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CMI Tolerant Readout IC for Two-Electrode ECG Recording

Sanggyun Kang', Kyeongsik Nam'?, and Hyoungho Ko"*

Abstract

This study introduces an efficient readout circuit designed for two-electrode electrocardiogram (ECG) recording, char-
acterized by its low-noise and low-power consumption attributes. Unlike its three-electrode counterpart, the two-electrode

ECG is susceptible to common-mode interference (CMI), causing signal distortion. To counter this, the proposed circuit inte-
grates a common-mode charge pump (CMCP) with a window comparator, allowing for a CMI tolerance of up to 20 Vpp.
The CMCP design prevents the activation of electrostatic discharge (ESD) diodes and becomes operational only when CMI

surpasses the predetermined range set by the window comparator. This ensures power efficiency and minimizes inter-

modulation distortion (IMD) arising from switching noise. To maintain ECG signal accuracy, the circuit employs a chopper-
stabilized instrumentation amplifier (IA) for low-noise attributes, and to achieve high input impedance, it incorporates a
floating high-pass filter (HPF) and a current-feedback instrumentation amplifier (CFIA). This comprehensive design inte-
grates various components, including a QRS peak detector and serial peripheral interface (SPI), into a single 0.18-pm CMOS

chip occupying 0.54 mm®. Experimental evaluations showed a 0.59 pVyys noise level within a 1-100 Hz bandwidth and

a power draw of 23.83 uW at 1.8 V.

Keywords: Low-noise, Low-power, Common mode charge pump (CMCP), Common mode interference (CMI), Window com-

parator, Current feedback instrumentation amplifier (CFIA)
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CMI Tolerant Readout IC for Two-Electrode ECG Recording
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Fig. 1. (a) Three-electrode ECG monitoring; (b) two-electrode ECG
monitoring.
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Fig. 2. Two-electrode recording saturated by CMI without CMCP

topology.
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Fig. 3. Block diagram of the proposed readout IC.
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Fig. 8. Structure of the QRS peak detector.

+ comparator, AND gate, low-pass filter (LPF), amplifier= -
At INPE 7|50 2 S3E A= 257 492 v, R-
term®] F Qo] comparator®] 715 AL (Vyer) B.TF =04 H
Veompour= low (A% A= wholx] Al #Th VCOMPOUTO] ol 2] A
QE@—: AND gate 1 228 53 7l A (VREF)‘O/] Ato] high
(1.8 V2 227 Hoh AAE 257t 7|2 g u e gop
2w, &k 71E Agte] 2248 Fa) high 1.8 VoA AA
3] Ve sl "ok withe] Bolle FUet 4GS AR
], F02] Veompourss AND gateZ 712]A] =™, QRS complex

HEe A= A "ok

436



CMI Tolerant Readout IC for Two-Electrode ECG Recording

2.5 mm

JEisd® | = el |

3L

Fig. 92 A|2t¥ ¥
4 S22 dehqglc £
standard 0.18 um CMOS

lﬂ

&-5E

3 92 ARg-ste] AlZE AT AR
sizex 5 mm x 2.5 mmZ A ZFE R om, AztE o] &
(active area):= 0.856 mm x 1.523 mmo|™, & Wl
=28 CMCP, CFIA, QRS detector, 2 MHz oscillator,
T s ol J

> oX ]IN' Fl

19] s
A HA
AR

timing generator, I/V reference, SPI 5°] &

A5} gl

32485 B &Y

&k

A=

Fig. 10 & A7 9 A% 27

4 mAE

DC Power Supply
Agilent E3631A

power supply

Monitoring electrode
3M Red Dot EKG
monitoring g

OR
Input signal

////”

Waveform Generator
Keysight 335008

Fig. 10. Experimental setup of the proposed readout IC.

Fehip:ohtbBard|
process (CoB)

ECG D

s

Printed circuit
board (PCB)

Frequency response
analysis

437

SPI Register

Vem
/“'—M\

I10Vldiv ”

Vemer
Vcomp_ =11V

-
~” Veomp =07V

{

VC =30 ~[31mV

VC =33 ~ 34mV

Fig. 11. Experimental result of CMCP operation.

BRI ATt A =Hel A8 chip-on-board (CoB) processE ©]
Xﬂ 2}t printed circuit board (PCB)ol 2813t PCBell
Q&) AA AF YAAAE 7wtoz mug s o
% F7tate] AAEIAT [15]. A1 ZHE 3] =9
aveform function generatorS ©|-8-3l U2]o] F-%-
29 Q17F8k31 AL, oscilloscope®} spectrum analyzer
15 21331t} Power supplyS 53f 1.8 ve| A
7hstsdek. A2k 329 YA AE= SPIE F5l
LESA A YA 2H QIEF o] 2E o] 8l 28T
T ATk Al#RE Sz e] dA) A= SHE 28l 3M Al ECG
electrodeE AHE-sl] 3|29} AT} oscilloscopes F3 =4
< Z&ysint.
Fig. 11 A1 %%l

- L

_L/ ‘IIN'

e A= BA

6o

F

(
=

W
A

o mu kool & orr o

oL ol (LS
2 %

tlo A
oo

eEl

T =3 3|29 CMCP &4 ZAx= |}

Oscilloscope
Rohde & Schwarz RTE 1032

Signal aquisition

=

Digital pattern generator | 5pt0p & Interface
Wave Gen Xpress

control

Spectrum analyzer
B&P Instrument Audio Precision APx525

J. Sens. Sci. Technol. Vol. 32, No. 6, 2023



Sanggyun Kang, Kyeongsik Nam, and Hyoungho Ko

Input Referred Noise

106 = 0.59 p ‘1 > 1-10

Input referred noise (V/VHz)

1 1
100 10 102 103
Frequency (Hz)

Fig. 12. Experimental result of input-referred noise.

