters are
evaluated by varying tube metrics, for example, (N) and (S), given in Tables IV and V, respectively. However, the
subsequent simulation was optimised at N = 20, S = 20 for an OTA to be used in LPF, keeping the rest design parameters
the same.

4

I11.A. Performance Evaluation by Varying Number of CNTs (N)

Improving conductivity requires identifying the optimal number of CNTs that should form the channel to carry the load
current. It has been observed that increasing the number of tubes boosts the DC gain and slightly broadens the bandwidth
of the CNTFET-based OTA circuit. However, output resistance (Ro) decreases as the tube count rises (Table 1V),
exhibiting a declining trend with an increasing number of tubes [23]. Although a higher number of tubes improves
conductivity and boosts the device's drive current, it also results in greater power dissipation. For subsequent analysis of
the CNTFET-OTA-based low-pass filter, the number of CNTs was optimised at 20.

Table V. Performance evaluation of CNT-OTA by varying the number of CNTs (N) at channel length (Lch = 14nm),
VDD = 0.5V, Vyias = 0.3, dynamic input signal Vin =0.2 mV and S=20

Tubes Gain (dB) | Average Power | Bandwidth (MHz) | Output Resistance | Phase Margin®
™) (nW) MQ)

5 9.1 17.7 0.163 33 110

10 14.9 35.4 0.168 1.6 100

15 18.2 53.2 0.172 1.1 97

20 20.5 70.9 0.1775 0.845 95.4

25 22.19 88.6 0.182 0.676 94.4

30 23.5 106 0.186 0.563 93.7

35 24.6 124 0.191 0.483 93.3

40 25.6 141 0.196 0.422 92.9

111.B. Performance Assessment by Adjusting CNT Pitch (S)

Variations in pitch affect the output resistance and DC gain due to the screening effect. As shown in Table V, the DC
gain initially increases with increasing pitch, then eventually becomes almost constant. Analytical results, presented in
Table V, indicate that the bandwidth increases slightly with larger pitch values. This is attributed to reduced gate-to-
channel capacitance (Cgs) for each CNT, as increased spacing allows less charge coupling per CNT. However, a high
CNT packing density degrades the performance [23]. For further simulation, a pitch of 20 nm is optimised for an OTA
to be used in the LPF for achieving the desired low cut-off frequency.

Table V. Performance evaluation of CNT-OTA by Varying Pitch (S) at channel length (Lcn = 14nm), VDD = 0.5 V,

dynamic input signal Vin =0.2 mV and N = 20

Pitch (S) | Gain (dB) | Average Power | Bandwidth (MHz) | Output Resistance | Phase Margin®
(W) MQ)

5 15 42 0.170 1.5 99

10 19.28 62.19 0.1752 0.983 96.21
15 20.153 68.39 0.1768 0.881 95.64
20 20.5 70.91 0.1775 0.845 95.42
25 20.64 72.15 0.1778 0.828 95.32
30 20.72 72.85 0.1780 0.819 95.26
35 20.78 73.27 0.1781 0.813 95.23
40 20.81 73.55 0.1782 0.810 95.20

The simulation results show that the proposed OTA design, due to its low power consumption (70.9 nW), is well-suited
for many biomedical signal processing applications (EMG, EEG, ECG). Fig.3 shows the frequency response of the
CNTFET-OTA-C filter considering a supply voltage of 0.5 V and the noisy signal is applied to the LPF’s input. Frequency
response shows the response close to ideal with unity gain. Whereas, low power consumption of ~141nW is shown in
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Fig.4. By selecting capacitance values of C1 = 2600 pF and C2 = 1300 pF, a low-pass filter with a target cut-off frequency
of around 100 Hz was achieved. The design used 20 tubes (N = 20), with a dynamic input signal of 0.2 mV and a bias
voltage of 0.3 V to attain the desired cut-off frequency (fc) of approximately 100 Hz. The OTA-C filter's cut-off frequency
can be fine-tuned by adjusting the transconductance and optimizing the capacitors, making it well-suited for on-chip
integration [9].
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Fig. 3. Frequency Response of CNTFET-Gm-C low-pass filter
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Fig. 4. Avg. Power of CNTFET-Gm-C low-pass filter

