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Abstract — This paper presents a chopper instrumentation
amplifier (IA) architecture with two symmetric differential
negative capacitance generation feedback (NCGFB) loops. The
NCGPFB design technique enables to cancel parasitic capacitances
of cables and electrodes at the IA input in order to boost the input
impedance. The negative capacitance is generated through
feedback loops containing digitally programmable capacitor
banks that can compensate for an extra input capacitance of up to
100 pF. A chopping technique is also introduced to enhance the
noise performance of NCGFB IAs with input impedance boosting.
The proposed amplifier is based on the capacitively-coupled 1A
(CCIA) architecture with additional circuit-level innovations to
increase input impedance and improve noise performance. Two
NCGFB loops have been added to further boost the input
impedance. These NCGFB loops include a low-pass filter (LPF) to
suppress ripples from the chopping prior to feeding the signal back
to nodes at which capacitances are cancelled. We present an
analysis to verify the stability of the loops as well as their effects
on boosting the input impedance. The full symmetry of the
NCGFB loops enables the use of identical capacitor banks to
maintain a high common-mode rejection ratio (CMRR). The 1A
was designed and fabricated in 65-nm CMOS technology with a
1.2V supply and consumes 2.46 pW. Chip measurements show that
the IA has a 44-dB gain, 40-Hz bandwidth, a total harmonic
distortion (THD) of -44.3 dB with 35 mVp, sinusoidal output at 10
Hz, CMRR > 90.9 dB, a 92.3 dB power supply rejection ratio
(PSRR), 0.54-pV integrated input-referred noise over a bandwidth
of 0.5 - 40 Hz with a noise efficiency factor of 4.75, and an input
impedance of 1.9 GQ at 10 Hz even with an extra input capacitance
of 100 pF.

Index Terms — Electroencephalography (EEG), dry electrodes,
instrumentation amplifier, negative capacitance generation, input
impedance boosting, chopping.

I. INTRODUCTION

I nstrumentation amplifiers (IAs) are essential during the
acquisition of biosignals such as electroencephalography
(EEG), electrocardiography (ECG) and electroretinography
(ERG). IAs are typically the first block of the analog front-end
that processes the signals prior to conversion with an analog-to-
digital converter for digital processing. Hence, being the first
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block in a system, reducing noise levels is of foremost
importance during their design. In addition, when integrating
[As as part of analog front-ends with low-power analog
computing circuits for feature extraction [1]-[6] or when aiming
to implement energy harvesting on the chip [7]-[8], it becomes
crucial to prioritize the reduction of power consumption.
Furthermore, gel-free electrodes (dry electrodes) are becoming
increasingly popular in long-term EEG monitoring applications
due to their practical advantages over wet electrodes. However,
the use of dry electrodes is associated with high contact
impedance at the skin interface. Hence, high input impedance
is an essential requirement for instrumentation amplifiers to
acquire EEG signals with high fidelity.

In this paper, we present an IA for low-power analog front-
ends in EEG signal monitoring applications. The [A was
derived from the chopped capacitively-coupled 1A (CCIA)
architecture discussed in [9]. As visualized in Fig. 1, it consists
of an operational amplifier (OPAMP) with open-loop gain Aor,
two capacitors (Ci, C,), and three choppers (at the input, in the
feedback, and at the output; CHin, CHg,, CHou).

A potential solution for enhancing the input impedance entails
incorporating a classical negative impedance converter (NIC) at
the input of the instrumentation amplifier (IA). Fig. 2(a)
illustrates a simplified NIC schematic employing positive
feedback, which could be employed to produce negative
capacitance at the IA’s input node if Z represents a capacitor [10]-
[11]. The input impedance for an ideal operational amplifier with
infinite open-loop gain can be calculated according to the
following equations:

Zy=-2x3, (1)
R>
Z;,=-7Z, when R;=R, )

However, this approach necessitates an additional amplifier,
introducing undesirable power and area consumption.
Furthermore, the extra amplifier would introduce additional noise

Fig. 1. Simplified representation of a capacitively-coupled instrumentation
amplifier with chopping [9].
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Fig. 2. (a) Standalone negative impedance converter. (b) Negative impedance
generation with reuse of the first CCIA stage (A;).

directly at the input of the IA. On the other hand, the negative
capacitance generation scheme in this paper is integrated into the
IA by reusing the gain of the first stage (A1) to avoid the addition
of an extra stage. As visualized in Fig. 2(b), this configuration
allows to generate a negative input capacitance, whereas resistor
Ry (Fig. 3) is used to stabilize the bias point. We further discuss
this approach in detail in Section III-C. In addition, a stability
analysis and discussion for this design technique is provided in
Section III-D.

The proposed CCIA has the following innovations: Two
symmetric negative capacitance generation feedback (NCGFB)
loops (labelled as loop 2 and loop 3 in Fig. 3) were constructed
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Fig. 3. Proposed chopper IA with NCGFB loops.

to boost the differential input impedance even further instead of
using only loop 1 as a sole positive feedback loop. With this
approach, the input impedance is increased through
cancellation of extra capacitances at the input such as those
associated with cables, electrodes, and package/board
parasitics. Each NCGFB loop is a form of positive feedback.
However, in contrast to loop 1, which is equivalent to the
positive feedback loop (PFL) in [9], loops 2 and 3 in Fig. 3
include low-pass filters (LPFs) and variable capacitor banks.
The LPFs suppress chopping ripples of the feedback signal for
capacitance cancellations that enhance the IA input impedance
as described in Section III-C. Loop 2 operates at low
frequencies to compensate for Ci,, whereas loop 3 compensates
for parasitics associated with C; while operating with a wider
bandwidth (BW) within the chopper switches. Furthermore, the
variable capacitors in the feedback loops enable to nullify a
wide range of capacitances. The analyses in Section III-C and
Section III-D show the impact of the NCGFB loops on the TA
input impedance together with a stability verification.
According to simulations of the amplifier design discussed in
this paper, the additions of loop 2 and loop 3 increase the input
impedance by more than 9x.

