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Abstract—This work consists in the development of a tunable
transconductance-based active low-pass filter. The filter will have
the final goal of being embedded in a system for biomedical
and healthcare monitoring. For this purpose, the filter must be
energy-efficient and low-power since this circuit will be a part of
a long-lasting battery powered and portable system. The signals
which priority is given to are: Electromyography, which has a
frequency range of 20 - 2000 Hz; and Electrooculography, which
has a range of DC - 10 Hz, for the corresponding operating
frequencies. Therefore, it is necessary to design a tunable low-
pass filter to capture the desired signal and minimize interference.
Common sensing systems are usually composed of a low-noise
amplifier, a low-pass filter and a variable or programmable gain
amplification stage.

In this report, low-pass filters are presented and studied, along-
side a section of important concepts and another with metrics
considered in low-pass filter design, and the circuit proposal is
presented in generic terms. The circuit will be designed in a
Complementary Metal-Oxide Semiconductor (CMOS) 130 nm
technology, the 130 nm United Microelectronics Corporation
(UMC), using Cadence software and further optimization sizing
will be carried out using the Analog IC Design Automation
(AIDA) framework, developed at Instituto de Telecomunicações.
The expected results consist of a frequency range between 0.01
- 2000 Hz, a total harmonic distortion lower than -60 dB with a
dynamic range of more than 60 dB, an integrated noise below 50
µVrms and a gain greater than 0 dB relieving the specifications
for the prior low-noise amplifier, all under a voltage supply below
1 V and a power consumption inferior to 1 µW.

Keywords—Active-filter, Tunable, CMOS, Low-power,
Transconductance, Gm-C, Biquad, Tow-Thomas, Biomedical,
Healthcare.

I. INTRODUCTION

Nowadays, after the popularity of Internet of Things (IOT),
it is obvious the necessity of low-powered and long-lasting cir-
cuits for biomedical and healthcare applications. The wearable
devices are an end in which these are being developed, and
modern electronics are capable of detecting and monitoring
physical and psychological signals. These new circuits need
to be more and more energy efficient while improving the
characteristics and performance for such systems. Wearable
technology is the name given to the devices developed with the
goal of being incorporated in clothes or worn on the body as
implants or accessories. The devices have some challenges to
their continuous improvement, such as portability, ergonomics,
and battery longevity and lasting appeal [1].

The devices must be small enough to allow for comfortable
monitoring of signals and the system need to drain a low
current, in order to avoid excessive heat and even skin or
tissue damage to the wearer. The involved signals are often low
voltage and low frequency, with a few mV below tens of kHz,
so, energy-efficient low-frequency noise filtering is essential
in these devices. Electromyography signal that encode normal
flexion of muscles has an amplitude range of 1 - 10 V and
frequency range of 20 - 2000 Hz; while Electrooculography
signal that encode movement of the eyes has an amplitude
range of 0.01 - 0.1 mV for and vary from DC to 10 Hz
in frequency, yet both types follow similar signal patterns.
Therefore, the design of a selective Low-pass Filters (LPF) to
allow the selection of the desired signal and avoid interference
is completely desirable and justified.

This work will be carried out using United Microelectronics
Corporation 130 nm technology, using the Cadence® design
framework. Cadence® provides a platform for circuit design,
allowing engineers to focus on precision-crafting their custom
Integrated Circuit (IC) design. Furthermore, the IC designed
will have its size and layout optimized by the Electronic
Design Automation (EDA) tool Analog IC Design Automa-
tion. AIDA allows for design optimization and porting using
highly efficient searching methods combined with accurate
circuit-level simulation, layout design rules, and parasitic
extraction engines, and is being developed in Instituto de
Telecomunicações.

II. STATE-OF-THE-ART

The work [2] presented a low cut-off frequency and the
topology was specifically designed to attenuate the effect of
ground-noise in the frequency response and a zero DC gain.

