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ABSTRACT

This paper presents a Capacitively-Coupled Chopper Amplifier (CCIA) using a Switched Capacitor DC
Servo Loop (SC-DSL) to achieve low noise and low power consumption in signal amplification bandwidth
for biomedical applications. The CCIA effectively mitigates the effects of mismatch and flicker noise (1/f).
At the same time, the SC-DSL maintains a balanced electrode bias at the input and facilitates the efficient
amplification of signals, such as Electrocardiography (ECG) and Electroencephalography (EEG), free
from interference caused by variations in electrode material and size. The simulation results, utilizing 180
nm CMOS technology, indicate that the proposed design occupies an area of 0.04 mm? The CCIA has a
low power consumption of 1.75 pW and low Input-Referred Noise (IRN) of 1.02 pVms from a voltage
supply of 1 V. By using the SC-DSL, the CCIA can be operated with an input electrode offset of up to 50
mV. Furthermore, the operational bandwidth attained 7.64 kHz.

Keywords-CCIA; low noise; electrode offset; DC servo loop; switched-capacitor

I INTRODUCTION elevated input impedance, significant gain, little input noise,
' low power consumption, and a compact form factor [3].

The progression of integrated circuit manufacturing  Therefore, bio-signals need amplification before the next
technology has improved accessibility in personalized  processing steps.

healthcare, enabling early diagnosis and successful treatment of ) )

diseases through accurate recording and identification of bio- In ) grder to achieve low power and low noise, the
signals [1].  Electroencephalograms ~ (EEG)  and  Capacitively-Coupled Chopper Amplifier (CCIA) is used [3,
Electrocardiograms (ECG) exhibit low amplitude, generally 4]. The DC offset originates from b1010g1.cal electrodes,
ranging from tens of microvolts (uUV) to several millivolts especml'ly the common wet electrodes, which can cause
(mV), with a frequency range spanning from 0.5 Hz to 150 Hz ﬂqctuatlons of up to 50 mV in thf: DC voltage due to differing
[2]. Amplifiers for bio-signal recording systems must exhibit skin contact conditions [5]. The input electrode offset voltage
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(VEOS) can lead to a significant common-mode voltage
imbalance, resulting in output saturation. Certain methods have
been proposed to eliminate the DC voltage offset. In [6-8], a
pseudo-resistor using a PMOS transistor was employed to
provide a high-pass filter. However, technical faults in the
design process often result in significant nonlinearity in the
dummy resistor, consequently greatly affecting signal quality.
The offset voltage is reduced by programming and regulating
an external capacitor array [9]. This structure fails to meet the
device standards for applications [3]; therefore, the optimal
choice is to execute a DC Servo Loop (DSL) [6, 10]. In the
conventional pseudo-resistor DSL, the large resistance required
for sub-Hz high-pass filtering introduces significant thermal

noise (v = 4kTR,, x BW'), which becomes the dominant noise

source in the sub-100 Hz band [11]. Authors in [12] promoted
the use of pseudo-resistors to achieve significant equivalent
resistance in a confined area. However, the pseudo-resistors
introduce considerable nonlinearity and contribute thermal
noise to the system [13], as demonstrated in [6-8], thus
affecting the signal. To mitigate the nonlinearity introduced by
the pseudo-resistor and optimize the design area, the present
study utilizes a series-connected Switched Capacitor Resistor
(SC-R) configuration. Moreover, the proposed Switched
Capacitor DC Servo Loop (SC-DSL) replaces the pseudo-
resistor with a switched-capacitor network, which provides an
equivalent large resistance without a physical noisy resistor.
The only added noise from the SC network arises from the
sampling switches (k7/C noise), which can be designed to be
negligible by choosing capacitances large enough. Machine
learning techniques have been integrated into a wide range of
applications. For instance, authors in [14] applied such
techniques to optimize pseudo-resistors, yielding significant
benefits. Extending this concept, ML algorithms could be
employed to dynamically calibrate the proposed SC-DSL,
adaptively tuning the high-pass corner frequency or
compensating for process and temperature variations to further
enhance robustness and linearity. This approach is expected to
see widespread adoption/be widely adopted in future designs.

