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Abstract

Biopotential signals are created as a result of the electrochemical activity of the many cells that
comprise the nervous system, and they represent both normal and pathological organ function. These
signals must be identified with extreme caution because they are surrounded by a great deal of noise when
detected by sensors. This article explores a novel biopotential amplifier that incorporates the chopper
stabilization technique to increase noise performance and minimize offset. However, by introducing the
chopper modulator into the proposed design, the amplifier's overall input impedance was lowered, which
was then increased to greater than 200 MQ by adding the forward auxiliary path to the input branch.
Additionally, the output ripple, produced due to switching activity and up-sampling, was reduced by
inclusion of the R-C ripple removing block at the output of the operational transconductance amplifier
(OTA). The designed architecture had a mid-band gain of 40dB with a power consumption of 9 pW and
an offset of 10uV and a CMRR of 82 dB. It generated a noise of 42nV/\Hz. Also, the obtained results
were compared with a conventional amplifier. The proposed design was verified by carrying out
simulations using 180nm technology parameters. Cadence Virtuoso (Schematic editor), Spectre
(Simulator), Symica and Magic (Layout) tools were used to complete the implementation and simulation
of the proposed design.
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Introduction

Biopotential signals are normally low-frequency and low-amplitude signals.As a result, it becomes
crucial for the designer to mitigate power, noise and gain requirements [1,2]. These signals typically have
the characteristics of low frequency and smallamplitude typically SOMHz - 250Hz and 5 pV to 8 mV for
ECG signals, 0.5 - 10Hz and 1uV to 250uV for EEG signals and signals like EP and EMG carry low
frequencies up to 5 kHz and small amplitudes up to 10mV. Our particular interest is to record or monitor
the behaviour of EEG and ECG signal.

As there are 2 types of noises present, such as flicker noise and thermal noise, the designer must
ensure that the Signal to Noise Ratio (SNR) requirements are met. Noise and interference hampered
signal acquisition due to the signal’s low amplitude. Also, these signals have a very low frequency, so
that the design with CMOS (Complementary Metal Oxide Semiconductor) technology is very critical as it
consists of dominant flicker (1/f) noise [3]. As a result, various circuit techniques, such as increasing the
gate area of input transistors, using a pMOS device as an input transistor of amplifiers, auto zeroing, and
chopping are used to reduce noise. However, today’s chopper stabilization method plays an important
role in significantly reducing noise [4]. In this technique, the OTA offset and low-frequency noise are up-
converted by chopper switches to a higher frequency so that by using a low pass filter it can be easily
filtered out [5,6].
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A specific biopotential monitoring system consists of sensors, amplifiers, digital processing
systems, and RF devices [4]. The utilization of power for each block becomes important to minimize the
total power dissipation of the system as most of the power is consumed in the analogue front-end readout
circuit for any recording system, especially in OTA [7]. The block diagram of the acquisition system is
shown in Figure 1.
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Figure 1 Block diagram of the acquisition system.

Figure 2 depicts the basic diagram of chopper stabilization, which depicts the various elements
required to perform the operation, such as the chopper modulator, OTA, and low pass filter.
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Figure 2 Chopper stabilization technique.

Due to electrochemical reactions at the electrode-tissue interface, the tissue has different DC levels
at the electrodes [7]. The voltage difference is termed as DC offset and it must be reduced. To reduce the
noise, different circuit techniques such as pMOS - input amplifiers, increasing the gate area of input
transistors, auto zeroing and chopping are used to reduce the noise [2]. Yet, nowadays, the chopper
stabilization method plays an important role in reducing noise in a significant way [4]. In this technique,
the OTA offset and low-frequency noise are up-modulated by chopper switches to a higher frequency so
that by using a low pass filter it can be easily filtered out [8].

The next section discusses a traditional chopper amplifier and the challenges that arise when using
conventional amplifiers. Finally, the outcomes of the developed architecture are compared to the present
state of the art in the literature, including all necessary simulation and analysis.

Materials and methods

In this section, the basic methodology for the proposed design, which includes the coneventional
chopper amplifier and its design considerations, issues with conventional chopper amplifiers, and
proposed amplifiers are presented.
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Conventional chopper amplifier

Figure 3 depicts a conventional chopper amplifier that is an AC-coupled amplifier in this section.
This amplifier includes a modulator, an OTA, a demodulator, and a clock generator that does not overlap.
It also includes input capacitors for offset reduction and an R-C feedback network to create a high pass
pole in the overall design for more stable operation [9]. In following subsection, the general consideration
for finding the important parameters regarding the amplifier is mentioned. Also, these considerations are
important for finding the appropriate chopping frequency and feedback parameters. Nevertheless, some
parameters like CMRR, input impedance, and NEF (Noise Efficiency Factor), have to be taken care of
while designing such an amplifier as those parameters are affected due to the chopper stabilization
method [7].
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Figure 3 Conventional chopper amplifier.