The first IA architecture with NCGFB for input impedance
boosting was reported in [12] with a direct current feedback
architecture, but without incorporating chopping. However, the
IA in [12] had relatively high-power consumption and input-
referred noise due to the resistive feedback. In addition, the lack
of symmetry in the NCGFB loops (due to a current mirror in the
input stage) led to a limited common-mode rejection ratio
(CMRR). In contrast, the IA introduced in this paper utilizes a
combination of a low-power chopper CCIA architecture and
symmetric NCGFB loops, resulting in a configuration that
achieves high input impedance, low noise, high CMRR, and
low power consumption. The design approach reduces the
power consumption by 9% and the noise level by 7% compared
to [12]. Furthermore, two symmetric differential NCGFB loops
(loop 2 and loop 3) were constructed to cancel the input
capacitances at two positions instead of only one position in
prior work [12], which improved the input impedance by 1.33x.

Motivated by the analysis in [13], the fully symmetric
features of the proposed A enable the use of identical NCGFB
capacitor banks, leading to a symmetric topology with higher
CMRR. In our prior work [14], a chopper IA with a single
differential NCGFB loop was designed using a current
feedback architecture. On the other hand, the chip
measurements of the first CCIA-based 1A architecture with two
differential NCGFB loops in this paper reveal significant
improvements with regards to power and noise.

Using a new DC-servo loop (DSL) strategy, a novel approach
to achieving high IA input impedance (4.6 GQ) for neural and
biopotential signal sensing was presented in [15] with a
reported integrated input-referred noise of 2.1 pVrums across the
BW of 1-200 Hz and with a 2.14 pW power consumption.
Another recent work [16] introduces a chopper-stabilized
multipath Current-Feedback Instrumentation Amplifier (CFIA)
that is adaptable to function as a general-purpose operational
amplifier (OPA). Employing a Local Positive Feedback Loop
(LPFL), both the CFIA and OPA achieve gain-independent



impedance enhancement while preserving the advantages of
chopping. The design has an excellent input impedance of 1.8
GQ with a 3.78 uVrus integrated input-referred noise, across a
wide BW of 100 Hz - 10 kHz with a power consumption of 5.35
mW. An IA specifically designed for dry-contact two-electrode
ECG measurements [17] has a high input impedance of 7.5 GQ,
integrated input-referred noise of 8.5 uVrwms across a BW of 100
Hz and consumes 10.5 pW. In comparison to existing works,
our proposed design has input impedance of 1.9 GQ with low
0.54 uVrus integrated input-referred noise (across its 0.5-40 Hz
BW) and 2.46 pW power consumption. In addition, our work
implements on-chip calibration to adapt to different input
capacitances (i.e., different cable lengths) by digitally
controlling the NCGFB loops [12].

This paper is organized as follows. Section II provides
background information on CCIA design and on the proposed
chopper architecture. Circuit design considerations and
analyses are discussed in Section III. Section IV presents
measurement results with discussions, whereas conclusions are
made in Section 0.

II. CHOPPER INSTRUMENTATION AMPLIFIER WITH
DuaL NCGFB Looprs

A. Background

In general, chopping techniques involve the modulation of the
input signal to shift the signal to a higher frequency before
processing it further within the amplifier. It helps to reduce the
impact of flicker (1/f) noise that is more severe at lower
frequencies. Once the signal has been amplified in a higher
frequency band with less flicker noise, it is down-converted back
to its original frequency range. It is noteworthy that the output
flicker noise of the amplifier is only modulated once and shifted
to a higher frequency at the amplifier output [18]. Typically, an
LPF is used to select the desired signal band and to suppress high-
frequency noise and ripples caused by the modulators.

The three-OPAMP 1A, CFIA, and resistive feedback IA
(RFTA) are common traditional TA architectures. In comparison,
the chopper CCIA architecture has recently been utilized to
achieve relatively low power consumption with low noise
operation [9], [19]-[21].

Several recent papers introduced innovative approaches to
enhance the performance of IAs for different applications.
Notably, [22] introduces a power-up calibration strategy to
mitigate offset-induced output ripple. The design achieves a 0.25
W Vrus integrated input-referred noise across a BW of 0.1-10 Hz
and a power consumption of 1.5 uW. Moreover, [23] presents a
technique for enhancing the common-mode rejection ratio
(CMRR) with an integrated input-referred noise of 3.2 uVrwms
across a BW of 0.5-400 Hz with a power consumption of 2.76
uW. Furthermore, [24] proposes a Current-Balance IA (CBIA)
that eliminates the requirement for input stage linearization with
an integrated input-referred noise of 0.6 uVrms across a BW of
0.3-100 Hz, and with a power consumption of 3.96 uW.
However, these studies either exhibit input impedance below 500
MQ or do not provide input impedance measurement results. In
this paper, we introduce a design technique to boost the input

impedance to 1.9 GQ while achieving an integrated input-
referred noise of 0.54 pVrums across a BW of 0.5-40 Hz with a
power consumption of 2.46 pW.