This work proposes and analyzes the fluctuations of the SC-
R's equivalent resistance with respect to frequency, capacitor
value, switch impedance, and temperature. When the SC-DSL
is activated, the CCIA can amplify biomedical signals while
preventing VEOS of up to S0 mV.

II. DESIGN

Figure 1 shows the proposed design, which includes two
loops - a negative feedback loop and a DSL - as well as a
CCIA primary path. The primary path amplifier comprises two
amplification stages that achieve significant gain and
substantial output swing. In the initial stage, referred to as G,
a Folded Cascode (FC) configuration is utilized with a bias
current of 0.7 pA. This arrangement provides significant
amplification while improving circuit efficiency and enabling
current reutilization. In the second amplification stage, a
differential amplifier, G, is utilized in conjunction with a pair
of resistors, Rsi» = 280 k€, and capacitors, Csio= 500 fF, for
stable operation. The input capacitors Cini2 possess a
capacitance of 5 pF, whereas the negative feedback capacitors

Cmi1,2 have a capacitance of 50 fF. The closed loop gain Ay is
defined by the ratio Cii/Cp, resulting in a gain of 40 dB. To
reduce the design space and achieve high impedance, a
common mode voltage Vem = Vpp/2 = 0.5 V is utilized to bias
Gmi via the NMOS pseudo-resistors Ryi» with a supply voltage
Vopb of 1 V. Figure 1 demonstrates the configuration of the
chopper, comprising four MOSFET switches. These switches
are controlled by two clocks, @, When the input signal Vin
passes through the input chopper (CHji,), it modulates to a high
frequency. Then, after passing through G, the signal is
amplified and demodulated to the base frequency band after
passing through the output chopper (CHou). The noise
generated by G is eliminated because it is modulated outside
the CCIA's bandwidth, while the biomedical input signal
remains amplified. The intrinsic offset voltage of Gmi, denoted
as Vos, arises from the effects of manufacturing mismatch. The
amplification effect of Vos by Gm1 produces a significant offset
voltage at the output of the first stage. The offset voltage
modulated by the chopper output (CHgy) will generate an
output ripple, thus significantly affecting the output. To
mitigate the impact of Vos at the output, DC blocking
capacitors Cpi12 = 1 pF are positioned following G-
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Fig. 1. Schematic of the proposed CCIA with SC-DSL.

At the input node, a DC electrode offset (VEos) is generated
due to the mismatched size and differing materials of the
contact tissues. The Veos can reach 50 mV above the biological
signal. This voltage causes amplifier saturation. The proposed
design incorporates an SC-R due to the utilization of the
chopper approach in the SC-DSL. The SC-DSL consists of an
integrator to amplify the low-frequency signal at the CCIA's
output node, a high-pass chopper (CHp,) to modulate the
amplified low-frequency signal, and capacitors Cppi2 to convert
voltage into current. The integration procedure will continue
until the output signal of the CCIA is free of DC components.
The combination of the transfer function Vouw/ Vin and the
transfer function of the DSL integrator produces a high-pass
corner frequency defined as:
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Chpl 2

Cﬂ)l:z x fSC—DSL (1)

fhp:

where Cipip and Cpip are the DSL output and feedback
capacitors of the CCIA, respectively, and fsc.psv is the cutoff
frequency determined by the SC-DSL loop following the
equationfsc,DSL =12n x (RSC—DSLI,Z X CSC,DSLLQ). Consequently,
the impact of Vgos will be eliminated at the output of the SC-
DSL. Significant values are frequently required for the input
resistors of integrators in SC-DSL. This paper proposes an SC-
R arrangement to mitigate the effects of mismatch and
drawbacks of the pseudo-resistors.