The authors of the work [3] implemented a Biquad filter
with a Tow-Thomas approximation. This type of topology
does not suffer from the same leakage problem of the SC
topology. Furthermore, this topology has two different outputs
depending on the Operational Transconductance Amplifier
(OTA) used as an output, which can give more options in
the type of selectivity desired, also the cut-off frequency is
easily adjusted to the pretended value just by adjusting the
bias current.



TABLE I: Comparative analyses with relevant work.

Factor [2] [3] [4] [5] [6] [7] [8] [9] [9] [10] This Work
Type of Filter Bessel Biquad Switched-capacitor (SC) SC Butterworth Buttherworth Biquad Butterworth Butterworth Elliptic Butterworth

Date 2013 2016 2014 2016 2009 2013 2018 2013 2013 2015 -
Technology [µm] 0.35 0.13 0.18 0.18 0.18 0.25 0.35 0.35 0.35 0.22 0.13

Voltage Supply [V] - 0.9 1.5 1.8 1 0.8 0.9 3 3 0.95 1.2
Power [µW] 1.2 2.8 1.2 4870 0.453 40 0.00426 0.015 0.015 0.1134 < 1

Cut-off Frequency [Hz] 3.44 52 0.3 - 270 0.01 - 308 250 243 100 100 100 50/60 0.01 - 2000
Gain [dB] 0 6 36.7 62.3 -10 -4 -0.05 -4 0 -153 > 0

Noise [µVrms] - 24.4 17.5 - 340 - 80.5 36 29 - < 50
THD [dB] - -40 - - 48.6 40 -50 -55 -61 - < -60

The use of SC techniques [4], [5] can be suitable for medical
applications, alongside many other CMOS technologies. For
low frequencies among the active filters, Gm − C filters are
preferred since they do not suffer from the leakage problem of
the SC filters. SC also occupies a much larger area compared
to the Gm − C filters, because of the passive components,
usually requires more power.

The works presented in [6], [7] are developed around the
technique of a fifth-order Butterworth approximation, where
the typical inductors present are substituted by gyrators and
the grounded resistors by OTA, this way it is able to reduce
the area necessary to implement this filter.

The authors of work [8] designed a buffer-based biquadratic
cell this developed filter manages to obtain an approximately 0
dB DC gain without gain compensation. The combination of a
transductor and an inverting transconductor with the capacitors
C1 and C2 allows this filter to designed with the same level of
input and output common-mode voltage, meaning a DC gain
of 1.

The work developed in paper [9] presents a Biquad with
Subthreshold-Source-Follower (SSF), that with a small number
of active components allows for a small area and ease of
cascading. This topology presents a Gain-compensation (GC)
technique to compensate for the gain loss associated with this
type of filter, this technique comes from the cross-coupled
differential pair.

The authors of [10] designed a notch filter in order to
attenuate the noise coming from the power-lines 50 Hz or 60
Hz, which are a major source of noise in low frequency appli-
cations, the technique used is based on current-cancellation,
where in the elliptic filter designed is composed of OTA and
capacitors.

III. CIRCUIT TOPOLOGY

The proposed LPF topology chosen for this work is pre-
sented in Figure 1, it is a biquad filter with a 2nd-order Tow-
Thomas configuration. The OTA1 has an innovative topology
designed to improve Direct Current (DC) gain, presented in
Figure 3, while OTAs 2 to 4 are in current biased con-
figuration, presented in Figure 4. This OTA will provide a
gain enhancement of the overall circuit without a penalty in
power consumption. The biquad structure allows to obtain a
higher order filter, a more selective filter, just by cascading the
structure. Moreover, it is able to provide low-pass character-
istics and also band-pass at the output of the third and forth

OTAs, respectively. This paper [1] presents a gain enhancing
technique without the need for cascading, positive-feedback or
feed-forward techniques.

Fig. 1: Proposed Filter Topology.

The design of OTA1 is based on Voltage-combiners (VCs),
which are simply a N-type Metal-Oxide Semiconductor
(NMOS) in common-drain configuration and an NMOS in
common-source configuration as Figure 2 shows. The transfer
function of this circuit was extracted using SapWin [11], for
better comprehensibility, some aspects were simplified, and
is presented in (1), where gdsA+B = gdsA + gdsB and
cdbA+B = cdbA + cdbB . From this transfer function is is
possible to obtain the DC gain expression that is presented
in (2). Considering a gmA and gmB >> gdsA+B (2) can be
approximated.