The general mathematical considerationsare shown below for this amplifier.

General mathematical consideration
The closed-loop gain of design is a by-product of open-loop gain with feedback gain or factor,

Gm
_ AOI(S+F1CZ)(S+AmCout)
Cl(s+m)<s+cout>
A, is open-loop gain of the amplifier which is given by,
Aol = GmRout (2)

The closed-loop response of the designed architecture is given by H(S),

Ams
1 Gm
. G )
( R2C3 AmCout

The mid-band gain of the conventional architecture is defined by the ratio of input capacitance and
feedback capacitance

H(S) =

A3)

C
Am= g )

Also, the cutoff frequencies for the high-pass band is given by,

1
WLcF = 5 (%)
R2C3
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_ _Gm
WHCF = AmCount (6)

While designing the chopper amplifier, parameters like power, noise, offset, input impedance,
CMRR, and output ripple are to be optimized. In the following subsection, the basic issues related to the
chopper amplifier are discussed.

Issues in conventional chopper stabilized biopotential amplifier

The main issue with the conventional method is the large area of input capacitors that are used to
block DC so that the DC offset can be reduced and the high pass filter pole with a gain of 100 can be
formed. But due to these large capacitors, the input impedance also decreases as per Eq. (6)[3].

Zin= —— (7

2CinFchop

Also, the parasitic impedance is formed which is parallel to the input impedance due to the chopper
modulator at the input branch, which has a finite value. So, the input impedance is further reduced as
shown in Figure 4.

o3

Figure 4 Parasitic input impedance.

Also, as per Eq. (7), it shows that by reducing the gain, the noise multiplication factor K is
increased. So, Cin makes larger to reduce the input noise, but due to that, the input impedance is reduced
further.

Vin = V&K (8)
1
where K= (1+-—)
Am

Using the chopper amplifier, the flicker noise is reduced but the up-sampling of flicker noise and
offset takes place as they are modulated once by the chopper modulator, which causes the ripple at the
output. A ripple-reduction feedback loop is used in Fan ez al.[10], where the ripple at the output of the
OTA is down-converted and used as an input to the integrator. The output of the integrator is added to the
output of the OTA, thus creating a negative feedback loop, which nulls the output ripple. In Xu ez al. [11],
in which the calibration takes place to compensate for the current using a D/A converter to nullify the
offset and this current is given to the output of an amplifier, thus creating the negative feedback which
reduces the ripple. In Burt and Zhang[12], the switch capacitor notch filter was introduced to reject the
ripple. All such kinds of methods introduce switched capacitors into the feedback loop for ripple
rejection, which is quite complicated to design.
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The current state of the art in the acquisition system has successfully met the requirements for
power and noise, but there is a significant performance gap in input impedance and output ripple. In the
following section, the proposed amplifier is discussed, which also introduces the technique for increasing
the input impedance and reducing the output ripple.

Proposed chopper amplifier

The chopper-stabilized biopotential amplifier offers a lower input impedance and a more substantial
amount of output ripple than a conventional chopper amplifier, as discussed. Hence, in a conventional
block diagram, 2 additional blocks are proposed. These are 1 forward path and 1 R-C block as shown in
Figure 5. The detailed work of these 2 blocks is given in sections A and B. As a result, the improved
version is capable of recording the signal with high input impedance, low DC offset and reduced ripple at
the output while consuming less power and producing lower flicker noise.

my (fc‘]mp)

................ H

R-C bloc!

AV

Forward path

Figure 5 Modifications in conventional amplifier.

The core of this amplifier consists of OTA, which is labelled as ‘A’ in Figure 5. The schematic of
OTA is shown in Figure 6, which is a folded cascode amplifier with an additional CMFB block to
maintain the CM level at the output. The mid-band gain of OTA is set at 100 by selecting a ratio of Cin
(=10pF) and C¢ (=0.1pF). The bias current of this OTA is set at 3pA.
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Figure 6 Folded cascode OTA.
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The technique to boost input impedance
The input branch is shown in Figure 7. For a DC input given input voltage Vin and an externally
applied clock signal fchop with input capacitance Cin, the input impedance Zin is given by,

Zin = 5o ©)

2Cinf(:hop

where, Cin is input capacitance and fchop is chopping frequency.

fchop
Iin ‘l’ Cin
+— =
Via :
_ —c"_'

Figure 7 Input branch of the biopotential amplifier.