20
Flat top, 2048-point 1V — CMCP Disable
0 50 H —— CMCP Enable
__-20
m
E .........................
< %0
>
3
-60
o Noise floor
. - =-69dB
-100 h
100 10 102 103

Frequency (Hz)

Fig. 13. Experimental result of signal quality.

BT Aljtele 32+ 9o £ 2(2)F T3l AXeIS o,
o AZ 21.3 V9] sinusoidal 3-%-7Hd 2= At ‘?-ﬂ-"r]”}x]
Aloy7} 7Fsstthe ALt e EE5H HATE Gy e
Aske A HE 25 F3 coupling ATHATE (Ce) 7&% 220
pFZ 293 3le] PCBE 43l function generatorS %3t
20 Ve ARISE AT S st S gt 34
Az, o 20 V] JEE 7H 3 5-RE 7Y Hdetel gis) d
Qo] A5 Ag- 715 ALY ek Veowr n = 1,1 V)& & =+
A RISk, Agto] s A5 71 Sk sk (Veow
=0.7 V)E FAHS sttt mepA, Ajtslhe 3|25
3 FHdl 20 Vo] 3F-RE 7 AS AT F IS
S
N(1)— &8l CMCP 2}l e Alo] Agte] Wsha (Ve
CMCP ATNA ] (Cover) 2 PP A 3L W, 32 mV 92
SEsIh AA 4 A, A A Alo] Alell Alo] At
W3tk (Vo) 30 ~ 31 mV, o}J At Ale] Aol ko] wis)
F (Vo2 33~34mVE 53 A ﬂl"i- ¢l Zetskat S o,
ARE 3 AR Alo] Hste] Bisks 7S gRlskinh
Fig. 12& A|ZH= 4‘;1]4 A 3]29] input-referred noise =
A AFE e Algtsls 3 2e &3 M3 7S Fel
Ao o] A 54 25t AA S48 input-

FH‘

ol 1‘
:10

[1

O

o o 5

[o rlo

Lo

o rIf _llN'

J. Sens. Sci. Technol. Vol. 32, No. 6, 2023

Common-Mode Rejection Ratio

80

(=)
o

CMRR (dB)
3

20

0 1 1
100 10! 102 103

Frequency (Hz)

Fig. 14. Experimental result of CMRR.

referred noise= 1 Hz tH 2o A 119 nVA/ Hz 3+ 7KXW, 100
Hz 9 FelA= 57 nVA Hz®l 742 7K1tk 3 A% RMS
s Altsle 22 o3 2

Vius = sz( no(se) @)

o), o= Adke FIF ] A% Fupeet BR] FaE
ORI, V, = ZH2he] F3le]| FlY == spot noise A2
omRith A= A%e] 8 YE2 1 ~ 100 Hzo v, wet
A 2(7)ell Y eSS ), 1 ~ 100 Hz Tt} Zoll A 2= A3}
5 B3¢ RMS & A= 0.59 uVewss 7HS SR

Fig. 132 A 2e A A= &4 329 fast Fourier transform
(FFT) 274 A3E Yehdch. 42 spectrum analyzers 53
28315 2™, window 42 flat-top, point = 2048712 A
stk Y=ol 2 mVe] 10 Hz sinusoidal 3132 Q17181 1
V€] 60 Hz sinusoidal 3-5-2= 7Hd ZeHS PCBE B3l 217
6}°i~ ul, CMCP7} &4}3HA] e82 wl¢] 3¢+ #'¥2 -38 dB
g F5300H, CMCP7F E26t0S 44 -69 dBe = @l
53Tt 54 A3, CMCP7t 52 98 o, &5 94
31 dBZ CMCP7} 5&FslA] 39ks 755t 9f=e]
SE I5T T U2 AT Fig. 142 A=

I ml

N
2B B mlo
b1ore o

= T M
=732 2] common-mode rejection ratio (CMRR) &7
A7E vepdt. 288 CMRRE 1 ~ 10 Hz te]ZojA] 514

oy, (o
fol

> o
4
O:

._]
&
(¢}

o
)
o
ol

ﬂF
>
2
H
AN
o
tote
fu
o
N
i
re
-
i
o
oX

o]

=
=
>

X

>,
o
N
)
X

4, S0) Ao} s FE-BE 714
glstait. moll A A
factor, NEF)= U3 23} 7},

NEF =V, _ 2l )
% -U, 4kT -BW



CMI Tolerant Readout IC for Two-Electrode ECG Recording

Table 1. Performance summary between the proposed readout circuit and previous studies.

Parameter This work [5] [6] [15] [16]
Process (um) 0.18 0.18 0.18 0.18 0.18
Supply Voltage (V) 1.8 1.2 1.2 5 1.8
Current Consumption (LA) 132 20.6 23.1 13 60
ECG measurement configuration = Two-electrode Two-electrode Two-electrode Three-electrode Three-electrode
Tolerance to CMI (V) 20 15 30 >2.8 N/A
Bandwidth (kHz) 2.7 10 15 N/A N/A
CMRR (dB) 514 66 68 >70 108
Input referred noise: (Vi) © 701'(5)?) Hz) © - 11.8(7) Hz) © 751.83 Hz) 05 73&)0 Hz) (05 70'1650 Hz)
NEF 8.27 29.1 933 524 18.8
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