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Design of a Low Noise Bio-Potential Recorder With
High Tolerance to Power-Line Interference
Under 0.8 V Power Supply

Deng Luo
and Zhihua Wang

Abstract—A bio-potential recorder working under 0.8 V supply
voltage with a tunable low-pass filter is proposed in this paper. The
prototype is implemented in TSMC 180 nm CMOS technology,
featuring a power consumption of 2.27 uW, while preserving a
high tolerance of power-line interference (PLI) up to 600 mV,,,
a common-mode rejection ratio (CMRR) of higher than 100 dB, a
THD of —65.5 dB, and a noise density of 50 nV/+/ H z by employing
four new techniques, including 1) low noise chopper modulator,
2) feedback loop based common-mode cancellation loop (CMCL),
3) offset cancellation loop (OCL) with PMOS backgate control
scheme, and 4) a very-lower transconductance (VLT) operational
transconductance amplifier (OTA) using in the DC-servo-loop
(DSL). The measured mid-band gain is 43.3 dB with a high-pass
cut-off frequency of 1.2 Hz. The low-pass cut-off frequency can be
configured from 650 Hz to 7.5 kHz. The measured input-referred
integrated noise is 1.2 uVrms in the frequency band of 1-650 Hz
and 4.1 uVrms in the 1 Hz-7.5 kHz frequency band, respectively,
leading to a power efficiency factor (PEF) of 7.49 and 7.59.

Index Terms—Bio-potential recorder,
common-mode cancellation loop, low

interference, very low transconductance OTA.
POWER efficient bio-potential recorder plays a critical
role in a Brain-Machine-Interface (BMI) system [1]—[3].
The amplitudes of the targeted signals, such as action potential

(AP), local field potential (LFP), electrocardiograph (ECG),
electromyography (EMG) and electroencephalo-graph (EEG)

chopper amplifier,
noise, power-line

1. INTRODUCTION

Manuscript received March 9, 2020; revised May 15, 2020 and July 13, 2020;
accepted July 22, 2020. Date of publication November 17, 2020; date of current
version December 30, 2020. This work was supported in part by the National Key
Research and Development Program of China under Grant 2018 YFB220200*, in
part by Natural Science Foundation of China through under Grant 61 674 095,
in part by the Science, Technology and Innovation Commission of Shenzhen
Municipality under Grant JCYJ20170411140807570, in part by the Guangdong
International Collaboration Program under Grant 2018A050506012, and in part
by the Beijing Innovation Center for Future chip. This article was recommended
by Associate Editor Dr. Benoit Gosselin. (Corresponding author: Milin Zhang.)

Deng Luo is with the Institute of Microelectronics, Tsinghua University,
Beijing 100084, China (e-mail: luod14 @mails.tsinghua.edu.cn).

Jiaxin Lei and Milin Zhang are with the Department of Elec-
tronic Engineering, Tsinghua University, Beijing 100084, China (e-mail:
leijx 19 @mails.tsinghua.edu.cn; zhangmilin@tsinghua.edu.cn).

Zhihua Wang is with the Research Institute of Tsinghua University in Shen-
zhen, Shenzhen, China (e-mail: zhihua@tsinghua.edu.cn).

Color versions of one or more of the figures in this article are available online
at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TBCAS.2020.3038632

, Member, IEEE, Jiaxin Lei, Student Member, IEEE, Milin Zhang

, Senior Member, IEEE,
, Fellow, IEEE

are typically in the order of tens of ¢V to a few mV, with a
frequency band distribute from sub-Hz to about 10 kHz [4]-[7].
The power consumption performance is crucial, especially in
the design of the bio-potential recorder. Various methodologies
have been proposed in literature aiming to the reduction of
power consumption. The majority of those existing low power
designs improved power consumption performance by reducing
the current, but sacrificing the noise performance. In order to
optimize the power efficiency factor (PEF), [8]-[10] proposed
to reduce the supply voltage to sub-V, but leading to higher
total harmonic distortion (THD). In addition, these circuits are
susceptible to the common-mode interference (CMI), especially
the power-line interference (PLI). The amplitude of the PLI can
be as high as hundreds of millivolts at 50 Hz [11].