Here, the input impedance will be a maximum 50MQ, if Cin is considered as 10pF and fchop is
considered aslkHz, which is low for the analogue front-end for biomedical applications. So, in this
implementation, to increase the input impedance of the order to at least >100M€2, another way is through
reduction of DC input current. As shown in Figure 8, the other forward-path is introduced to precharge
the capacitor such that the potential difference between node nl and n2 is towards zero and hence, Zin is
increased by keeping the balance between Cin and fchop.

In Figure 8, the modified input branch with the addition of a forward-path is shown.
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= o

%

Buff
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Figure 8 Modified input branch.

Using such a technique increases both the area and the power consumption. However, by carefully
selecting the bias current of a forward path buffer as little high gain and frequency is required, increasing
the power consumption is negligible. Here, the bias current for a buffer is taken as 1 pA.
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Reduction in output ripple

The chopper-stabilized capacitive feedback amplifier is also modified for ripple rejection as shown
in Figure 5. Due to up-modulation of the offset, the output of the amplifier has an introduction of ripple
and it must be reduced. So, at output branch of the amplifier, the DC block is added as shown in Figure 9.

fchop
RC
. A > block s
/ —

Figure 9 Modified output branch of an amplifier.

In the DC block, the R-C circuit is tuned such that it will be a short circuit at chopping frequency
and an open circuit at low frequency. By such a technique, the ripple is reduced without using any
additional active elements.

Results and discussion

This section depicts the biopotential amplifier’s implementation. Figure 10 depicts the overall
implemented schematic diagram. Following that, the individual blocks with their schematic diagrams are
discussed along with their simulation results, and finally, the overall diagram layout is shown.

Proposed implemented chopper amplifier
In Figure 10, the schematic diagram of the proposed amplifier is shown in which the forward path
and R-C impedance circuits are added to boost input impedance and reduce ripple, respectively.
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Figure 10 Schematic diagram of the proposed biopotential amplifier.
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As shown in the proposed amplifier, the different subblocks are integrated to create an overall
amplifier, such as chopper, folded cascode OTA, buffer, forward path and R-C impedance network. In the
next subsection, the implementation and simulation of each block are discussed.

Operational transconductance amplifier (OTA)

The OTA is the heart of the designed amplifier. Here, the folded cascode OTA is designed to
achieve proper gain and high output impedance so that there is no need for an extra low pass filter on the
output side and, thus, the overall power consumption can be reduced. In Figure 11, the schematic of the
OTA is shown.

The selection of folded cascode OTA is based on the comparison of different OTAs and as per the
desired application from different kinds of literature. Also, for more noise optimization, instead of nMOS
input devices, pMOS devices can be used.

?® w7 15

Figurell Folded cascode OTA.

With this OTA, the common-mode feedback (CMFB) circuit and the biasing circuit for a given
amplifier are shown in Figures 12 and 13,respectively.
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Figure 12 CMFB circuit.

el
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Figure 13 Biasing circuit.

The biasing circuit is needed to ensure the work of each transistor in the saturation region. In this
OTA, the gain is 40dB, power consumption is 5.4uW and the noise is 31nV/v/Hz. Also, the offset is
40mV and the total layout area of the design is 279.8x177.1um’. These are well suited for the current
state of the art of recording bio-signals.

In Figures 14 and 15 the AC analysis and the transient analysis of OTA are shown, respectively.
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Figure 14 AC analysis of OTA.
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Figure 15 Transient analysis of OTA.

Chopper modulator

The chopper modulator with the nMOS switches is used in this design as shown in Figure 16. To
operate the nMOS switches, 2 non-overlapping clocks are generated with the clock generator circuit
shown in Figure 18with a chopping frequency of 1 kHz. In Figure 17, the transient analysis of a chopper
is shown.

Figure 16 Chopper modulator.
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Figure 17 Transient analysis of chopper.
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As shown in Figure 18, the clock generator circuit is designed by NAND gate and an inverter
which generates the non-overlapping clock which is required to operate the nMOS switches.In Figure 19,
the result of the clock generator is shown. In which the 2 non-overlapping clocks are generated at a
frequency of 1kHz which is considered as a chopper frequency in this design.

Figure 19 Non-overlap clocks.
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Buffer

The buffer is a very important block which is used in the forward path as well as at the output of an
amplifier. The single-stage differential amplifier is used as the gain requirement is not high and it needs
low output impedance. The basis current requirement for the buffer is 1 pA. The schematic of the buffer
is shown in Figure 20. In Figure 21, the transient analysis is shown as a reference.