As shown in Fig. 1, the three choppers are crucial for
improving noise performance and minimizing offset voltages
[25]. The gain of the CCIA depends on the ratio between the two
capacitors (C1/C,), which achieves reliable gain accuracy through
the matching of the capacitors using proper layout techniques.
Generally, the CCIA can be designed with high power efficiency
because its OPAMP dominates the noise level. The current
consumption of the CCIA can be minimized by selecting C; and
C, values with relatively high impedances in the frequency range
of interest, which makes the CCIA suitable for low-power
applications.

B. Proposed Architecture

Fig. 3 displays the block diagram of the proposed chopper
CCIA architecture with NCGFB loops, which consists of two
OPAMP stages (A; and Aj), capacitors (C; and C;) that
determine the gain of the IA, three choppers (CHin, CHouw and
CHp), a high-pass filter (HPF), several LPFs and feedback
capacitor banks. The IA is AC-coupled through off-chip
capacitors (Cc) in order to block DC offsets such as from
electrodes. In combination with the on-chip bias resistors (Rpi
~ 10 GQ), a minimum C¢ value of 500 pF is required to create
high-pass filtering with a cut-off frequency of 0.03 Hz such that
the signals of interest can pass. The gain of the IA can be
estimated as follows:

_ Aot

G = I+dgp C2/Cy ©)
where Aoy is the open-loop gain of the OPAMP, which should
be very high to achieve better gain accuracy. Hence, two
amplification stages are used to achieve high gain. Fig. 4 shows
that the first stage is a folded cascode stage that has a high DC
gain of 59.9 dB. The second stage is a class-A output stage that
provides large output swing with a gain of 13.3 dB, where a
Miller compensation capacitor (Cn) was added to ensure
stability. The input impedance of the IA is strongly influenced
by the combination of the input chopper CH;, and the input
capacitor C;. With chopping, the low equivalent capacitor
impedance magnitude of 1/(2-f;,C1) causes the overall input
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Fig. 4. Schematic of amplifiers A; and A.,.
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Fig. 5. Pseudo-resistor configuration.

impedance to be low, where fu, is the chopper frequency. For
this reason, the input impedance is boosted using two
approaches that are combined in this architecture: 1) a PFL as
in [9], which contains CHg, and Cp, denoted as loop 1 in Fig. 3;
as well as 2) two differential NCGFB loops that are discussed
in the Section III, denoted as loop 2 and loop 3 in Fig. 3. The
OPAMP input DC voltage level is defined using Ve, Rp1 and
Ruo; where Ry and Ry are high-resistance pseudo-resistors as
in [12], [26]-[28]. Utilizing pseudo-resistors provides the
benefit of area efficiency over conventional resistor types,
making them especially well-suited for compact integrated
circuit designs. They are implemented using 10 PMOS devices
as shown in Fig. 5, with a total area of 42.3 um % 8.59 um and
52 um % 7.3 pum, respectively. The ripples produced by the
choppers are suppressed by a LPF at the A output.

III. CIrcUIT DESIGN CONSIDERATIONS AND
ANALYSES

In the proposed CCIA (Fig. 3), C, and C; are metal-insulator-
metal (MIM) capacitors with values of 50 pF and 300 fF,
respectively. Hence, the expected closed-loop gain is 44 dB.
MIM capacitors were used due to their good precision, minimal
noise contribution and relatively small fringe capacitance.
Furthermore, the specific values for C; and C, were selected to
attain a gain of 44 dB while ensuring stability, linearity, and
noise performance. The chopper frequency fon should be chosen
to be higher than the 1/f noise corner frequency of the first stage
(A1). Therefore, its value was selected to be 4 kHz in this
design. Without compensation, the input impedance would be
approximately 2.5 MQ based on the selected values of C; and
fen. The resistor-capacitor HPF after A (Fig. 4) blocks the DC
offset to avoid amplification by A,. The resistor in each HPF
was implemented with a pseudo-resistor using 10 PMOS
devices as in [12]. An equivalent value of 284 GQ was obtained
with a 213.8 um x 26 pum layout area. The capacitor is a MIM
capacitor with a value of 20 pF, which was obtained with a
182.6 um x 96.5 um layout area. This combination results in a
cutoff frequency of 0.03 Hz, which is lower than the EEG
signals of interest. Wide design margins were intentionally used
to ensure that the cutoff frequency of the HPF remains
significantly below 0.1 Hz despite of pseudo-resistor variations.
This objective was achieved through a strategic selection of the
transistor channel lengths across a range from 60 nm to 5 pm.
As a result, the simulated HPF cutoff frequencies exhibit values
between 0.01 Hz and 0.08 Hz across various statistical process
corners. Furthermore, a common-centroid layout style has been
used to mitigate the influence of device mismatches, which also
incorporated dummy guard rings. A common-mode feedback
(CMFB) circuit is used within A to regulate the gate voltage
(Vewmrs) of transistors M3 and M4 as shown in Fig. 4.