A common-mode rejection ratio (CMRR) of higher than
80 dB is required for bio-potential recording [11]-[14]. The
driven-right-leg (DRL) circuits [15]-[17] are widely used to
enhance the CMRR by feeding PLI back to the subject. However,
the DRL circuits are at a risk of instability [18]. The chopper-
stabilized topologies [19], three op-amps instrument ampli-
fiers [20], common-mode feedback circuits [12] and common-
mode feedforward circuits [18] are demonstrated to enhance
CMRR. However, to achieve a higher CMRR under large PLI,
new techniques are required, especially with sub-V supply
voltage. To cancel out CMI, [5] proposed a feedforward loop
based common-mode cancellation loop (CMCL). However, the
feedforward capacitors suffer from the noise multiplication ef-
fect, which increases the input referred noise significantly. [21]
proposed acommon-mode feedback loop based on charge-pump
technique to suppress CMI, which can even exceed the supply
rail. However, the noise and power consumption is relatively
large.

In this paper, a feedback loop based CMCL is proposed.
Under a supply voltage of 0.8 V, the proposed bio-potential
recorder achieves a THD of -65.5 dB measured with a PLI up
to 600 mV ,,. In addition, an offset cancellation loop (OCL)
using PMOS backgate control scheme is proposed to reduce the
ripples generated by the offset of the input stage OTA. Compared
to state-of-the-art ripple reduction technique [5], the proposed
technique is suitable for the chopper amplifier, where the input
stage OTA is biased by a sub-Gf2 resistor. A DC-servo-loop
(DSL) integrated an integrator with a large time constant is

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0003-0475-8268
https://orcid.org/0000-0001-6915-0734
https://orcid.org/0000-0001-6567-0759
mailto:luod14@mails.tsinghua.edu.cn
mailto:leijx19@mails.tsinghua.edu.cn
mailto:zhangmilin@tsinghua.edu.cn
mailto:zhihua@tsinghua.edu.cn
https://ieeexplore.ieee.org

1422

Chopper Amplifier Low-pass Filter

Fig. 1. Architecture of the proposed bio-potential recorder. A chopper ampli-
fier and an adjustable low-pass filter are integrated in this recorder.
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Fig. 2. Architecture of the proposed bio-potential recorder.

widely used to filter out the electrode DC-offset (EDO). In our
previous work, an active Gm-C integrator integrated a very-low
transconductance (VLT) OTA is used in DSL [22]. However, it
is not useful for sub-V supply voltage application. In this paper,
a modified VLT OTA is proposed to form a 1.2 Hz high-pass
cut-off frequency.

The rest of the paper is organized as follows. The architecture
of the bio-potential acquisition amplifier, more detailed analysis
on the low noise chopper modulator, CMCL, OCL and DSL
structure are introduced in Section II. The experimental results
are shown in Section III, while Section IV concludes the entire
work.

II. ARCHITECTURE OF THE PROPOSED
B10-POTENTIAL RECORDER

The overall architecture of the proposed bio-potential recorder
is as shown in Fig. 1. It consists of a chopper amplifier and an
adjustable low-pass filter. The cut-off frequency of the low-pass
filter can be programmed from 650 Hz to 7.5 kHz. For the
acquisition of EEGs, ECGs and LFPs, the cut-off frequency
can be set to 650 Hz. The cut-off frequency is set to 7.5 kHz
for the acquisition of EMGs and APs. This paper focuses on
the design of the chopper amplifier. The two-stage chopper
amplifier is illustrated in Fig. 2. It consists of i) a two-stage
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the on-resistance, (b) the noise model of the off-resistance.

Noise model of the input chopper modulator. (a) the noise model of

Miller-compensated OTA, labeled as g,,1 and g,,2, ii) a positive
feedback technique based input impedance boosting loop, iii)
an active Gm-C integrator based DSL using the proposed VLT
OTA, labeled as g,,v 7, iv) a capacitive feedback loop, v) an
offset cancellation loop, and vi) a common-mode cancellation
loop.

A. Design of the Low Noise Chopper Modulator

The proposed circuit is designed working under sub-V supply
voltage to reduce the power consumption. Significant noise
will be introduced from the input chopper modulator due to
the relatively low off-resistance and large on-resistance, under
low supply voltage mode. Fig. 3 shows the noise model of the
input chopper modulator. The input referred noise generated by
on-resistance and off-resistance of the input chopper modulator
can be calculated as

2
7o ZinZon )
in,on mon \ 7 ¥ 7.

