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Motivation : Advantages of electrochemical sensing

Chromatography

P 2

* Electrochemical sensing offers several

advantages compared to traditional Immunoassays
methods Mg

I/

- Highly integrated, compact and portable

- Low power
- Low cost

Mass spectrometry .) k |
e Rapidly gaining traction in Point of |
|

Care and wearable applications
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Motivation : Applications in healthcare

 Vital biomarker

©. Neurotransmitters ]
Dopamine, serotinin, analy5|s and
epinephrine, etc monitoring

@ Cardiac biomarkers
Troponin, myoglobin,

etc
& Metabolic biomarkers | « preyentive healthcare
Glucose, lactate,
cholesterol, etc
Electrolytes & ions
Potassium, Sodium, / * Sports, fitness and
Calcium, pH, etc !
performance
improvement
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Motivation : Challenges

* Modern applications require measuring diverse analytes. This
necessitates the electronics (Analog Front End — AFE) to

I Support diverse electroanalytical methods (Voltammetry, amperometry and
potentiometry) ..

| Sense and digitize a huge dynamic range of sensor currents (a few pA to 100’s of YA)
| Support a large sensor bias and compliance voltage (V\ye-Vge & ViweVee)
I Precisely voltage-bias the sensor to distinguish analytes having closely spaced redox

potentials[1]
I Offer a high input impedance

[1] C. Stucky and M. A. Johnson, “Improved Serotonin Measurement with Fast-Scan Cyclic Voltammetry: Mitigating Fouling by SSRIs,”

Journal of The Electrochemical Society, 2022, I



Motivation : Proposal

* Modern applications require measuring diverse analytes. This
necessitates the electronics (Analog Front End — AFE) to

I Support diverse electroanalytical methods (Voltammetry, amperometry and
potentiometry) -> A highly programmable low noise analog front end

I Sense and digitize a huge dynamic range of sensor currents (a few pA to 100’s of YA) ->
20b AZ- FIR feedback ADC, Feedforward cancellation technique, Multi-stage chopping

I Support a large sensor bias and compliance voltage (V\yg-Vre & Vie-Vee) -> Differential
biasing

I Precisely voltage-bias the sensor to distinguish analytes having closely spaced redox
potentials[1] -> 20b on-chip AZ DAC

I Offer a high input impedance -> Cascaded multi-stage chopping strategy

[1] C. Stucky and M. A. Johnson, “Improved Serotonin Measurement with Fast-Scan Cyclic Voltammetry: Mitigating Fouling by SSRIs,”

Journal of The Electrochemical Society, 2022, I



Motivation : Challenges (Contd..)

The portability nature necessitates the AFE to
I Be self-sufficient with fully-integrated programmable waveform control
I Support low-power operation

[1] C. Stucky and M. A. Johnson, “Improved Serotonin Measurement with Fast-Scan Cyclic Voltammetry: Mitigating Fouling by SSRIs,”

Journal of The Electrochemical Society, 2022, I



Motivation : Proposal (Contd..)

The portability nature necessitates the AFE to

I Be self-sufficient with fully-integrated programmable waveform control -> On-chip AZ
DACs

I Support low-power operation -> Duty-cycling and other low-power circuit techniques

[1] C. Stucky and M. A. Johnson, “Improved Serotonin Measurement with Fast-Scan Cyclic Voltammetry: Mitigating Fouling by SSRIs,”

Journal of The Electrochemical Society, 2022, I



Analog front end
Programmable AFE - Simplified illustration

* Programmable front-end

Volta/Amper
ommetry * Addresses 3-electrode amperometric
o and 2-electrode potentiometric sensors
; ASADC —— OCP mode
Viout _/\/\})Ry_1

}I

tia
Differential T /
PGA + | 20
1 —>EN. AZEN |5 S /P !
p DAC m ocp VRE ocp . ADC Dout




Analog front end

Dynamic range enhancement of sensor biasing path - Differential biasing strategy

Soubie * The pseudo-differential DAC receives
1 *rotace a 20b digital input and outputs a

differential signal on Working (WE)
, and counter (CE) electrodes
Vivetwe(Rep tia)

* Effectively doubles the sensor bias
—é};@—ﬁh voltage paving the way to analysing
) analytes with higher standard cell
LPFm Sor potentials
{

Differential
1—>EN, AZEN,,
DAC




Analog front end

Dynamic range enhancement of readout path through feedforward cancellation

* The WE sensor-bias voltage occupies
Double .
sensor-bias a large voltage range at the input to
voltage the PGA/ADC