As explained earlier, the input impedance of the CCIA would
be low (~2.5 MQ), which creates the need for input impedance
enhancement techniques. Here, boosting of the input impedance

is realized through two mechanisms. First, loop 1, which
consists of CHpp, and Cp, in Fig. 3, compensates some of the
drawn input current through the input chopper by converting
the output voltage into current and injecting it at the input node.
Here, Cp, was chosen to be equal to C, to boost the input
impedance as demonstrated in [9], which leads to a simulated
input impedance of around 161.7 MQ for this design when only
loop 1 is activated. However, the input impedance is still
relatively low without the second technique applied in the
proposed CCIA, which involves the NCGFB loops. The main
purpose of the NCGFB loops is to cancel the undesired
capacitances at the input, including those from electrode cables.
In the proposed CCIA, two differential NCGFB loops are used,
which are loop 2 and loop 3 in Fig. 3. Each loop consists of a
LPF (LPF;, LPF,) and 9-bit capacitor banks. Loop 2 targets to
cancel the parasitic capacitances of the electrode cables and
CHin, while loop 3 partially cancels the parasitic layout
capacitances that are primarily associated with the bottom plate
of C;. With this approach, the input impedance can be boosted
to above 1 GQ with extra input capacitance (Ci,) values up to
100 pF. This capacitance value was selected to represent a cable
length in the approximate range of two to seven feet based on
characteristics of commonly used cables such as shielded
twisted-pair, coaxial, multiconductor, and flat ribbon cables;
which typically exhibit capacitances per length of 15-50 pF/ft
[29]-[31]. The activation of the additional NCGFB loops (loop
2 and loop 3) increased the simulated input impedance to 1.47
GQ. Note that after activating the NCGFB loops, the simulated
gain reduced by approximately 1 dB while the input-referred
noise did not change significantly compared to simulations in
which only loop 1 was activated.

The complete IA with NCGFB loops and chopping was
simulated with combinations of process corner cases (SS, TT,
FF), +£5% supply voltage changes (1.14 V, 1.2 V, 1.26 V), and
different temperatures (-20°C, 27°C, 85°C). With these
variations, the worst-case input impedance was 1.002 GQ,

Table I. Simulation results for the complete IA design

CMOS Techn. (nm) 65
Chopper Frequency (kHz) 4
Power (UW) 2.26
Gain (dB) 44
Integrated Input-Referred Noise (1Vrms) 0.40
[BW] [0.5 - 40 Hz]
-86.4
THD (dB) (35 mV,, out @ 10 Hz)
CMRR (dB) 121
PSRR (dB) 83
Input Impedance (G€2) @ }OSHZ
NEF* 3.12
Area (mm?) 0.49

2x],
* Noise Efficiency Factor (NEF) = Vs, % W%V
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Fig. 6. (a) A 9-bit programmable capacitor bank, and (b) an example of one
control register with an enable input that is generated using a 2x4 decoder.

indicating the robustness of the NCGFB loops. Furthermore,
the most significant gain variation of 11.7% occurred with the
(TT corner, 1.26 V, -20°C) conditions, and the worst-case noise
of 0.94 uVrms was observed in the (SS corner, 1.14V, 85°C)
case. Monte Carlo simulations with 10 runs revealed a CMRR
mean (p) of 121.5 dB with a standard deviation (o) of 9.1 dB.
As discussed in Section IV, the measured CMRR value exceeds
90.9 dB, falling within the (n-0) range. Similarly, the simulated
mean (p) of the PSRR was 83.2 dB with a standard deviation
(o) of 8.8 dB. The measured PSRR value of 92.3 dB discussed
in Section IV lies within the (u+o) range. The simulation results
of the TA (TT corner, 1.2 V supply, 27°C) are summarized in
Table I.

A. Capacitor Banks

For the generation of adjustable negative capacitances, four
programmable capacitor banks are utilized in the NCGFB loops
to support digitally-controlled calibrations in systems-on-a-
chip [14], [32]. As depicted in Fig. 6(a), each capacitor bank
consists of nine capacitors and nine switches in addition to one
capacitor without a switch. The value of capacitor (Co) is 100
fF, whereas the unit capacitor (C) has a value of 10 fF, such that
the largest switched capacitance is 2.56 pF. Hence, the
minimum and maximum capacitance values that can be
generated are 100 fF and 5.21 pF, respectively. These values
were chosen to be able to boost the input impedance with extra
input capacitance (Cin) values up to 100 pF. The switches are
implemented with PMOS transistors having a digitally
controllable gate voltage (So-Ss). PMOS transistors were used
because of their ability to provide low leakage current in the off
state with the voltage levels at the nodes where the capacitor
banks are connected. Four registers are used for controlling the
four banks through only nine lines (Do-Ds), which are
connected to external switches on the test board. Each register
consists of nine data flip flops (DFFs), and all four registers
share the same nine control input lines. Hence, an Enable (EN)
signal is needed to select a certain register to be loaded. These
EN signals are generated through two selection lines and a
decoder as shown in Fig. 6(b). Using this configuration, only
nine control lines are used to control the total of 36 capacitors.

B. LPFs Design

The LPFs filter out the chopping spikes before the signals
enter the capacitor banks in the NCGFB loops and after the
second stage of the IA (A;). The LPFs in the feedback loops

Fig. 7. 4" -order LPF schematic [35].

help to boost the input impedance even further. These filters are
2"_order unity-gain Sallen-Key filters [33]. Sallen-Key filters
offer a maximally flat magnitude response and well-defined
cutoff frequencies, ensuring precise control over signal BW and
attenuation characteristics, which is critical in this application.
Furthermore, they exhibit excellent stability and robustness
against component variations, temperature changes, and
manufacturing tolerances, ensuring consistent performance
across diverse operating conditions. The OPAMP used in the
LPFs is a two-stage Miller-compensated OPAMP with a PMOS
input pair [34], which ensures stability and low-noise
performance. The cutoff frequencies are 3.5 kHz and 515 Hz
for LPF; and LPF,, respectively.