. 2
ZinZe ) (2)

2 — 2
Frosr =0 (7257

where Z;, is the input impedance of the amplifier. Z. is the
electrode tissue interface impedance. Z,, and Z,s; are the
on-resistance and off-resistance of the input chopper modulator
separately. Generally, Z;,, is much larger than Z, and Z,,,. Thus,
the equations can be simplified as

V2, o = 8KT Zop, (3)
32kT

Vinoff : )
off Zotf

Generally, the input noise density of a bio-potential recorder
is around 50 nV/v/Hz. In order to reduce the contribution of the
input modulator noise to the amplifier noise as much as possible,
Uin,on and g, oy must be smaller than 10 nV/VHz. If Z 18
assumed to be equal to 1 MS2, the off-resistance will be larger
than 1.3 G2, and the Z,,, will be smaller than 3 k€.

Fig. 4(a) shows four kinds of switches to implement a modula-
tor. A same size is applied to all the switches shown in the figure,
but different threshold voltages are used. For PMOS transistors,
the lowest threshold voltage is 0.37 V in the process used in
the proposed design. With 0.8 V supply voltage, the on and off
resistance is sensitive to the threshold voltage. Fig. 4(b) and
(c) illustrate the on and off resistance of these four switches
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Fig. 4. (a) 4 topologies of the switches to form a modulator. From the left to
the right are switches with high threshold voltage transistors, medium threshold
voltage transistors, low threshold voltage transistors, and the clock booster
technique. (b) On-resistance and (c) off-resistance of the 4 different modulators.
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Fig. 5. (a) Architecture of the proposed chopper modulator. A non-overlap

clock and a clock booster are used to meet the requirements. (b) The schematic
of the clock booster used in the chopper modulator.

separately. It clearly shows that only the switch using the clock
booster technique can meet the requirement.

The proposed chopper modulator integrated the clock booster
technique is shown in Fig. 5(a), whereas Fig. 5(b) illustrates the
design of the clock booster.

B. Design of the Common-Mode Cancellation Loop

The two-stage Miller-compensated OTA used in the chopper
amplifier is illustrated in Fig. 6. The output stage, g,,2, of the
two-stage OTA employs a common-source amplifier structure.
While, the input stage g,,,1 is implemented by an inverter-based
OTA. In order to reduce the noise further, the input transistors
in g,,1 are biased in the subthreshold region.

Under sub-V supply voltage, large PLI will degrade the THD
of the bio-potential acquisition amplifier significantly, or even
make it out of work. In order to increase the headroom for the
tail current sources, the medium threshold voltage transistors are
used in g,,1. Hence, Vs ni1—2 and Vsg, p1—2 can be reduced
to about 0.25 V. The gate bias V;, cas of the input transistors
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Fig. 6.  Schematic of the two-stage Miller-compensated OTA. g,,,1 is the input
stage, which is biased in subthreshold region to reduce noise.

Ni_5 and P;_5 must meet the requirements as addressed in [5]

Vouv,no + Vas,ni-2 < Vin,om < Vbp — Vou,po — Vsa,p1—2

(%)
where Vpp is the supply voltage, which is set to 0.8 V. V;,, no
and V,,, po are the overdrive voltages of the tail current transis-
tors. The typical value of V,,, no and V,,, po is 0.1 V. Hence, the
range for Vj, car is 0.35V <V}, oy < 0.45 V. That means
the CMI is limited to 100 mVpp.

In order to improve the robustness to large PLI while preserv-
ing the accompanying bio-potential signals with low amplitude,
a feedback loop based CMCL is designed and used in the input
stage to cancel the PLI under sub-V supply voltage as shown in
Fig. 7(a). The input PLI coupled from the environment passes
to the input of g,,; unaltered [5]. Since g,,,1 utilizes the fully
differential structure, and the drain resistance of the tail transistor
N0 is large enough, the PLI will appear at the node of D . The
PLI is later amplified by Acas. The output of Acpy is fed back
into the input of g,,,; through R ;. Thus, a closed-loop negative
feedback CMCL is established. The transfer function from E ¢y
to Vin,car in Fig. 7(a) can be calculated as

V;n Rcmcin
oM ©)

ECM B 1+ Amn + SRmnCz'n

Fig. 7(b) illustrates a quantitative result according to eq. (6).
For PLI, an attenuation of -53.6 dB at 50 Hz can be achieved.
Assuming the PLI is 600 mVpp, the residual common-mode
interference at Vj,, cas is only 1.25 mVpp.