* This signal is inverted and
feedforwarded effectively cancelling
. the sensor bias voltage while
pea+| 20 presenting the ADC with only the
‘ fAEADC % sensor bias current thereby

enhancing the dynamic range of the
readout path

Differential
EN, AZEN
Ppac ™




20b Digital-to-Analog converter

Digital to digital converter

* Accepts arbitrary digital inputs at

20b @ DC/3 22b@6 22b @

3 kSPS —> Supports various
T toPE e Pl voltametric techniques
32tap 32 peat P 2 pad
M R Miux 48 ksps Zt:lgr:’l::g <1 . .
Mo\ [ T u ! * Interpolation filter followed by
DC/768/1536 kSPS 22b @ 768 kSPS 22b @ 24 kSPS . e . .
sel_osr[l”]zzb @ 1536 kSPS /22b @ 48 kSPSseLosr[u] D | |ta I _to _d | g | ‘Fa ! CO nve rte r‘
followed by Digital to analog
2tap Moving average FIR LPF 32tap Moving average FIR LPF [16, 0, -84, 0, 256, 0, -678, 0, 2538, 4096,
2538, 0,-678, 0, 256, 0, -84, 0, 16] CO nve rte r
11(n) 12(n)

* Digital AZ modulator converts the
dsmn) 20b oversampled input into a 1b
1 digital bit stream ensuring high
linearity in the subsequent DAC

219 (1/32768)+(1/16384)




Pseudo-differential DAC

Architecture
— — * The 1b Az modulated bitstream is
Dip D'g'taxg digital =D, applied to a 9t" order RC low pass
20| modulator  [%Dm filter having an effective cut-off

of ~1 kHz

"
‘.

Vrojut Vwout

* The references are generated by
; a chopped reference buffer to
TC1p Cimd, reduce the impact of flicker noise

.
------------------------------------------------------------------------------




Potentiostat / TIA amplifier

Architecture

& &

....................... Vaa

in R R fch

i Ck|CIk :

Vap Aﬁ‘[ﬁa i| @\ ;. * Double folded-cascode

g .nm*“is;" .n,,_:sMG - bag Ly structure with floating current
M | Vecascp Vipo|’

source input stage

|

............... T L=
|pp |pm i Flip-well floatin |
fen —EE (G ereouree 7 <)  Class-AB biased output stage

el
o 3
O
3
Phase margin (Degrees)

* Fully chopped (both stages)
amplifier

Bl B! hJ
Rail-rail quad input pair Double folded cascode with floating current source (CS) Class-AB drive




Potentiostat / TIA loop interaction

Stability considerations

—JRE—~Randles model
Zan.#m -

Ry : 100 to 20kR

GpaBw (1 + 8/w21)

v
(’mm

Rfb,tia

Gmtr:RW(l + 3/‘-'-’22)

~ LGia(s) =
LG pa(s) 1+ 8/wp “ 1+ 8/wp
- | _Gopa 1
wa =5 = W= oo Y2 =", “PT RyCw

Phase margin (Degrees)

@0
3]

-]
(1]

~
w

[=2]
(1]

o
o
T

Worst case Simulated
Stability of PA

L . Miller enabled C\y=10pF

"Miller disabled‘(;(m\

—a—
t Miller disabled Cy=1nF

1357 91113151719
Ry (k)

e The TIA loads the
potentiostat through the
sensor and vice-versa

 Careful placement of
pole/zeros and option to
switch between Miller
compensation and load
compensation to ensure
stability across a wide
range of sensor
geometries




Chopping strategy

Input impedance — chopping frequency tradeoff

* The DC input impedance is
irg = Vogor fon AC)1a inversely proportional to
> chopping frequency

Vin+Vofs_ -]

Ifch | fen

Vin

Vin Vin

Ifch | fch

Vin'Vofs

* Any chopping-induced
current drawn from sensor

ofs2 electrodes would disturb

the sensor operating points

. |iwe = Vossa fch ACp34

Chopping induced leakage current

moe



Chopping strategy

Progressively increasing frequency full-chain chopping
* Entire signal path is chopped

Vi, ofs,tia

fopp 750Hz

* PA and TIA amplifiers chopped
only at 750 Hz to present high
......... . input impedance to the

ABADC electrodes.
V i =3 tap FI
n,ofs,pa H . .
- P I« Over a 1 Hz bandwidth, this
LPF1 YLPF23 fonacfchpga  Subsequent v, o o 2((n) ok yields ~750-fold reduction in
oh i’ De‘mm‘ailon 192kHz . . .
Dout ."';r.‘f.t.’.'.:.,/FIR pI;Icl::esrl:l‘lgus fchadc"m;‘Hz[RGSl_ of 2b Flash ﬂleer noise power
X 16x 64x 128x f at nx loopfilter ADC

Xx=750Hz :
reses sttt |




Chopping strategy

Progressively increasing frequency full-chain chopping

* PGA chopped at 12 kHz and the
20b A>-ADC at 48 kHz

* Nominally the flicker noise is
upconverted to odd multiples of
the chopping frequency.
Therefore, the subsequent blocks
were chopped at even multiples of
the chopping frequency