H(s) =
gmB + gmA + (cgsA − cgdB)s

gmA + gdsA+B + (cdbA+B + cgsA + cgdB)s
(1)

AV C =
gmA + gmB

gmA + gdsA+B
≈ 1 +

gmB

gmA
, |AV C | > 1 (2)

Fig. 2: Voltage-combiner circuit.

The OTA presented in Figure 3 is composed of an
a differential-pair, two P-type Metal-Oxide Semiconductor
(PMOS) basic current-mirrors and an NMOS current mirror.



The innovation in this circuit is the fact that the typical
NMOS current-source that biases the differential-pair has been
substituted by two VCs in a cross coupled configuration. By
observing (2) an additional 6 dB gain is easily obtained by
sizing the circuit so that gmA ≈ gmB .

Fig. 3: Proposed OTA.

Following the VCs biased OTA, in the schematic, three iden-
tical DC current biased OTAs are implemented. These OTAs
allow a further control of the fC , since the transconductance
present in the pole of the transfer function is dependent on the
drain current applied. The circuit is designed for Electroocu-
lography (EOG) and Electromyography (EMG) signals, that
have low frequency, then a very low power implementation is
further needed to keep the drain current and consequently the
fC low. The schematic of OTAs 2 to 4 is shown in Figure 4.

Fig. 4: Current biased OTA.

The varactor structure, represented in Figure 1 by C1 and
C2, allow for a tuning of fc, by representing a significant
capacitance that moves the pole in the transfer equation.

A single Metal–Oxide–Semiconductor Field-effect Transistor
(MOSFET) can be used to implement a varactor by connecting
the drain, source and bulk to a single DC voltage source,
while the gate is connected where the capacitance is to be
applied. The varactor’s capacitance is given by (3) [12], where
εox is the electron mobility, tox is the oxide thickness and S
is the transistor’s channel area. εox is dependent on VCTRL,
the voltage applied between the gate and bulk/drain/source,
therefore the capacitance is adjustable as needed.

CMOS = C × S =
εox
tox
× S (3)

IV. DC BIASING

This section presents the biasing of the OTAs that makes up
the filter. The biasing developed for the VCs biased OTA and
the current biased OTA are presented in Table II and Table III,
respectively. To extract the values a DC simulation is done
with both inputs having a DC bias voltage of 500 mV, this
value derives from the DC voltage output of the low-noise
amplifier that precedes the filter in the monitoring system and
from the connections between each other when assembled in
the filter keeping the DC offset along the circuit. Observing the
tables and the values of VDS for N7 (501.553 mV) and VSD

for P1 (698.447 mV), for both OTAs, the DC offset is balanced
throughout the circuit. Most of the transistors operate in the
subthreshold region, but none reach the triode or breakdown
regions.

TABLE II: VCs Biased OTA biasing.

VDS [mV] VGS [mV] VTH [mV] VDSAT [mV] ID[nA]

PCS 367.2 700.0 241.6 356.9 221.5
PCD 832.8 332.8 318.6 66.1 95.9
P1 698.5 100.3 250.7 36.7 2.4
P2 100.3 100.3 249.8 36.6 1.1
P3 772.8 332.8 318.3 65.6 125.6
N1 1.0 V 13.8 252.1 43.1 1.1
N2 20.2 34.0 249.5 43.0 1.1
N3 11.5 45.5 247.9 43.0 1.1
N4 8.1 53.6 246.8 43.0 1.1
N5 6.2 59.9 245.9 43.0 1.1
N6 59.9 59.9 214.8 43.0 125.6
N7 501.5 59.9 223.5 42.5 2.3

TABLE III: Current Biased OTA biasing.