Fig. 8 shows the architecture of A.,, used in the proposed
common-mode cancellation loop. It consumes only 62.4 nW to
cancel out the large PLI. The bias voltage of the input stage in
is established by A, through resistors Rcps. A level shifter
is used to ensure the drain voltage of the tail source in the
input stage is equal to V,..y — Vg5, where V5 is the difference
between the gate voltage and the source voltage of the NMOS
transistor in the level shifter. Hence, the bias voltage of the input
stageis setto V,..y — Vigs + Vias, N1—2, which is approximately
equal to V...

The proposed CMCL features two advantages over the tech-
nique utilized in [5]. First, the noise of the proposed technique
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Fig. 7.
function from Ec s to Vi, s as calculated in eq. (5).
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Fig. 8. The schematic of A, used in common-mode cancellation loop.

is lower. Since noise multiplication effect caused by Rc s is
much smaller. The detailed noise analysis is given in the rest
of the paper. Secondly, the input stage OTA is biased by Rcas
directly. While, A.,, is biased by the input stage OTA. Hence,
the pseudoresistors can be avoided in the signal path.

C. Design of the Offset Cancellation Loop

The offset of g,,,1 will generate large ripples at the output. [23]
inserted a pair of block capacitors C'p ¢ between g,,,1 and g, to
solve this issue. However, it may cause a saturation at the output
of g,n1. Since g,,,1 is working in open loop at the DC frequency.
In order to attenuate the offset, an OCL with PMOS backgate
control technique is proposed as shown in Fig. 9(a). The offset at
the output of g,,,1 is amplified by g,.;. Then it is fed back to the
backgate of the PMOS pair. With the backgate effect, an offset
larger than 13 mV can be handled according to simulation.
Fig. 9(b) shows the schematic of the g,.;. The total current of
the g, is only 18 nA, including the common-mode feedback
loop.

Since the bio-potential signals are modulated by the input
chopper modulator as shown in Fig. 2, the frequency of the
modulated signals is around the chopping frequency fox. As
long as the bandwidth of the OCL is much lower than f.;;, OCL
causes no impact on the signals of the interest. The bandwidth
of the feedback branch in the OCL is determined by Co¢ 1, and
R, which is set to about 25 Hz. In order to further evaluate
the effect of the OCL on the offset and flicker noise of g1,
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(a) The proposed common-mode cancellation loop used in the input stage. It is designed to cancel the PLI under sub-V supply voltage. (b) The transfer

the transfer function from V;,, to V,, in Fig. 9(a) for f < fu is
given as

Vo ~ 9Im 1+ SCOCLROCI (7)
‘/in goclRoclgmb 1+ SCOCL/goclgmbRL
where
R,
Rp=—20 8
LT 14 sChoR, ®

gm and g, are the transconductance and backgate transconduc-
tance of g, separately. Fig. 10 shows V,,/V},, with and without
the OCL. Without OCL, the dc offset of g,,,; will be amplified
with a gain of 34 dB. While, with OCL, it is attenuated by a
factor of 45 dB. It’s important to note that the flicker noise of
gma1 1s blocked by the block capacitors Cp ¢ as discussed in [24].
In this design, the flicker noise is suppressed by the OCL further.
The loop transfer function of the OCL is given as follow to
evaluate the effect of OCL on the instability of ¢, .
goclRoclgmbRo

L =
(S) (1 + SCOCLROCI)(]- + SCDCRO)

In order to achieve a phase margin of 60°, the frequency of the
second poly fp2 should are larger than twice of the unity-gain
bandwidth f, 45, where

fp2 =1/27CpcR,

(€]

(10)
and

an

According to the simulation, fyg is round 2.3 kHz, and f,»
is about 9.2 kHz. Thus, a phase margin of nearly 76° can be
expected.