Vn.ofs,pa

LPF4
LPF1 YLPF2,3 frhdacfchpga Subsequent v
e 1 Decimation '
“fchade _FIR filtering
2 places nulls

X 16x 64x 128x f at nx
x=750Hz

Dout

* All blocks interspersed with LPF to
mitigate residual chopping ripple
around their even harmonics




Dynamic range and node scaling

* The gain of the readout path is partitioned between TIA and the PGA

* The transimpedance of the TIA is programmable from 6.7 kQ to 1 MQ while the gain of PGA
is programmable from 0 Db to 20 dB

* This split-up ensures optimal node swings and noise attenuation from the subsequent
blocks like the ADC resulting in additional dynamic range enhancement

moe



All pieces together...

_ _ Double
— —» sensor-bias
] voltage

Socp

PGA + | 20 _
% %

5 Duty-cycled
P operation

: ; '.-\;';e'.pQihorderdlferentlaleFVrefp“"-

Vrt)ut

= Pseudo
Differential

N T

VI'OII.It V\lvout

D;, | Digital to digital
A%

20  modulator




Implementation details

The AFE was designed and fabricated in a
22nm CMOS process

* High performance analog sub-blocks
operate from a supply of 1.8V while digital
and low performance analog from 0.8V

* The 20b AX DAC is clocked at 3 kHz while
the 20b AZ ADC at 192 kHz

* Occupies a core area of only 0.36mm?




Measurement setup

GPS-3030 regulated
power supply

Clock source
Agilent 33250A

(Arty-5)

|FPGA to stream and
capture data <>

i

PCB

Electrochemical [—=2

AFE

Electrochemical
sensor
(Glucose / pH /
Bare)

4

Direct
connection to
WE, RE & CE

on the ASIC

am
dEEEEm

o

Sensor with
0.5mM Ferro-
ferri solution




Measurement results

Dynamic range plot
10— * Readout path achieves a
19000 i u Peak SNR - peak SNR > 105 dB for any
a0 | RZ=1-(80x107") gain setting

70 Riptia : TMQ

€60 PGAgain: 10
S60 g R2=1-(4x107%)

Z 50 . e 170 dB overall measured
R 6.7k
? 40 fbtia - ©- . .
sl PGA gain : 1 dynamic range (extrapolated)
20 L allowing to measure pA to
10 170 dB extrapolated DR f 100 YA sensor currents
o @ 1Hz BW 1

1p  10p 100p 1n 10n 100n 1u 10u 100u 1m
Input current (A rms)
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Measurement results
Effectiveness of chopping strategy

0 § v In-band frequency ‘ |

20 i®

- 5
T -5 :: Unchoppe ADC |

O - d -
§_40_ Z  |Chopped : chopping
Sy, O001Hz 0.1Hz 1Hz hGA_
= ) Ivh i chopping
§ _Gohopped Supply harmonicg
% LI‘ h l.'.l'hfl ‘w i |
~-80 M 1 TIA+Cancellation
L 1 path chopping |

-0 Chopped |7} |

0.01 0.1 100

Frequengy (kHz)

* The measured spectrum
shows ~20 dB improvement
in the low frequency noise
within the bandwidth of
interest

e Other upconverted chopping
ripple clearly observed




Measurement results

Leakage current measurements

300
2250 * The leakage current through the WE and RE
€ 200 measured across 5 chips
Q 150 Chip 1
:‘7100 7 gmg § * A differential measurement strategy was
g 50° Chip 4 adopted as the currents are very low
= 0 Chip 5
0 5k 10k 15k 20k
Chopping frequency (Hz) * As the chopping frequency is increased, the

leakage current shows a clear increase

* At low frequencies, the input referred
leakage current can be evaluated to be

~35pA

0.75V




In-vitro measurement results

Cyclic voltammetry

Bare
sensor

CV scan rate : 50mV/sec (CY)
~ |KCI : 100mM (Reference)
< 60|K.Fe(CN): + K.Fe(CN)s :5mM
540 K:Fe(CN)s + KiFe(CN)s 25mM
KsFe(CN)s + KiFe(CN)s :1.25m

* Expected
oxidation and
reduction peaks
observed from
measurements

<
= 20 B
o :
>0 | * Appropriate
o increase in the
£-20 1 ™ re.drc]»_( currents
2 a0l ] WE:C with increasing
5-40 RE : AgAGC concentration of
£ .60l 1 CE:C the Ferro-Ferri
3 Solution cyanide solution
‘ ‘ . w w KsFe(CN)g+
-1 0.5 0 0.5 1 KsFe(CN)s
Sensor bias voltage (V)

moe <



In-vitro measurement results

Fast scan cyclic voltammetry

S 1.5) — Measured data
=~ 1.0 — Ideal

X o

> - 2.52V (-1dBF

w-1.0 700V/sec

; -1 5 | i | I i
> T T T T

g 200! Error profile

- 0 RMS = 144uV

)