VDS [mV] VGS [mV] VTH [mV] VDSAT [mV] ID [pA]
P1 698.4 75.1 250.5 36.3 1.0 nA
P2 75.1 75.1 249.7 36.2 494.4
P3 763.3 298.2 323.8 51.9 49.7 nA
N1 1.1 V 9.4 252.0 43.0 494.4
N2 20.1 10.7 249.4 42.9 494.4
N3 11.4 22.2 247.9 42.9 494.4
N4 8.0 30.2 246.8 42.9 494.4
N5 6.2 36.5 245.9 42.9 494.4
N6 36.5 36.5 241.8 42.9 49.7 nA
N7 501.5 36.5 223.4 42.3 1.0 nA



V. TEST-BENCHES AND SIMULATIONS

In this section, the filter’s final schematics and test-benches
used are presented, along with the test-benches designed to
simulate both OTAs. A simulation that presents the varactors’
capacitance dependency on the voltage applied and the transis-
tor’s size is described. The simulations are done for both the
low-pass and band-pass outputs and consist of a Fast Fourier
Transform (FFT) analysis, where a brief introduction is done
to chorent sampling necessary for it, Alternate Current (AC)
simulation and noise analysis of the input referred noise. Just
in the case of the filter a Power Supply Rejection Ratio (PSRR)
and the variation of the cut-off frequency with the varactors
and bias current analysis are done.

A. OTA Test-benches and Simulations

From the transient response, it is possible to plot an FFT
and determine the Total Harmonic Distortion (THD). In a time-
domain simulation, such as this, is done in a closed-loop, so
there is negative feedback from the differential outputs to the
inputs. The circuit has a unit gain since all resistors (R1 to
R4) have a resistance of 1 kΩ. The capacitors represent the
capacitance of the circuit the OTA will be connected and all
have a capacitance of 500 fF. The voltage sources feed the
VDD, the positive input with a 500 mV DC bias voltage and
an AC magnitude of 5 mV and the negative input with 500
mV bias voltage. The voltage-controlled voltage source has a
unit gain and converts the differential output to a single output.

Starting with (4) a fin of 9 Hz, that respects the fc of the
OTA, a fs of 5 kHz and 4096 samples gives Mcycles equal to
7.3728. This number has to be a prime number, rounding it
gives Mcycles equal to 7. Returning to (4) with Mcycles equal
to 7 gives that fin is equal to 8.544921875 Hz. To plot the
FFT on the transient responses’ calculator the Discrete Fourier
Transform (DFT) function is picked with an interval from 0.1
s to 0.9192 s, 4096 samples and a Hamming window. Finally,
the THD of the VCs biased OTA is -58.7 dB and of the current
biased OTA is -55.5 dB.

fin
fs

=
Mcycles

Nsamples
(4)

To analyze the AC output of the OTAs an AC simulation
was implemented. This type of simulation corresponds to a lin-
earization around the DC bias point. To obtain this simulation
in the input fin+ is applied a 1 V and in input fin- 0 V because
the gain is obtained from a slope calculation of the OTA’s
outputs, a ratio of the difference of the inputs over the interval
of 0 V to 1 V. From this simulation results a gain relative
to the frequency as well as important frequency parameters,
the frequency range is 0.1 Hz to 100 kHz. These simulations
are in the frequency domain and done in an open-loop, the
capacitors, current source and the voltage-controlled voltage
source serve the same purpose. The outputs of the simulation
are shown in Figure 5 and Figure 6 and the significant values
represented in Table IV, where is significant to refer that the
gain of the VCs biased OTA is greater than the current biased
OTA.

TABLE IV: Results of both OTAs AC simulation.

Parameter Gain [dB] fc [Hz] GBW [kHz] Phase Margin [º]
VCs 58.62 35.81 29.99 82.47

Current 57.55 15.21 11.34 84.37

Fig. 5: VCs biased OTA gain and phase simulation.

Fig. 6: Current biased OTA gain and phase simulation.

The noise simulations are executed in the same test-bench
and plot the input referred noise of the output in relation to
the positive input of the OTA. Maintaining the same frequency
sweep the plots are presented in Figure 7 and Figure 8. For
the VCs biased OTA the circuit introduces a flicker noise of
12.99 µVrms and a thermal noise of 98.02 µVrms. For the
current biased OTA the circuit introduces a flicker noise of
11.86 µVrms and a thermal noise of 99.92 µVrms.