The flicker noise Vy, goc1 0f goc canbeignored, since Vi, goer
is blocked by Cp¢. The residual flicker noise passed through
Cpc is modulated and integrated by the output stage. The ripples
are generated at the output, which can be filtered out. The
thermal noise Vi, gocs Of goci distribute around the chopping
frequency may increase the total input referred noise of the
chopper amplifier. The input referred noise Vi, 4001 contributed
by Vin,goct is expressed as

fugb = goclgmbRo/QWCOCL

YGoclGmb
Vi =—1V 12
in,gocl 27chlk:COCLgm tn,gocl ( )



LUO et al.: DESIGN OF A LOW NOISE BIO-POTENTIAL RECORDER WITH HIGH TOLERANCE

1425

1 :1:1: 1

Common-Mode Feedback

T
Vsp"lg Rocl Rocl
I
g Coo Jl /)
5 11 — =3
Bp, Bps o]
Vin V, Vourn

I-HS

M

Vin Ve

Ven i | 6nA

Fig. 9.
of g1 used in offset cancellation loop.

40 T
A

o 1T A \
8ol 1 " WithoutOCL ]
o 1
i
gorr S + With OCL -
< | ¥

-20 : : : :

10° 10° 102 10% 10* 10°
Frequency (Hz)
Fig.10.  The transfer function from V;,, to V,, with and without OCL according

to eq. (7).

The value of Vjj, 401 depends on the chopping frequency feix.
If a typical frequency 20 kHz is used as the chopping frequency
fetk> @ Vin,goct of about 3.5 nV/v/Hz canbe expected according
to the simulation.

D. Design of the DC Servo Loop

The DSL is utilized to form a high pass frequency corner
to filter out the EDO. In our previously work, a DSL inte-
grated an active Gm-C integrator with large time constant is
proposed [22]. In order to realize a Gm-C integrator, the very-
lower-transconductance (VLT) OTA with complementary input
structure is used. However, in order to maintain a high linear
performance, the supply voltage is limited to 1.75-1.85 V. In
order to solve this issue, the threshold voltage of the source-
degeneration transistors Psi o (|Vi,| =0.69 V) used in the
PMOS pair is larger than that of the input PMOS transistors
P12 (|Vip| = 0.37 V), as shown in Fig. 11(a). For the NMOS
pair, the traditional source degeneration technique is applied
to increase the linearity. The output differential current of the
proposed OTA is

"V "V
21, eVr —e Vr
Iq= N "Vg Vg
(vteVm +e'r
“RVA KV —kVy
eVt (eVr —e V1))
+ B 7 (13)

Cp+e T (eVr +e 1)

(b)

(a) The proposed offset cancellation loop. It integrates PMOS backgate control to suppress the ripple generated by the offset of g,,1. (b) The schematic

| |
| |
| |
| |
1 |
10 : :
,| Vi | Ii |
H - H I |
= HE 5 !
NMOS Pairt — | |
o Vor 4 o— |
|
High Vith - ~ PMOS Pair N /
h e ,_| Common mode

J : : E feedback

10 H 1: 100

Number = 1000
Mean = 24pS
Std Dev = 5.3pS

4 Pair

100
Gmyrr = 24pS

N

Output Current (pA)
E N o
No. of Samples
3

40mVpp input

N —
linear range I

0
-0.1 0 0.1 0.2 0.3 40 35 30 25 20 15
Input Voltage (V) Gm (pS)

(b) (c)

Fig. 11.  (a) The schematic of the proposed g,y used in DSL. (b) The
output current of g,,, v 7 versus the input voltage. The proposed g,,, v 1,7 extend
the input linear range from 100 mVpp to 400 mVpp. (c) Monte Carlo simulation
results of g, v 1,7 The mean value of g,,, v .7 is 24 pS with a standard deviation
of 5.3 pS.

where I, is the bias current of Py 2, which is set to 0.2 nA. N
is the current division factor as discussed in [22], which is set to
100. 3 is the bias current ratio between Ny; 2 and Pry o, which is
setto 0.8. (v and (p are determined by the size of the transistors.
(n is defined by W1 2Lns1,2/Wnsi,2L 11,2, which is set
to 1. While, (p is defined by WPIl72LP5172/WPS1’2LP]1’2,
which is set to 1/8. V is the difference of the threshold voltage
between Pg; o and Prq 2, which is 0.32 V. By implementing the
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Fig. 12.  Noise model for the discussion on the noise contributed by the
proposed CMCL.

proposed VLT OTA, the input linear range of DSL is extended
to 400 mVpp as shown in Fig. 11(b). Fig. 11(c) shows the Monte
Carlo simulation results. With 1000 runs, the simulated g,,v .7
value is 24 pS with a standard deviation of 5.3 pS. The EDO
cancellation range can be expressed as [22]

Voo Chp

Ci
Where Vpp is the supply voltage. C},, is chosen to be 800 fF to
ensure a EDO cancellation range of 50 mV.