The output LPF schematic is displayed in Fig. 7, which is a
4™ order low-power topology with a cutoff frequency of 40 Hz,
which is appropriate for EEG feature extraction in wearable
devices utilizing dry electrodes [1]. It consists of two pseudo-
differential biquad stages, where each stage exhibits a body
effect but in a complementary manner. Hence, the overall gain
is not attenuated and is approximately 0 dB [35]. Furthermore,
this LPF topology was chosen for its low power consumption.

C. Input Impedance Analysis

As previously stated, the incorporation of the Sallen-Key
LPF within each NCGFB feedback loop serves the purpose of
attenuating the chopping spikes that impact the input
impedance value. The LPF can be characterized by a second-
order transfer function expressed as follows:

1
Hipp(s)= Trasibs? 4)
a=2xC;xR, b=C3xCyxR’ (5)

Therefore, the calculation of the single-ended input impedance
can be obtained through the utilization of the following
equations, derived from the analysis of the simplified schematic
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depicted in Fig. 8 with the corresponding IA design parameters
values. In this schematic, the variable capacitor Cy, represents
the capacitor bank. Moreover, the amplifier is represented by a
single-stage amplifier with an open-loop gain (AoL) which
characterized by a first-order function given by

Ao

1+

[

(6)

Aor=

where A, represents the DC open-loop gain and w, represents
the open-loop -3 dB cutoff frequency. A, is designed to be
sufficiently high so that the two differential inputs of the
OPAMP can be effectively regarded as virtual AC grounds.
Based on these assumptions, the single-ended input impedance
can be derived as follows:

L= Cy X (Vs V)5V i X(Cyy 5+ 22) 4V xCros - (7)

A
V. :HLPF(S)XV0+:HLPF(S)X$ XVip+ (3)
G
oL,
- ! . ! dop
Iin+_Vin+(R_m H(Cont C)stCpl- 5 X T XQ) s) (9)
OL Cl
1
Zin+: ] 1 AOL (10)
R—l_n+(cin+c1)'5+cb(1']+a.s+b.s2 x CZ)'S
1+AOL><?
i

The third term in the denominator of Eq. (10) enables to
nullify the effects of the input capacitance Ci, and the impact of
C;. This compensation is accomplished by employing the
variable capacitance Cy, and leveraging the closed-loop gain of
the IA. When designing with high open-loop gain (AoLr), the
third term in the denominator depends predominantly on the
ratio between C; and C,. At low frequencies, the LPF gain in
Eq. (4) is approximately equal to 1, which requires careful
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Fig. 9. Input impedance evaluations at 10 Hz vs. Cy.

selection of the component values in Eq. (5) to ensure that the
LPF cutoff frequency is higher than the BW of interest. When
this condition is met, then the numerator of Eq. (10) can be
simplified further to approximate Zi,+ as follows:

1

Zins = (11)

R +(Cm+C1)-s+Cb(]—%)-s

The approximation accuracy of the input impedance equation
can be substantiated through four different modeling
implementations of the test schematic in Fig. 8, which are: (i)
employing Matlab for numerical evaluation of the input
impedance equation, (ii) simulation of the test schematic
utilizing an IA macromodel based on Eq. (6). (iii) simulation of
the test schematic utilizing the TA as a transistor-based amplifier
designed in 65-nm CMOS technology, and (iv) simulation as in
(iii) but with choppers (CHin, CHou, CHpy). Fig. 9 represents the
input impedance at a frequency of 10 Hz as a function of Cy,
where both the theoretical calculations (methodology 1) and the
macromodel simulation (methodology ii) yield a maximum
input impedance value of approximately 1.6 GQ. Similarly, the
schematic simulation (methodology iii) and the schematic with
chopping simulation (methodology iv) resulted in a maximum
input impedance around 1.4 GQ. The maximum input
impedance value occurs at Cy 0.96 pF, 0.95 pF, 0.94 pF and
0.84 pF for the four evaluations, respectively. The slight
difference of the optimum C, value between the theoretical
calculations and the macromodel simulation can be attributed
to the assumption made in the theoretical analysis with an ideal
virtual short circuit directly at the inputs of the OPAMP (Aor).
Conversely, the difference between the theoretical calculations
and the schematic simulation can be attributed to the presence
of parasitic capacitance associated with the transistors and to
the chopping mechanism, which leads to a lower input
impedance value.