Fig. 7: VCs biased OTA input referred noise.



Fig. 8: Current biased OTA input referred noise.

B. Varactor Test-bench and Simulations

The varactor structure represents a capacitance applied to
the circuit to adjust the poles of the circuit in the transfer func-
tion. To measure the capacitance of the varactor a parametric
analysis of the ccg parameter is done on the test-bench, where
a voltage source has a 500 mV DC voltage, that is present
in the filter’s circuit, and a second voltage source varies from
0 V to 1.2 V. As (5) , demonstrates the capacitance of the
capacitor is directly proportional to the area, the same occurs
with the varactor structure and VCTRL allows for control of
one order of magnitude of capacitance.

C =
ε0A

d
(5)

C. Filter Test-bench and Simulations

The final schematic is shown in Figure 9a and the respective
test-bench in Figure 9b. From a DC simulation implemented
in the test-bench shown below and with VDD and VCTRL

equal to 1.2 V and the current-mirrors designed for 100 nA
the circuit drains 787.62 nW.

For the filter’s FFT simulation, contrary to the OTA’s,
a negative feedback is not implemented on the test-bench
because as seen in Figure 9b the schematic already has as
part of it’s circuit assembly. The calculations done for the
OTA hold true for the filter’s low-pass output, so using fin
of 8.544921875 Hz, an interval of 1.1 s to 1.9192 s (for
signal stabilization), 4096 samples and a Hamming window.
The THD is -54.36 dB. For the band-pass output a new fin
has to be determined, since the current is cut by the filter.
Using the previous calculations with (4), an initial frequency
of 430 Hz, fs of 5 kHz and 4096 samples gives Mcycles equal
to 352.256 that rounds to a prime number 353 and a fin of
430.908203125 Hz. The band-pass THD is -48.56 dB.

To analyze the AC output of the filter an AC simulation
was implemented. This type of simulation corresponds to
a linearization around the DC bias point. To realize this
simulation in the input fin+ is applied a 1 V and in input fin- 0
V and the frequency range is 0.1 Hz to 100 kHz. The outputs
of the simulation are shown in Figure 10 for the low-pass
output and Figure 11 for the band-pass output. The important
parameters of both outputs are presented in Table V.

(a) LPF Cadence schematic with the current mirror imple-
mented.

(b) LPF test-bench schematic with the potientiometer pin.

Fig. 9: Filter’s final schematic and test-bench.

TABLE V: Results of low-pass and band-pass AC simulation.

Filter Low-pass
Parameter Gain [dB] fc [Hz] GBW [Hz] Phase [º]

Value 8.546 22.37 55.53 108.99
Filter Band-pass

Parameter Gain [dB] fc [Hz] GBW [Hz]
Value 8.533 21.57 & 1.135 k 8.83 to 2.76 k

Fig. 10: Filter’s low-pass output gain and phase simulation.



Fig. 11: Filter’s band-pass output gain simulation.

The noise simulations are executed in the same test-bench
and plot the input referred noise of the output in relation to
the positive input of the filter. Maintaining the same frequency
sweep the plots are presented in Figure 12 and Figure 13. For
the low-pass output the circuit introduces a flicker noise of
10.38 µVrms and a thermal noise of 28.77 µVrms. For the
band-pass output the circuit introduces a flicker noise of 34.13
µVrms and a thermal noise of 75.41 µVrms.

Fig. 12: Filter’s low-pass output input referred noise.

Fig. 13: Filter’s band-pass output input referred noise.

To test for the circuits PSRR an AC simulation is done with
the same test-bench, where the positive input is fin+ with 1 V
and the negative input is VDD with 0 V AC magnitudes. Both
fin+ and fin- have 500 mV DC voltage to bias the circuit. The
simulation sweeps from 1 mHz to 100 kHz. For the low-pass
output removing the circuit’s gain (8.546 dB) gives a PSRR

of 149.154 dB and for the band-pass gives a PSRR of 143.267
dB (gain of 8.533 dB).