VeEpOo = (14)

E. Noise Analysis

Fig. 12 shows the noise model for a discussion on the noise
contributed by CMCL. The input-referred noise of the chopper
amplifier is dominated by the input stage OTA as

1 2
5 = (Cin+cfb+0h/l)+2fcszCM> 15)

in,core ~ “ni,core C.
4

Where f.;, is the chopping frequency. Rcay is set to 10 M 2.
Cin is set to 10 pF. vy, core is the input noise of the core OTA.
In the proposed design, the bias current of the input stage is
1.35 11 A, leading to a vjy, core of about 30 nV/v/Hz. Ropy will
generate thermal noise. The input-referred noise of the amplifier
contributed from Ry is

2
S \/iln Recm 2kT
Vin,ROM = : = 5 (16)
’ 27chlk Cin (ﬂ-fclkcin) RCM
The total input-referred noise
vgn,total = viQn,core + viQn,RCM (17)

The relationship between vy, totqr and feyy. is plotted in Fig. 13.
A higher f.;; leads to low thermal noise, but decreases the input
impedance. By applying the impedance boosting technique, the
input impedance can be expressed as

1
" 2(1 = Cpf/(Cin + Cp)G)Cin ferr

where G is the closed-loop gain. According to eq. (18), when
Cpy is equal to Cy,, /(G — 1), Z;,, will be infinitely. However,
Zin 1s limited by the parasitic capacitance as discussed in [19].
In this paper, a C) s of 68f F is used. Eq. (18) also implies that
Zin 18 inversely proportional to f.;x. Thus, the input impedance
can be improved by reducing the chopper frequency.

Z; (18)
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Fig. 14. (a) The schematic of the second-order low-pass filter. (b) The

schematic of g, ¢ used in the low-pass filter.

Fig. 13 illustrates the input noise density versus the chopping
frequency. When f, is larger than 30 kHz, v;;, totq decreases
very slowly. Thus, in this paper, a f.;; of 30 kHz is used. Due
to the use of the boosting path, the input impedance is increased
from 1.67 M to 70 M2 at a chopping frequency of 30 kHz.

F. Design of the Low-Pass Filter

The second-order low-pass filter is illustrated in Fig. 14(a).
The cut-off frequency of the low-pass filter is determined by
the capacitors and the resistors in both the input path and the
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Fig. 15. Micrograph of the fabricated prototype showing 16 bio-potential
recorders implemented in TSMC 180 nm CMOS technology.
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Fig. 16. Measured frequency response of the bio-potential acquisition ampli-

fier. A mid-band gain is 43.3 dB with a high-pass cut-off frequency of 1.2 Hz.
The low-pass cut-off frequency can be switched between 650 Hz and 7500 Hz.

feedback path. A tunable switch S; is used to configure the
low-pass cut-off frequency varying from 650 Hz to 7.5 kHz.
The working state of the switch Sy is opposite to that of 5.
When S| is turned off, the bottom of C'y, is floating. S5 should
be turned on to pull up the bottom voltage of C'y to a certain
level. The schematic of g,,,;,, r in Fig. 14(a) is shownin Fig. 14(b).
9mips employs a two-stage Miller-compensated structure, which
consumes 330 nA of total current including the common-mode
feedback circuit.

III. EXPERIMENTAL RESULTS

The proposed design was fabricated in TSMC 180 nm CMOS
process with a silicon area of 0.25 mm 2. A microphotography
of the prototype die was as shown in Fig. 15. The total power
drawn from a 0.8 V supply is measured to be 2.27 uW. The
chopper amplifier and the low-pass filter consumes 2 W and
0.27 W, respectively.

The chopping frequency is set to 30 kHz. The measured
mid-band gain is 43.3 dB with a high-pass cut-off frequency
of 1.2 Hz as shown in Fig. 16. The low-pass cut-off frequency
of the recorder is decided by the low-pass filter, which is tunable
from 650 Hz to 7.5 kHz. Fig. 17 shows the measured noise. In the
frequency band of 1 Hz to 650 Hz, the measured integrated noise
is 1.2 uVrms. While in the band of 1 Hz to 7.5 kHz, the integrated
noise is 4.1 uVrms. The input noise density is 50 nV/y/Hz.