Figure 20 Schematic of buffer.

H1.24m

= Hdm
SEL> 5
30

<ot
HBIm—

= 52m=

H0m—
0 tm 12m 1Em 24m 3m

o

Figure 21 Transient analysis of buffer.

Improvement in input impedance

As in Figure 22, to improve the input impedance, a forward path is added in parallel to the input
branch to reduce the total charge on capacitors C;,. As a result, the input DC and thus the input impedance
can be increased. Also, the input impedance is dependent on the chopping frequency. Thus, as per the
specification, the balancing between them is very crucial as chopping frequency is also critical to
designing OTA to reduce 1/f noise.
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Figure 22 Modification in input branch.

In the forward path,a buffer with a gain of 40dB and a biasing current of 1pA is designed. It adds
some power to total power consumption, but this design can further be thought of as a duty-cycled
precharge of Cin by controlled buffer so that the additional power can be neglected.

In Figure 23, the DC input current is shown with respect to time. In this, it has been observed that at
the time of clock transition, some charges occur due to the resultant finite current increases which limit
the input impedance, which can be solved by the inclusion of forward-path.The result of DC input
current, inclusion after forwarding path, is shown in Figure 24.
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Figure 23 Input current without forwarding path.

Walailak J Sci & Tech 2021; 18(18): 23974 13 of 18



Chopper Stabilized Biopotential Amplifier Ankit ADESARAand Amisha NAIK

http://wjst.wu.ac.th

1,60 =
1.2n —

0.4 =

Figure 24 Input current with forwarding path.

Reduction in output ripple
In Figure 25, the output branch of the OTA is shown. Here, the R-C network is added at the output
of an amplifier to reject the ripples.

to 2T nw

ikl

1 oot

I e
)

Figure 25 Modification at output branch.

In this design, the offset and the noise are passed through the chopper once only, so that the up-
modulation of the offset and noise occurrs due to the ripple generated at the output. In Figure 26, the
simulation shows the output waveform without the addition of the R-C ripple removing block. The R-C
resonant network is tuned in such a way that it is an open circuit at low frequency as its equivalent
impedance is higher than the output impedance of the OTA and it is a shot circuit at the chopping
frequency so that the desired signal can be passed and ripples due to up-modulated offset and noise can be
rejected. In Figure 27, the output waveform after the inclusion of the R-C resonant block is shown.
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Figure 26 Output without DC block.
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Figure 27 Output with DC block.

Overall result

In Figure 28, the periodic AC analysis is shown in which the response is highpass filter with a band

of 0.1 to 1kHz. Also, it represents a gain of 100, i.e.,40 dB.
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Figure 28 AC analysis of proposed amplifier.
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Layout design

The floor plan and layout of the proposed design are shown in Figures 29 and 30, respectively,
which are designed in the Magic layout tool. The total layout area of the design is 279.8 by 177.1 um®.

During the layout preparation, the major challenges are regarding the matching of the differential
amplifier and current mirror circuits of the OTA. Also, drawing a layout of passive elements with proper
matching is a major issue as it affects CMRR as well. After completing the layout, post-layout simulation

was carried out to validate the design.

Figure 29Floorplan of design.

30 | = |
EIECIEIR) PAC TR
HMEEINE P
LB I ] PRI
1 3 = D

Figure 30 Layout of design.

Comparison analysis

In this section, the comparison analysis with different literature is shown.
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Table 1 Comparative analysis.

Parameters 2] [6] [13] [15] This work
PZEICI‘:)SS 180 180 180 180 180
S‘z‘\’,‘;ly 1.8 1.25 1.8 2.7 1.8
Sﬁ;‘; 347 - 30 40 40
IZEV\;?)T 42 2.12 75 - 9
Ba?k‘x)dth 0.1 10 1 2 0.1-1
C(Itg{)R 715 85 100 51 82
(nlf,j’bﬁz) 250 45 75 3.76 )
NEF - - - 2.65 2.2
Conclusions

The proposed biopotential amplifier architecture outperformed the standard chopper amplifier

architecture. By including a forward path and an R-C network, the input impedance was increased and the
output current ripple was reduced. However, power consumption was increased as a result of the
additional buffer in the forward channel, which might be lowered in the future with the installation of a
controlled buffer.To ensure lower power dissipation,the design used only 1 OTA with a removed lowpass
filter. Besides, the bandpass response of an amplifier helped reduce the offset and flicker (1/f) noise. The
design was optimized for a DC gain of 40dB with power dissipation of 9uW and noise of 42 nV/Hz.
Further, the input impedance was boosted (>200M) and the offset was reduced by 10 pV.
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