III. IMPLEMENTATION

The first stage of CCIA, Gmi, employs an FC with
Common-Mode Feedback (CMFB) circuits, often used in
integrated circuits, as illustrated in Figure 2. The G amplifier
features a symmetrical design that includes a differential input
stage and a cascode stage, enabling the achievement of high
gain and wide bandwidth. A CMFB circuit is utilized for
maintaining a constant output voltage of Vem = Vpp/2. This
configuration generates and supplies the Vemrsr voltage to the
gate terminals of transistors Mo and M. Figure 2 displays the
sizing of the MOSFET devices in the FC and CMFB circuits.
Figure 3 depicts the schematic of G, integrated with the
phase margin enhancement components, Cpi2 and Rmi2. The
network, constructed from the resistors Rsj» and capacitors
Csip, is utilized to determine the common voltage [15]. The
resistors Rsio, utilized in this design, include pseudo-resistors
configured as two diodes [16], while the MIM capacitors Cs; 2
are connected in parallel with Rs;,. The parameters of the
CMOS transistors in G are, likewise, portrayed in Figure 3.
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Fig. 2. Schematic of FC amplifier (Gy) and CMFB circuit.

Figure 4 shows a two-stage amplifier in the SC-DSL, which
is biased for ultra-low current consumption. The first stage is a
differential amplifier, whereas the second stage is a common-
source amplifier. The CMFB circuit in the SC-DSL ensures
that the output voltage is maintained at Vey = Vpp/2. The
Miller capacitors Ccps,2 of 500 fF and the resistors Repi of 280
kQ are utilized to stabilize the amplifier's operation. Figure 4
exhibits the dimensions of the MOS transistors of the two-stage
amplifier in SC-DSL.
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Fig. 4. Schematic of intergrator with Rep;» =280 KQ and Cep,» = 500 fF.

The proposed SC-R, depicted in Figure 5, consists of two
switches controlled by two out-of-phase clock signals, @, and
@,, together with four capacitors, comprising two capacitors Ci
and two capacitors C,. The equivalent resistance can be
determined as:

_k><(k2><Cl+C2)

0 = @)

! f CLR x Cl X CZ
where k represents the number of SC pairs in the array, and fcrr
denotes the frequency signal supplied to switches So-Ss. If k is
significantly greater than 1, then kxC is significantly greater
than C,, allowing (2) to be simplified to:

3
R,=——% )
! fCLR x Cl

This shows that the equivalent resistance grows with the
cube of k. Thus, £ is a key design parameter that allows large
resistances to be realized using a modest number of capacitor
pairs without requiring physically large on-chip resistors. The
implementation uses the series-parallel charge sharing
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mechanism in the unit capacitor with a capacitance of C; = C;
= Cp = 50 fF. Nonetheless, the existence of parasitic effects on
the capacitor, along with the clock switching enabled by the
switches, may lead to alterations in the equivalent resistance.
The present work will investigate the variations in resistance
values of the proposed SC-R network due to alterations in
clock frequency or switch dimensions, to evaluate their impact
on system performance.

CLR

Out

Sa

Ci=GCo C,=Cy 7F
T .

Fig. 5. Schematic of the proposed SC-R.

Figure 6 demonstrates the relationship between the SC-R
resistance and the clock frequency fcrk. With a 50% duty cycle
and frequency swept from 1 to 8 kHz, a discrepancy is
observed between the theoretical resistance (3) and the
simulation results. This deviation is attributed to non-idealities,
such as MOSFET switch imperfections, parasitic capacitances,
and second-order effects, not accounted for in the ideal
equation. Figure 7 shows the relationship between the Co value
and the SC-R resistance value. Moreover, as indicated by (3),
the resistance value of SC-R has an inverse correlation with Co,
emphasizing the interdependence of resistance on both
frequency and capacitance within the system. As the
capacitance Cp rises, the equivalent resistance of the entire
structure diminishes, signifying an inverse correlation between
Co and the equivalent resistance. This association aligns with
(3). The utilization of MOSFET switches results in
mismatches, while parasitic elements in the capacitors create a
disparity between the theoretical and actual resistance levels.