Fig. 18 shows the measured CMRR versus the frequency. An
CMRR larger than 100 dB is achieved at 50 Hz. With CMCL,
the CMRR is enhanced by more than 30 dB. Fig. 19 illustrates
the input-referred noise versus the chopping frequency. The
input-referred noise decreases while the chopping frequency
is increasing. However, when f.;. is larger than 30 kHz, the
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Fig. 17. Measured input-referred noise of the proposed bio-potential recorder
with different low-pass cut-off frequency. The noise density is about

50nV/VHz.
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Fig. 18. The measured CMRR of the chopper amplifier under a PLI of
600 mVpp at 50 Hz with and without CMCL.
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Fig. 19. Measured and theoretical input-referred noise versus the chopping
frequency.

input-referred noise decreases very slowly. The theoretical re-
sults according to eq. (17) was also plotted in the dash lines in
Fig. 18. The experimental results fit the theoretical analysis well.

Fora4mVpp input at 1 kHz in the presence of a 600 mVpp PLI
at 50 Hz, the measured THD is -65.5 dB. As shown in Fig. 20(a),
a signal-to-interference of 53.4 dB is achieved. When the input
frequency is lowered to 5 Hz, the measured THD and signal-
to-interference are -61 dB and 55 dB respectively as shown in
Fig. 20(b). When the CMCL is turned off, a large distortion
appears at the output as shown in Fig. 20(a) and Fig. 20(b).
In order to evaluate the effect of PLI on the proposed chopper
amplifier with and without CMCL, the measured signal-to-noise
and distortion (SINAD) versus the PLI is plotted in Fig. 20(c)
and Fig. 20(d). A SINAD larger than 45 dB is achieved under a
PLI of 600 mVpp with CMCL. While, without CMCL, the
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Measured signal quality of the chopper amplifier under a PLI at 50 Hz. (a) Measured total harmonic distortion for an input signal at 1 kHz under a PLI

of 600 mVpp with and without CMCL. (b) Measured total harmonic distortion for an input signal at 5 Hz under a PLI of 600 mVpp with and without CMCL. (c)
Measured SINAD versus PLI for an input signal at 1 kHz with and without CMCL. (d) Measured SINAD versus PLI for an input signal at 5 Hz with and without

CMCL.

TABLE I
PERFORMANCE & COMPARISON OF THE PROPOSED BIO-POTENTIAL ACQUISITION AMPLIFIER S
[8] [9] [S] [10] [14] [21] [25] .
Reference | yg5cc13 | 1sscC'14 | 1SSCC17 JSSC’ 17 JSSC’ 16 ISSCC’ 19 JSSC’ 18 This work
Supply 0.45V 0.5V 1.2V 0.2/0.8V v 1.2V v 0.8V
Gain 52dB — 25.7dB 57.8dB 52.1dB 35dB 25.6dB 43.3dB
Power/Ch 0.73uW 2.3uW 2.8uW 0.79uW 3.28uW 27.8uW 0.25uW 2.27uW
1.8u 1.2u
IRnoise 3.2u 1.29u (1-200Hz) 0.99u 4.13u 5.05u 5.5u (1-650Hz)
(Vrms) (1-10kHz) (1-500Hz) 5.3u (1-500Hz) (1-8.2kHz) (1-100Hz) (10-10kHz) 4.1u
(0.2k-5kHz) (1-7500Hz)
7.4/65.7 3.06/7.49
NEF/PEF 1.57/1.12 4.76/11.3 (1-200Hz) 1.6/2.1 3.19/10.2 93.5/10491 1.07/1.14 (1-650Hz)
(1-10kHz) (1-500Hz) 4.4/23.2 (0.5-670Hz) | (1-8.2kHz) (1-100Hz) (10-10kHz) 3.08/7.59
(0.2k-5kHz) (1-7500Hz)
>90dB >100dB
CMRR 73dB 88dB 78dB 85dB ©100Hs 68dB 84dB @50Hz
Tolerance Up to Up to
tocl lz\i/hge No No 650mVpp 30mVpp 220mVpp 30Vpp — 600mVpp
101 12.48
(1-200Hz) 93.57 46.36 349.7 (1-650Hz)
PEF/CMI - — 35 (1-500Hz) | (1-82kHz) | (1-100Hz) - 12.65
(0.2k-5kHz) (1-7500Hz)
-48dB -76dB -65.5dB
THD -46dB (@ImVpp) | (@80mVpp) -50.4dB -40dB — — (@4mVpp)
Off-chip NO NO NO YES NO NO NO NO
caps
Max.EDO oo 50mV — — 0o — oo 50mV
Area/ch — 0.025mm? 0.071mm? — 0.042mm? — 0.097mm? 0.25mm?
Technology 180nm 65nm 40nm 180nm 65nm 180nm 180nm 180nm