D. NCGFB Loop Stability

The NCGFB loop comprises a positive feedback
configuration, which includes the Sallen-Key LPF and the
capacitor bank. Therefore, it is essential to ensure the stability
of this loop. As shown in Fig. 8, the open-loop gain can be
expressed as follows:
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Loop Gain = A¢y(s) *Hypp(s) *Hyp(s) (12)

where Aci(s) is the closed-loop gain of the amplifier illustrated
in Fig. 8, which is the same gain as in Eq. (3). Hrpr(s) is the
transfer function of the LPF as written in Eq. (4). Furthermore,
Hvp(s) represents the transfer function of the voltage divider
involving Cy, Cin, C; and Rjin in Fig. 8, which is determined by
the following equation:

(Cb XRin)'S
1 +Rin X(Cb+Cin +C1)'S

Hyp(s)= (13)

Therefore, the equation for the total loop gain becomes:

Aoy 1 (Cp*R;,)s

Loop Gain= X X
1+A0Lx% Itasths’  1+R;, X(Cy+Cyy+Cy)s
1

(14)

The stability of the NCGFB loop can be verified by
examining Fig. 10(a), which was obtained through numerical
evaluation of Eq. (14) with the corresponding design
parameters. On the other hand, Fig. 10(b) shows the transistor-
level schematic simulation result with chopping. In both Fig.
10(a) and Fig. 10(b), the loop gain consistently remains below
0 dB, which ensures stability. The validity of this condition is
expected based on Eq. (14), where the three numerators are
always smaller than their corresponding denominators,
resulting in a loop gain that remains below 0 dB. The lower
cutoff frequency of the simulated loop gain in Fig. 10(b) is less
than the lower cutoff frequency observed with the numerical
evaluation. This discrepancy can be attributed to the presence
of RC biasing configurations at the transistor level, which are
not captured by the equations for the numerical evaluation.
Similarly, the higher cutoff frequency of the loop gain in Fig.
10(b) is less than the corresponding cutoff frequency shown in
Fig. 10(a). This difference is due to parasitic capacitances
associated with the choppers, pseudo-resistors and transistors in
the amplifier.

The input-referred noise of the proposed CCIA can be
estimated as in [15], [19], [36]; where the key difference is the
impact of the two filters LPF; and LPF,:

— (Co\’
Vi,in: ( (;It) (Viin,/h) +H€/D (S) (Vi,out,LPFj+V£,0ut,LPF2) +
(15)

2 2 2 2
([n,Rﬂ7 +]n, Rp; +1n,Rb2) Rln,eq
In equation (15), Ci represents the total capacitance consisting

of Ci, C; and the parasitic capacitance at the input of A, Vi ind;
denotes the input-referred noise of the first stage of the CCIA

(A1), Hyp(s) is the transfer function in Eq. (13), Vi_uu,’LPFI is the

output-referred noise of LPF,, Viom‘ P, 18 the output-referred

noise of LPF,, li_R/b:8kT/be is the noise current of Rg,

Ii‘ Ry, =SKT/Ry; is the noise current of Ry, and Ii’sz =8kT/Ry; is
the noise current of Ry2; where £ is the Boltzmann constant and
T the absolute temperature in Kelvin.

In order to minimize the noise impact of LPF; and LPF>, the
following condition should be satisfied:

C,,+C; < Cp

(16)

As discussed in Section III, the design value of C; and the
maximum achievable value of Cy, are 50 pF and 5.21 pF
respectively, which fulfill this condition.
Given that C, and the parasitic capacitance at the input of A;
are significantly smaller than C;, the ratio Ci/C; is
approximately equal to 1. Thus, the CCIA can be very power-
efficient with relatively high closed-loop gain (>5).
Furthermore, since R, Rp1 and Ry, are resistances with high
values (in the GQ range), their noise current can be neglected.
When satisfying the above assumptions, the input-referred
noise of the CCIA can be estimated with the following
simplified equation:
V=2 <1+ (17)

nin—

8m3,418ms, 6)
8mi,2

8ml,2

With the values of this design (gmi>= 13.33 uS, gms4=13.82
uS, and gms,¢=2.75 uS) and assuming y = 2/3, we obtain Vﬁ_m =
3.71 fV?/Hz. Therefore, the expected integrated input-referred
noise across the BW (0.5-40 Hz) equals to 0.38 pVgrums. This
analytically calculated result was confirmed by comparing it
with the transistor-level simulation result and the measured
value of 0.4 uVrms and 0.54 pVrws respectively, which are
listed in Table I and Table II.

IV. CHIP MEASUREMENT RESULTS

A prototype chip was designed and fabricated with 65-nm
CMOS technology. Even though technologies with longer
channel length are sufficient for this [A’s frequency range, the
65nm technology was selected to target easier integration into
systems-on-a-chip with circuits for wireless connectivity in the
future. It was assembled in a S/B 48L package and tested on a
printed circuit board (PCB). Fig. 11 displays the chip layout and
micrograph. The IA layout occupies 0.49-mm? of die area. An
off-the-shelf amplifier (AD8421) on a reliable evaluation board
(EVAL-INAMP-82RMZ), which is commercially available,
was used to convert the differential IA output to a single-ended
output with the capability of driving the off-chip measurement
equipment. The AD8421 was not soldered onto the PCB to
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Fig. 11. Chip layout and micrograph.

avoid any unnecessary increase in PCB dimensions. On the
main PCB with the 1A, an amplifier (AD8131) is connected to
the IA inputs in order to convert from a single-ended input to a
differential signal.

The measurement setup to test the prototype chip is
visualized in Fig. 12, where connection 1 was used to measure
the transient gain of the IA, and connection 2 was used to
measure the THD. Connection 2 was also used during the
frequency response measurements, but while connecting the
input attenuator to the dynamic signal analyzer (instead of the
signal generator) for the frequency sweep.