To illustrate the filter’s variation of the cut-off frequency
with VCTRL and IBIAS fixed at 100 nA a parametric analysis
was done where a sweep from 0 V to 1.2 V, the results are
present in Figure 14 for low-pass output and Figure 15 for
band-pass output. For both outputs the variation of VCTRL

has no influence on the gain as it stays the same through the
changes. The variation of the cut-off frequency is not linearly
dependent on VCTRL as the figures show the lowest cut-off
frequency comes from 1.2 V and the highest from 0.6 V. For
the low-pass output the lowest cut-off frequency is 55.53 Hz
at 1.2 V and the highest is 313.2 Hz at 0.6 V. For the band-
pass the lowest cut-off frequency is 8.83 Hz at 1.2 V and
the corresponding high cut-off frequency at 2.757 kHz and
the highest is 8.094 kHz at 0.6 V with its corresponding low
cut-off frequency of 48.8 Hz.

Fig. 14: Illustration of the tuning capability of the varactors
(low-pass).

Fig. 15: Illustration of the tuning capability of the varactors
(band-pass).

To illustrate the filter’s variation of the cut-off frequency
with IBIAS and VCTRL fixed at 1.2 V a parametric analysis
was done. A sweep of IBIAS is done, from 60.16 nA to
175.85 nA, by sweeping the potentiomenter value from 5.2
MΩ to 15.2 MΩ, the results are present in Figure 16 for
low-pass output and Figure 17 for band-pass output. For both
outputs the variation of IBIAS has no influence on the gain
as it stays the same through the changes. The variation of the
cut-off frequency is linearly dependent on IBIAS , meaning



inversely dependent to the resistance, as the figures show
the lowest cut-off frequency comes from 15.2 MΩ and the
highest from 5.2 MΩ. For the low-pass output the lowest cut-
off frequency is 38.28 Hz and the highest is 92.23 Hz. For
the band-pass the high cut-off frequency stays the same at
2.758 kHz, independent of the potientiometer’s resistance, the
lowest is 6.03 Hz and the highest of the low cut-off frequency
at 14.47 Hz.

Fig. 16: Illustration of the tuning capability of the bias current
(low-pass).

Fig. 17: Illustration of the tuning capability of the bias current
(band-pass).

VI. SUMMARY

This section presents the final results of the filter where,
in general, all the specifications were full-filled. The type
Butterworth and 2nd-order of the filter were defined in the
chosen topology. In the case of VDD, it had to be adjusted to
1.2 V because the Low-Noise Amplifier (LNA) that precedes
it in the whole acquisition system increased it, to achieve all
the bias criteria defined for it, and to have continuity in the
system the filter adjusted too.

The cut-off frequencies are tunned according to the Elec-
tromyography signal with a frequency range of 20 - 2000 Hz
that corresponds to the band-pass range of 21.5 to 1135 Hz and
Electrooculography signal with DC to 10 Hz in a frequency
range that corresponds to the low-pass range of DC to 22.37
Hz. With power consumption below 1 µW (787.62 nW) both
outputs present a gain larger than 0 dB, around 8.5 dB for both.
And accomplishing the specifications for noise and PSRR the

filter introduces minimum noise to the signal. Finally, having
achieved the THD specification it is guarantied that minimum
disruption to the signal will occur from the harmonics.

TABLE VI: Specifications and results of the filter.

Performance Index Specification Final
Type of filter Butterworth Butterworth

Order 2 2
VDD [V] 1.2 1.2

Power [µW] <1 0.78762
fc Low-pass [Hz] 20 22.37
fc Band-pass [Hz] 20 - 2000 21.5 - 1135

Gain Low-pass [dB] >0 8.546
Gain Band-pass [dB] >0 8.533

Noise Low-pass [µVrms] <50 10.38 / 28.77
Noise Band-pass [µVrms] <50 34.13 / 75.41

PSRR Low-pass [dB] Maximum 149.154
PSRR Band-pass [dB] Maximum 143.267
THD Low-pass [dB] <-60 -54.36
THD Band-pass [dB] <-60 -48.56

VII. LAYOUT AND POST-LAYOUT SIMULATIONS

In this section it is presented the layout of the filter, along
with the layout design of the VCs biased OTA and the current
biased OTA post-layout simulations and comparison to the
original schematic results. For both OTAs FFT, gain and phase
and input referred noise simulations. Finally, a gain and phase
and input referred noise simulations for both outputs of the
filter.