Equation (3) indicates that at a control frequency of fcir =5
kHz and Cp = 50 fF, the anticipated equivalent resistance of
SC-R is 40 GQ. Nevertheless, as illustrated in Figure 7, under
identical conditions, the recorded resistance is merely 9.7 GQ
and diminishes further with an increase in Co. This discrepancy
results not only from parasitic effects but also from the
mismatch between the MOSFETSs and the implications of the
switching process. Improving charge accumulation facilitates
more efficient current transfer, hence reducing power
dissipation and circuit resistance. In the proposed SC-R
configuration (Figure 5), the switches @, and @, utilize a
Transmission Gate (TG) to reduce resistance relative to using a
single MOSFET switch. Figure 8 demonstrates that the
equivalent resistance of the structure is directly affected by the
resistance of the switch. Consequently, the dimensions of the
MOSFET utilized in the switch significantly influence the SC-

R value. In examining the impact of switch sizing on SC-R
resistance, the Length (L) of the MOS switches is analyzed in
three scenarios: 0.3, 0.5, and 1 pm, revealing that as the width
increases, the equivalent resistance tends to decrease. The
inherent resistance of the switch is exactly proportional to the
width-to-length ratio. Consequently, when the width increases,
the internal resistance of the switch decreases, leading to a
decrease in the total equivalent impedance of the system.
Figure 9 presents the simulated value of the SC-R as a function
of transistor width, plotted for three distinct temperatures:
—40 °C, 27 °C, and 70 °C. As the temperature increases, the
effective resistance decreases consistently across all device
widths. For instance, at a width of 1 pum, the resistance drops
from approximately 19.5 GQ at —40 °C to 4.5 GQ at 70 °C.
This inverse relationship is primarily attributed to temperature-
dependent carrier mobility and threshold voltage variations in
the MOS devices. Figure 10 displays the Monte Carlo
simulation of the SC-R with a mean value of 9.38 GQ and a
low standard deviation of 0.18 G€. The simulation results
indicate that the SC-R exhibits high linearity. The narrow
Gaussian distribution confirms that the resistance is well-
controlled and largely immune to random process variations.
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Fig. 7. Value of SC-Rps1.1> when the capacitor Cy changes.
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Fig. 10.  The Monte Carlo simulation results of SC — R resistance.

IV. SIMULATION RESULTS

By using CMOS 180 nm technology, the layout of the
proposed design occupies an area of around 0.04 mm?, as
shown in Figure 11. The results are derived from post-layout
simulations that incorporate foundry-provided models,
including parasitic (RCC) extractions from the complete layout.
The simulated transfer function of the proposed design,
presented in Figure 12, demonstrates a well-defined bandpass
response with a measured bandwidth of 8.2 kHz. This passband
enables the circuit to process a wide range of signal frequencies
while maintaining signal integrity. The lower cutoff is
established by a high-pass corner frequency (fy,) of 0.56 Hz,
which is actively set when the SC-DSL is enabled to suppress
low-frequency noise and interference. The circuit achieves a
closed-loop gain of approximately 40 dB within the passband.

This gain magnitude is sufficient to amplify weak biomedical
signals while the high-pass characteristic effectively rejects the
DC electrode offset voltage Vgos at the input, preventing
saturation and ensuring robust operation.

The simulation results of CMRR and PSRR of the proposed
CCIA, portrayed in Figure 13, validate that the proposed design
achieves superior interference rejection metrics. With CMRR
exceeding 118 dB and PSRR exceeding 100 dB across the
entire passband, the circuit demonstrates the ability to extract
weak differential bio-signals while effectively suppressing both
common-mode environmental noise and power supply
disturbances.

Figure 14 shows the Input-Referred Noise (IRN) of the
proposed circuit, which exhibits a thermal noise floor of

approximately 62 nV/A/Hz . A key feature of the noise
spectrum is the transition between low-frequency and high-
frequency regimes, marked by the 1/f noise corner frequency.
This corner occurs at 10 Hz, indicating the point at which
flicker noise (1/f noise) begins to dominate over thermal noise.
The use of the chopper stabilization technique effectively
attenuates the 1/f noise, significantly reducing its contribution
to the overall noise performance. The integrated IRN is
approximately 0.96 pVi, highlighting the circuit's capability
for low-noise operation. Figure 15 presents a detailed
breakdown of the power consumption of the Capacitively-
Coupled Instrumentation Amplifier (CCIA). Total power
consumption is approximately 1.75 pW from a 1 V supply.
Within the SC-DSL, transconductance stages Gmi, Gm2, and
Gm3 consume 54.28%, 11.44%, and 17.14% of the total power,
respectively, while the bias circuit accounts for the remaining
17.14%. Figure 16 depicts the simulated result of the transient
behavior of the CCIA's output V. The amplifier is driven by a
1 mV input signal Vi,, which is representative of the amplitude
of typical biomedical signals (such as ECG or EEG).