The measured frequency response of the proposed CCIA
with NCGFB is displayed in Fig. 13, which was plotted after
de-embedding the gain of the amplification on the PCB. The
IA’s low-frequency gain is 44 dB with a -3dB frequency of 40
Hz. The transient output measured with a 230-uV,, sinusoidal
input signal at 10 Hz is shown in Fig. 14, where the measured
differential output voltage of the IA is 35-mV,. The annotated
470-mVy, value in the figure includes the 23 dB gain of the off-
chip amplification on the PCB. The output spectrum with 230-

Keysight Infiniivision
MSO0X3024T Oscillisco

Agilent 33250A
Signal Generator

Keysight E36312A

Power Supply

10Hz Sine
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Fig. 12. Measurement setup for the characterization of the prototype chip.

45

40 -

w
L

Gain (dB)

w
=]

25+

20 Ll i A I A I I N T I
10° 10’ 102
Frequency (Hz)

Fig. 13. Measured frequency response.

1Vyp sinusoidal input and 35-mVy, directly at the IA output is
displayed in Fig. 15, showing that the THD is -44.4 dB under
this condition is dominated by the third-order harmonic
distortion (HD3) component (with other distortion components
under the noise floor). When the same input signal is applied to
the IA with a+150 mV DC offset, the gain variation is less than
0.6 dB and the HD; remains below -44 dB. With a swing of 300
mV,, directly at the IA output, the HD3 increases to -39.65 dB.
On the other hand, a low-swing input of 4-uV,,, was also applied
to the IA, which resulted in a signal that is visible at 10 Hz
above the output noise level in Fig. 16.
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Fig. 14. Transient output waveform measured with a 230-uV,, sinusoidal
input at 10 Hz: 35-mV,,, IA output (470-mV/, output with amplification on
the PCB).
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Fig. 15. Output spectrum measured with a 230-uV,, sinusoidal input (10 Hz)
and 35-mV,, IA output (470-mV,, output with amplification on the PCB).
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Fig. 16. Measured output spectrum with a 4-uV,, sinusoidal input (10 Hz) and
0.52-mV,, IA output (7.4-mV/, output with amplification on the PCB).

Fig. 17 shows the measured output noise spectrum from three
different test cases. First, the noise was measured for the IA
with the evaluation board (blue line). Second, it was measured
for the evaluation board only (red line) with the IA powered
down but the off-chip amplifier on the evaluation board
powered up. With these results, the noise of the evaluation
board was de-embedded to extract the IA’s noise (pink line),
which resulted in a total of 0.54-uVgrms integrated input-
referred noise in the BW of 0.5 - 40 Hz.
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Fig. 17. Measured output noise spectra.
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Fig. 18. Measured differential output voltage spectrum of the IA with a 1.5
mV,, sinusoidal input signal at 40 Hz.
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Fig. 19. Measured differential output voltage spectrum of the IA with a
sinusoidal signal of 200 mV/,, at 40 Hz added to the supply voltage.

The measured differential output voltage spectrum of the IA
with a common-mode sinusoidal signal input of 1.5 mV,, (-65.5
dBVrwms) at 40 Hz is displayed in Fig. 18. This <-89.4 dBVrums
output measurement includes the gain of the off-chip
amplification on the evaluation board (23 dB). Hence this result
implies a common-mode gain less than -46.9 dB, and that the
CMRR exceeds 90.9 dB. The measured CMRR remains around
this value until the input common-mode voltage reaches 30
mVyp (-39.48 dBVgwms), at which the CMRR degrades by
approximately 1 dB to 90.0 dB. A common-mode input of 100
mVyp (-29.03 dBVrws) at 60 Hz results in a CMRR degradation
of approximately 1.4 dB, yielding a measured CMRR of 89.5
dB.
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Fig. 20. Measured input impedance at 10 Hz with extra off-chip input
capacitance of 100 pF: (a) sweep of the Register 0 control code while keeping
Register 1 @ 431, Register 2 @ 416, Register 3 @ 456, (b) sweep of the
Register 3 control code while keeping Register 1 @ 431, Register 2 @ 416,
Register 0 @ 222.



The measured differential output voltage of the IA with a
sinusoidal input signal of 200 mVy, (-23 dBVrums) at 40 Hz
applied on top of the supply voltage is shown in Fig. 19. The
measured -48.1 dBVrums output at 40 Hz includes the gain of the
23 dB off-chip amplification. Hence this result implies a power
supply gain of -48.3 dB. Consequently, the PSRR is 92.3 dB.

The input impedance was measured by connecting a 400 MQ
test resistor (Rs) in series directly at each input of the A using
jumpers on the PCB. In this configuration, the peak-to-peak
amplitude of the output transient voltage (Vopp) was measured
while a sinusoidal input voltage (V) was applied at 10 Hz,
such that the input impedance can be determined according to
the following equation:

RV o

Z.
><ACL - Vupp

inSE—
VSPP

(18)

The optimum measured input impedance is 1.9 GQ, as can
be observed in Fig. 20. To obtain these plotted results, the input
impedance was measured during a sweep of the control code in
one register, while keeping the other registers constant at their
optimum value. For illustration, the codes of Register 0 and
Register 3 were swept in the plots in Fig. 20 because they
control the NCGFB capacitance banks that compensate for the

extra 100 pF capacitances connected at the IA inputs on the
PCB. Register 1 and Register 2 control the NCGFB capacitor
bank for cancellation of the on-chip parasitic capacitances
(including those associated with the bottom plates of the C;
capacitor in Fig. 3).