A. VCs Biased OTA Layout

In Figure 26 it is shown the layout core of the VCs biased
OTA, from which the post-layout simulations will be done.The
AC plot of gain and phase are shown in Figure 18 and the
input referred noise plot is in Figure 19. The comparison of the
performance indexes between the post-layout and schematic is
shown in Table VII, where it is most noticeable the improve-
ment in THD, the noise at cut-off frequency increases from
968.6 µV/

√
Hz to 969.5 µV/

√
Hz, along with the flicker

and thermal noise, with the other performance indexes having
a minimal decrease, less than 1.8%, as seen in Table VII.

TABLE VII: Comparison of performance indexes of VCs
biased OTA.

Performance Index Schematic Post-Layout
THD [dB] -58.7 -74.73
Gain [dB] 58.62 58.61
fc [Hz] 35.81 35.72

GBW [kHz] 29.99 29.6
Phase Margin [º] 82.47 81.05
Noise [µVrms] 12.99 / 98.02 13.0 / 98.1

B. Current Biased OTA Layout

In Figure 27 it is shown the layout core of the current biased
OTA, from which the post-layout simulations will be done.



Fig. 18: Post-layout gain and phase simulation of VCs biased
OTA.

Fig. 19: Post-layout input referred noise simulation of VCs
biased OTA.

The AC plot of gain and phase are shown in Figure 20 and the
input referred noise plot is in Figure 21. The comparison of the
performance indexes between the post-layout and schematic
is shown in Table VIII, where it is most noticeable the
improvement in THD, the noise at cut-off frequency increases
from 1.517 µV/

√
Hz to 1.519 µV/

√
Hz, along with the

flicker and thermal noise, with the other performance indexes
having a minimal decrease, in this case less than 1.5%, as seen
in Table VIII.

TABLE VIII: Comparison of performance indexes of current
biased OTA.

Performance Index Schematic Post-Layout
THD [dB] -55.5 -61.70
Gain [dB] 57.55 57.55
fc [Hz] 15.21 15.13

GBW [kHz] 11.34 11.23
Phase Margin [º] 84.37 83.25
Noise [µVrms] 11.86 / 99.92 11.9 / 100.0

C. Filter Layout

The post-layout simulations of the filter are present next,
both low-pass and band-pass outputs. The filter’s layout is
composed of the layout of the previous two OTAs, therefore,
only the parasitic contributions of the OTAs will affect the

Fig. 20: Post-layout gain and phase simulation of current
biased OTA.

Fig. 21: Post-layout input referred noise simulation of current
biased OTA.

simulations, the remaining components of the filter will remain
as an technology schematic component.

For the low-pass output, a DC simulation shows that the DC
offset remains the same at 510.358 mV, for the schematic and
post-layout simulations. The gain and phase plot is presented
in Figure 22 and the input referred noise is presented in
Figure 23, in Table IX it is shown significant performance
indexes, where it is observable that the gain also remains
the same, fc, Gain–bandwidth Product (GBW) and the phase
margin slightly decrease and the noise slightly increases, with
the noise at fc going from 1.461 µV/

√
Hz to 1.462 µV/

√
Hz.

TABLE IX: Comparison of performance indexes of the low-
pass output.