223 pm

I 3
A 4

184 pm

1. Chp1,2 2. Clock generator
3. Bias for CCIA 4. CMFB of G
Fig. 11.  Layout of the proposed CCIA.
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Fig. 15.  Power consumption of the proposed CCIA.
Fig. 13.  Simulated results of CMRR and PSRR of the proposed CCIA.

Table 1 provides a comprehensive benchmark of the 550,04
proposed amplifier against [17-21], evaluating key metrics
essential for biomedical front-end applications, including
process technology, power efficiency, noise performance, and
interference rejection. In terms of technology, this work
employs a 180 nm process, consistent with [17, 18]. This node
offers a favorable balance between cost, leakage current, and 450.0
analog performance. Operating from a 1 V supply, the ; : : :
proposed circuit dissipates only 1.75 pW. This power 1825 Y, W 1900
consumption is lower than that of [17] (8.3 pW), [19] (6.3 } ) ) )

MW), [20] (5.4 HW), and [21] (2.8 MW). While [18] achieves a Fig. 16.  The simulated result of the transient behavior of the CCIA's output
slightly lower power draw of 1.1 uW, it does so at the expense Vou when Vip = 1 mV.
of significantly degraded CMRR and noise performance. The

525.0

500.0

vV (mV)

475.0

proposed design achieves a CMRR greater than 118 dB, the TABLEL PERFORMANCE COMPARISON
highest among all compared works. This surpasses [17] (117 Specs. Similar works This
dB), [19] (112 dB), [20] (110 dB), and substantially S L7L (81 (O] | 1201 L (21 | work
outperforms [18] (40 dB) and [21] (78 dB). Such exceptional ;2;;;(&1?) 8 12 > L2 1o 1
common-mode rejection ensures robust suppression of Arca (mm?) | 0.026 | 0011 | 06 | NA | 0071 | 004
interference, such as power-line noise, in challenging Power (uW) 83 11 6.3 54 28 175
environments. The Power Efficiency Factor (PEF) serves as a BW (kHz) 7.3 10 0.32 | 025 5.0 8.2
key figure of merit, combining noise, power, and bandwidth, fiup (Hz) Y Y Y Y Y Y
where a lower value indicates superior efficiency. This work Cin (pF) 7.6 L5 N/A 32 1 5
attains a PEF of 12, the lowest in the comparison conducted, CMRR (dB) 117 40 112 110 78 >118
outperforming [17] (56.85), [18] (29), [19] (52.8), [20] (15.5), PSRR (dB) 88 | NA | 101 | N/A | 76 | >100
and [21] (65.7). This result demonstrates that the proposed ﬁNz(()%‘E“Z‘)) 0.96 12.7 24 0.44 1.8 0.96
design achieves an optimal trade-off among low noise, low

power consumption, and wide bandwidth, making it highly PEF 56.85 29 52.8 | 155 | 657 12

suitable for energy-constrained biomedical applications.
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V. CONCLUSIONS

This  paper introduces a  Capacitively-Coupled
Instrumentation Amplifier (CCIA) and a Switched Capacitor
DC Servo loop (SC-DSL) that uses a Switched Capacitor
Resistor (SC-R). It is all built in 180 nm technology and is used
in biomedical applications. To mitigate the VEOS, the
proposed SC-DSL incorporates an SC-R to eliminate thermal
noise, while still amplifying biological signals such as
Electrocardiography (ECG) and Electroencephalography
(EEG) within the CCIA. Simulations performed with 180 nm
CMOS technology show that the proposed design needs only
0.04 mm? of area. The CCIA has a minimal power
consumption of 1.75 pyW and a low Input-Referred Noise
(IRN) of 0.96 uVims, operating from a voltage supply of 1 V.
The SC-DSL allows the CCIA to operate with an input
electrode offset of up to 50 mV. Moreover, the working
bandwidth reaches 7.64 kHz.
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