13-200

0.75 1.5 2.25

3 375 45 525 6 6.75
Time (msec)

* Showcases the ability of the
20b DAC to generate
waveforms for fast scan
cyclic voltammetric
measurements (FSCV)

* Thanks to the digital
control, various sensor bias
voltage profiles can be
generated

moe . - L v



In-vitro measurement results

Chronoamperometry

Glucose
sensor

iChY * Varying concentrations of Glucose
measured using the proposed AFE

:t:_: Proposed PSTAT measurement
510 Palmsense measurement
X
£
o
36 ° .
8 R2=0.99992 Shows good agreement with a
= 4 .
z laboratory device
2
=] ; i ; -
o ol H £ : H
0 222 3.89 6.67 16.67
Glucose concentration (mM) WE :
Glucose
oxidase
membrane.
Solution : D-
(+)-Glucose

in PBS
buffer




In-vitro measurement results

Open circuit potentiometry

pH sensor
(OCP)
pH 4.01 pH 7 pH 9.16 : :
(2 solution solution solution m * Va rying ConC.entratlonS Of pH
2 ! measured using the proposed AFE
— 30 =z =
2 250 < =
5 200 ) S
- @ z ® * Shows good agreement with
3 Q < Q expectations
-S 100 Conventional< 8 < P
g 5 \W %
..g 0 Duty-cycled) 2
5 =l | v | © The enabling of PGA and ADC were
g o 200 400 60 800 1000 oxide based duty-cycled to the final 25% of the
ime (s H iti . oo
‘membiEans measurement thereby significantly
Solution reducing power consumption
pH buffer
solution




Measurement results

Power consumption

(MA) =CV (v'metry) /Total:108 UW
=OCP / Total : 54 UW

;g CA/ Total : 60u W

15
I Il

Dlg DAC DACPA TIA PGAADC
-ital RE WE
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Comparison with the state of the art

This work [1] [6] 71 [11] [10] [15]
Process (nm) 22 180 180 180 180 350 350
Supported CA, CV, CA/CV/
methods ocp CA CA CA,0OCP FSoV CA/FSCV CA/CVIEIS
On-chip bias Y?s - NA NA NA Triangle Triangle No
generator Arbitrar generator generator
Nominal supply 16/06
voltage (V) Ana Dig 12 1.8 18 1.2 25 33
Power CA:60/
consumption OCP:54/ 0.003722 2952 15 19 373 1882
(HW) CV:108°
Current sense 300f - 80p- 100f-
range (A) 1054 240u 10u 20p-10u 12.6n-10u 78p-950n 24p-350n
Linearity (R2) 0.999996 0.998 NAV NAV 0.999 NAV NAV
DR of current 170 1295¢ | 160 | 114® 58 808 95
sensing (dB)
Peak SNR (dB) 107.4 45 NAV 76.5 NAV 76.3 70.2
Sensor bias 140 NA NA NA NAV NAV NA
noise (uVrms)
Max Vwe-Vre (V) | 28 NA NA NA 1 17 NA
I ORI 750 NA NA NA 400 400 NA
(Visec)
RE/WE leakage 35pA NA NA 2.5pA NA NA NA
Bandwidth (Hz) 1 NAV 1.8 16 <1 5 50
Area (mm?) 0.36 0.266 3e 10.24 ¢ 3.17¢ 10¢ 0.04a

NA/NAV - Not
applicable / Not available. a - Power for sensor bias reference generation unaccounted. b -
Extrapolated DR. ¢ - SNDR > 23 dB across this DR. e - Area includes padring. f - At worst
scenario where fast scan rate is greater than 232V/sec




Summary

* Presented a highly programmable low noise analog front end that supports diverse
electroanalytical methods

* Sense and digitize a huge dynamic range of sensor currents (a few pA to 100’s of pA)
thanks to 20b AZ- FIR feedback ADC, Feedforward cancellation technique, Multi-stage
chopping techniques

* Support a large sensor bias and compliance voltage (V\yg-Vge & Vye-Vee) through
differential biasing

* Precisely voltage-bias the sensor to distinguish analytes having closely spaced redox
potentials[1] thanks to the 20b on-chip Az DAC

» Offer a high input impedance thanks to the cascaded multi-stage chopping strategy

A self-sufficient solution with fully-integrated programmable waveform control thanks to
the On-chip AZ DACs

e Support low-power operation by duty-cycling and other low-power circuit techniques

moe Y - ] =
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