Performance Index Schematic Post-Layout
Gain [dB] 8.546 8.561
fc [Hz] 22.37 22.34

GBW [Hz] 55.53 55.56
Phase Margin [º] 108.99 108.94
Noise [µVrms] 10.38 / 28.77 11.0 / 29.0

For the band-pass output, a DC simulation shows that the
DC offset decreases from 501.553 mV to 501.549 mV, from
the schematic to the post-layout simulations. The gain plot is
presented in Figure 24 and the input referred noise is presented
in Figure 25, in Table X it is shown significant performance
indexes, where it is observable that the gain has a minimal



Fig. 22: Post-layout gain and phase simulation of the low-pass
output.

Fig. 23: Post-layout input referred noise simulation of the low-
pass output.

increase, fc and GBW margin slightly decrease and the noise
slightly increases, with the noise at fc going from 1.485
µV/
√
Hz to 1.486 µV/

√
Hz.

TABLE X: Comparison of performance indexes of the band-
pass output.

Performance Index Schematic Post-Layout
Gain [dB] 8.533 8.534
fc [Hz] 21.57 - 1135 21.54 -

GBW [Hz] 8.83 - 2760 8.818 -
Noise [µVrms] 34.13 / 75.41 34.2 / 75.5

Fig. 24: Post-layout gain simulation of the band-pass output.

Fig. 25: Post-layout input referred noise simulation of the
band-pass output.

Fig. 26: Full layout of VCs biased OTA.

Fig. 27: Full layout of current biased OTA.



VIII. DESIGN OPTIMIZATION AND OPTIMIZED RESULTS

This chapter presents the optimization and results for the
first stage of the filter architecture, i.e., the voltage-combiners
biased OTA. This chapter offers a detailed description of the
automatic framework in which the optimization was carried
out, as well as the test-bench, voltage and temperature con-
ditions and the complete set of specifications and objectives
to achieve. In order to achieve the most competitive design
solutions and completely explore the tradeoffs between the
gain and the noise performance of the first stage of the fil-
ter, a multi-objective and multi-constraint circuit optimization
framework denominated AIDA was used, to automatically
optimize the circuit at sizing level [13]. The set of the other
specifications is listed in Table XI. The optimization process
took approximately 12 hours in an i7-3770 Intel© CPU with
16 GB-RAM. A population of 128 elements evolved over 2000
generations, establishing a steady Pareto Optimal Front (POF)
and demonstrating that, for the presented specifications, it is
possible to achieve a gain over 58 dB or an output noise of
1.2 mVRMS with this topology, under typical PVT conditions,
i.e., typical process models, 1.2 V supply voltage and 25 º of
temperature. The output POF is shown in Figure 28.

TABLE XI: Optimization specifications.

Metric Specification
Gain [dB] ≥ 56

Bandwidth [Hz] 20 ≤ Bandwidth ≤ 30
Gain-bandwidth Product [Hz] ≥ 5000

Phase Margin [º] ≥ 50
Output Noise [mVRMS ] ≤ 1.5

Current Consumption [nA] ≤ 440
Output Offset Voltage [mV] ≤ 10

Fig. 28: Optimization results.

IX. CONCLUSION

In this work we considered the development of a low-
power LPF to be integrated inside a portable biomedical
device. Important metrics and basic concepts were studied
to better understand the operation of a low pass filter. Filter
approximations were analyzed to comprehend the different
options available and understand the most suitable. Finally,
relevant work was examined to ascertain the optimal solution
for the objectives established. Taking the existing work into

consideration, this dissertation presented a new perspective in
the creation of a biquad filter with a 2nd-order Tow-Thomas
configuration for biomedical equipment. This configuration
allowed for a very low and tunable cut-off frequency, also
provided a band-pass output. For a better fulfillment of the
specifications, a new OTA configuration designed for better
overall gain was presented. The layout core of both OTAs
was developed and implemented in the filter. Finally, the VCs
biased OTA was optimized using the AIDA tool. The complete
circuit was implemented using the UMC 130 nm technology,
biased by a 1.2 V supply source, consuming approximately
788 nW. The post-layout simulations showed that the filter
achieved a cut-off frequency of 22.34 Hz when used as a low-
pass filter with an effective gain of approximately 8.561 dB
and a bandwidth of 21.4 Hz when used as a band-pass filter
with a maximum gain of 8.534 dB.
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