Additionally, Table VI presents several key performance metrics of the proposed LPF. The operational (supply) voltage
for the proposed LPF is set at £ 0.5 V, with a dynamic input of 0.2 mV, which is lower than the input values used in
many previous LPF designs found in earlier research studies [21, 23, 24]. The power consumption of the proposed LPF
is also lower compared to many other filters reported in the literature, as summarized in Table VI. Additionally, the
proposed low-pass filter (LPF) demonstrates improved efficiency, with a power consumption of ~ 141 nW at ultra-scaled
technology node, outperforming several previously reported LPFs [3, 21, 23, 25]. An LPF that operates with low power
consumption and at a low supply voltage demonstrates its suitability for bio signal processing applications [26].
Furthermore, the achievement of a cut-off frequency (fc) of approximately 100Hz (Fig. 3) underscores its high suitability
as the f. range of a few Hz to nearly 150 Hz is required for most biomedical applications [1, 27]. For example, the EMG
signal carries usable energy across the frequency range of 0-500 Hz, with the majority of its energy concentrated between
50-150 Hz [28]. EMG noise, which occurs at frequencies above 100 Hz, can be effectively removed using a low-pass
filter with an appropriately selected cut-off frequency [29].
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Also, the phase margin of 134° shows good stability. Therefore, it is important to note that a minimum phase margin of
45° is required for stability, with 60° generally considered more desirable [24]. Based on its phase margin, the proposed
Filter demonstrates a high level of stability. Moreover, the proposed Filter achieved a quality factor of 0.707, suggesting
that the low-pass filter (LPF) exhibits a smooth roll-off characteristic without introducing oscillations [30]. Finally, our
results (f;- 100 Hz) are considered good in terms of low power consumption using a low supply (x 0.5V) and dynamic
input (0.2 mV), advanced technology node (14 nm node) and at much lower values of capacitances C1 and C2 as
compared with the result of 100Hz cut-off frequency in the research of Rahane et.al., 2018 [1]. The dynamic input signal
of 0.2 mV optimised for the proposed LPF is suitable for filtering various low amplitude biomedical signals as the
biological signal amplitude varies from 15 pV to 5 mV (ECG: 100 pV to 5 mV/0.05 to 250 Hz); (EEG: 15 to 100 puV/
0.05 to 60 Hz); (EMG: 0.1 to 5 mV/ 10 to 200 Hz) [5, 27, 31].

Also, S. Sinha et al. mentioned that Fin FET will be the choice for extending CMOS scaling beyond the 20 nm node, do
not include bulk CMOS predictive technology models (PTM) in sub-20 nm, and discussed sub-20 nm Fin FET PTMs as
an alternative, implying sub-20 nm CMOS PTM models are not found in PTM archives [32]. Scaling gate lengths below
32 nm poses challenges in terms of performance and leakage. The shift to 3D Fin FET structures resolved this, offering
higher density and better low-voltage performance than planar transistors. As a result, all advanced logic nodes now use
Fin FETs [33]. Moreover, according to the University of Minnesota’s site (mec.umn.edu/PTM), under the previous
research projects, it mentioned, “These predictive model files are compatible with standard circuit simulators and scalable
with a wide range of process variations. PTM created model files for bulk CMOS until the 22nm node, Fin FET device
down to the 7nm node, and carbon nanotube (CNT) device” indicating the unavailability of sub-20nm bulk CMOS PTM
models. University of Minnesota Research page (PTM), accessed on 61 August 2025 [34]. Thus, it supports the design
and implementation of OTA at the 14nm node (sub-20nm) using CNT-based FET (CNTFET) with improved low-voltage
performance compared to planar bulk CMOS. To the best of our knowledge, information on CNTFET-Gm-C LPF at the
14nm technology node is lacking, which signifies the novelty of this work. A comparison of various performance
parameters for the power-efficient proposed LPF and earlier conceptualised designs is presented in Table VI.

Table VI. A comparison of the performance parameters of the proposed LPF with those of other reported LPF

designs.
Ref | Technology | Supply | Power Quality Cut-off | Phase No. of No. of Cap/
Voltage | consumption | Factor Freq. (f;) | Margin | Active Resistor
Q) Devices (C/R)
used
[1] 32nm- - 433nW - 100Hz - 2 OTAs 2C/0R
Hybrid

[23] 32nm- +09V - 1 35.5 - 2 OTAs 2C/1R
CNTFET MHz

[24] 32nm- +0.9 - - 69.98 - 2 OTAs 2C/0R
CNTFET \% MHz

[25] 32nm- +02V 447 nW 0.97 - - 8/11 2C/0R
CNTFET inverters

[35] 22nm- +0.7V 0.44mW - - - 2 Current 2C/0R

CMOS Conveyors

[35] 22nm- +0.7V 0.98uwW - - - 2 Current 2C/0R
CNTFET Conveyors

[21] 22nm- +09V | 0.3840uW - - - 2 OTAs 2C/0R
CNTFET

This 14 nm- +0.5V 141.8nW 0.707 100.7 Hz 134° 2 OTAs 2C/0R

Work | CNTFET

V. FUTURE DIRECTION
Future research will explore the development of various diagnostic and therapeutic biomedical devices utilising the

proposed CNT-OTA based filter block, along with experimental validation of the simulation results will be the future
direction for this research.
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V. CONCLUSION

The OTA-C filter, designed at a 14nm technology node, is intended for biomedical signal processing, with CNTFET -
OTA technology serving as the core component in the analog circuits discussed in this paper. CNTFETSs are proposed as
a promising alternative to traditional silicon MOSFETS for use in ultra-scaled devices. The proposed filter operates at a
low supply voltage (0.5V), resulting in a low cut-off frequency (fc =100 Hz) with a low power consumption of ~141nW
and thus possesses relatively excellent performance.
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