SINAD decreases dramatically with the increase of PLI. By
using CMCL, the SINAD is enhanced by 49 dB and 43 dB at an
input frequency of 1 kHz and 5 Hz, respectively.

Two common bio-potential, EMG and ECG, are used to
demonstrate the functionality of the proposed design in bio-
sensing applications. To demonstrate the amplifier’s tolerance
to large PLI, a large PLI is applied to the subject while

monitoring ECG and EMG. The electrodes are placed as shown
in Fig. 21(a). The PLI is applied to the subject through the
right arm. A common mode interference of about 600 mVpp at
50 Hz is detected in the recoding sites. Fig. 21(b) shows the raw
data of the collected ECGs under large PLI with and without
CMCL. Due to the mismatch of the electrode impedance, the
common mode interference was converted into differential mode
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In-vivo recording of ECGs and EMGs under a PLI of 600 mVpp at

PEF is widely used to compare the power efficiency of amplifiers
with the same noise. Bio-potential recrder often suffers from the
CML. The tolerance range of CMI depends on the supply voltage.
A higher supply voltage often means a higher tolerance range.
Under low supply voltage, the CMCL is needed to improve the
tolerance to large CMI, but at a cost of higher noise. PEF/CMI
is a merit that takes the power, system noise, and CMI all into
account. If two circuits feature the same PEF, a low PEF/CMI
represents a higher tolerance to CMI, which means the CMCL
is more noise friendly. The proposed work achieves a PEF/CMI
smaller than 12.65, which is one of the best in the state-of-the-art
designs. It is important to note that the proposed work occupies
a relatively larger silicon area compared to the state-of-the-art.
It is suitable for applications requires limited channels but high
THD and low noise.

IV. CONCLUSION

A bio-potential recorder designed in 180 nm CMOS technol-
ogy, achieving a 2.27 W under 0.8 V supply voltage is proposed
in this paper. In order to reduce the noise, a low noise chopper
modulator is proposed. A CMCL based on feedback structure is
proposed to tolerate the large PLI. An OCL is designed to cancel
out the input offset voltage of higher than =13 mV by using the
backgate control scheme. A VLT OTA is integrated in DSL to
form a high pass frequency at 1.2 Hz. By using these techniques,
the proposed chip enables a tolerance of PLI up to 600 mVpp
under 0.8 V supply voltage, a noise density of 50 nV/v/Hz, a

50 Hz. (a) The electrodes configuration. (b) The raw data of the ECGs recorded
with and without CMCL. (c¢) The ECGs filtered by a second-order notch filter.
(d) The EMG:s filtered by a second-order notch filter.

interferences [14]. Hence, the raw data of ECGs are contami-
nated by the PLI. However, when a second-order notch filter
located at 50 Hz with a bandwidth of 35 Hz was applied to the
raw acquired data outputted from the amplifier, the interference
in the ECGs recoded with CMCL is removed by the notch filter.
However, the ECGs recorded without CMCL still shows poor
quality as shown in Fig. 21(c). This can be even worse when
recording EMGs. Since the interference was distributed in the
frequency band of EMG. Fig. 21(d) shows the EMGs recorded
with and without CMCL, which are filtered by the notch filter.
The EMGs recorded with CMCL shows a better quality, while
comparing with that without the CMCL. To summarize, the
proposed CMCL combined with notch filter can be used to
record bio-potential signals under large PLI, especially when
the supply voltage is very low.

Table I compares the performance of the proposed work and

state-of-the-art designs. PEF is defined as
PEF = NEF*Vpp (19)

where

NEF = Vi yms /2Lt /7 - Vi - 4T - BW  (20)

NEF is a merit that normalizes the input noise of the amplifier to
that of a single BJT which consumes the same total current [26].

THD of -65.5 dB and a CMRR of larger than 100 dB.
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