Table II provides a comparison of the measured results and
other state-of-the-art IA designs. Compared to other works, this
design achieves a low noise level while consuming low power.
Some tradeoffs can be noticed from the state-of-the-art results.
Although the noise level is slightly higher compared to the IA
in [40], our design has lower power consumption and higher
input impedance while using a single supply voltage. It is worth
noting that the work presented in [41] attains an input
impedance of up to 15 GQ at 10 Hz with an added capacitance
of 82 pF, while dissipating 3.83 uW from two power supplies
(1 V and 1.5 V). The work stands out as it also provides the
ability to compensate for additional capacitance at the inputs,
while demonstrating that automatic calibration with fine
resolution permits to further boost the input impedance. We
conclude that the CMRR of this work is higher than the
measured value of 90.9 dB based on a simulated mean of 121.5
dB and a standard deviation of 9.1 dB. However, it was not
possible to measure the value of the CMRR beyond the 90.9 dB
level reported in Table II due to the noise floor limitation of the

Table II. Comparison between the state-of-the-art IA designs.

[9], [12], [37], [38], (391, [15], [22], [23], (401, [41], [16], [24], (17], This
2011 2017 2020 2019 2020 2021 2021 2021 2022 2022 2023 2023 2023 ‘Work
Techn. (nm) 65 130 180 180 180 180 180 180 180 110 180 350 180 65
Chopp.
Freq. (kHz) 5 - 5 20 6 10 5 0.5 10 5 25 1 - 4
Supply (V) | 1 12 1.8 1.8 1.2 1 1.2 12 | 0518 | 115 5 3 18 12
Power (UW) 1.8 23.28 10.44 324 24 2.14 ® sll.izcs) 2.76 45 3.83 5350 3.96 10.5 2.46
Gain (dB) 40 30-40 40-49.5 40 40 40 40 40 60 61-74 20 34 34 44
BW (Hz) | 0.5-100 | 0.5-45.5 | 0.5-250 |0.35-5.4k | 0.04-932 200 ~100 400 300 0.5-300 850k 0.3-100 50k 40
Integrated
- *kk * kekck
ot | g.64x Son | o7 foes | S an | OB 32 Jozuv | ese | YIS 06 85 | 054
o |@s-100m9)] S 510012 03200812 | 120012 | (S5O o.5400112)] (-300182) (0530012 (G (03-10012)| (1001) | ©540H2)
(UWVrwms)
-49** -61 -82 -63 532 -40.9 -44.3
THD (dB) - (60mVip - | (500mVyp | (16Vipout| " - T | c0mViy | 0 -l eomVy | - 35mVpp
out @SHz) out @SHz) | @69Hz) out @S0Hz)| 25 Ve i) out@101z) out@10Hz)
134 77.6%* 102 109 >110 92 128 99.8 109 >90.9
CMRR@B)| abe | @ionz | @sonz | 100 | %0 - @pc |@soeonz| St | @20mz | @Stz | @Mz | @soMz | @4o0Mz
120 T4** 72 92 >83 100 122 102 92.3
PSRR (dB) @DC @I0Hz | @50Hz >70 ) ) @DC | (1-400Hz) 88 @I10Hz | @SHz | @S50Hz ) @ 40Hz
Input >1.42%*
ot 1oz | @0tz | 24 | 0as | =1 46 ) ) g 15 18 | 046 |75@mHz| 19
P : >0.57**% | @60Hz @50Hz @50Hz | @0.01Hz @10Hz @5Hz @50Hz (0.3 @50Hz| @10Hz
(GO @S0Hz
NEF##* | 330 95 483 | 237 | 440 | 840 (83S~liis) 9.40 130 154 | 4796 | 273 | 792 | 475
Area (mm?) 0.1 0.183 0.99 0.2 0.46 0.19 0.57 1.57 0.18 0.75 0.9 041 0.34 049

* Calculated from the NEF

** Measured with IA, filter and variable gain amplifier

. . , 2%,
k4% Noise Efficiency Factor (NEF) =V, i, % m
: oy

**%* Calculated from the reported noise spectral density and BW




test setup and equipment, as can be seen from Fig. 18. In
practice, we expect that packaging and PCB optimizations can
improve the CMRR and PSRR.

The results in Table II indicate a tendency for the noise
efficiency factor (NEF) to improve with BW in the sub-1 kHz
frequency range. The TA in this work has a 40 Hz BW with
suitability for EEG feature extraction in wearable devices with
dry electrodes [1], which is limited by the LPF at the output in
Fig. 3, hence restricting the achievable NEF.

V. CONCLUSION

A chopper TA architecture with symmetric NCGFB loops
was designed and fabricated with a 65-nm technology and a 1.2-
V supply. The NCGFB loops are digitally programmable to
boost the input impedance up to 1.9 GQ with 100 pF extra
capacitance at each of the IA inputs. Prototype chip
measurements of the proposed instrumentation amplifier
demonstrated significant improvements in noise performance
and input impedance while overall maintaining state-of-the-art
performance compared to other instrumentation amplifiers. The
IA has a measured gain of 44 dB with 40 Hz BW, and a total
harmonic distortion of approximately -44 dB with 35-mV,
output swing. Remarkably, the measured input impedance is 1.9
GQ at 10 Hz. Furthermore, the measured CMRR exceeds 90.9
dB at 40 Hz, along with a PSRR of 92.3 dB. An integrated
input-referred noise of 0.54 uVrms was measured across a BW
spanning from 0.5 Hz to 40 Hz.
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