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A front-end with >120dB DR and >60dB linearity is required.
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Conventional Current-Input AFE
R-TIA C-TIA
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DR is limited by circuit noise and supply voltage.
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Current-Input AFE Using C-TIA
C-TIAwith DC servo loop A2 w/ pulse modulation

C R, [JSSC, 2009] EIﬁT [TB10CAS, 2007]
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O Low noise O Low noise
O Continuous-time O High DR
A Improved DR O Inherent digitization

/A Good linearity with slow f

Challenge: Achieving >120dB DR and >60dB linearity
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System Overview
Hourglass ADC

Input Current
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C-TIA with Improved DR
Conventional C-TIA
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C-TIA with Improved DR
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C-TIA with Hourglass Switch

Goal: Increase DR, keep amplitying w/o saturation
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C-TIA with Hourglass Switch

Goal: Increase DR, keep amplitying w/o saturation
Method: Flipping the input polarity asynchronously

0 charging discharging
reset "l
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C-TIA with Hourglass Switch

« Two continuous-time comparators controls the hourglass switch
Pt Asynchronous small isig large |

C comparator sig

. o reset amplifying reset reset amplifying reset

Lo R NG ' ; ; a
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fsigd) @ J_ri Vn ' ' o N~ "N\ /

-~
qodir I
]|

O 0
Jrrir

asynchronous flipping

« C-TIA: low input-referred current noise
* Asynchronous Hourglass switching: ig; >> CgVpp /T,

The DR of a C-TIA is improved with an asynchronous Hourglass switch.
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Hourglass ADC

 The comparators work as a 1-bit quantizer

(preset
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C
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asynchronous flipping

— ising
Vo, unfolded = = (2Dgyt — 1) Vg+ €q
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Hourglass ADC

 The comparators work as a 1-bit quantizer

Proe small /g large g4
L;F reset amphfymg reset reset amplifying reset
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Analog  Digital Quantization
Input Output Error
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Hourglass ADC

 The comparators work as a 1-bit quantizer

Proser small /g large i
o~ o g
CF reset amplrfyrng reset reset amplifying reset
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Hourglass ADC with Noise-Shaping

o Eliminate the need
fﬁ““p" for periodic reset
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Hourglass ADC with Noise-Shaping

Petorup Digital differentiator:
o provides 1st-order noise-shaping
_”_ Ve - qDos,Rl . .
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Hourglass ADC with Noise-Shaping

cpstartup
o~ 0o
CF
_”_ +VR - qDOSR
—1 non-reset | - !
] \/ — | out -
W@ ST o 2 [rliedon.
Por| I ]étf startup continuously-amplifying
O\ 0
mod 2
» Equivalent to a CCO-based Dy, 1 2 3145 6,78 0101
(Current-Controlled Oscillator) ADC Dy 10 3 3 4
n TOSR (n+1 ) TOSR (n+2) TOSR (n+3) TOSR

The Hourglass ADC is an asynchronous 1st-order AX with improved resolution.
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Linearity in Hourglass ADC

* ldeal [ 4-to-f, 4 behavior
Ui £ small i large /.

i ! |
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Linearity in Hourglass ADC

* ldeal I 4-to-f, 4 behavior

Ui £ small i large /.
[/ ron { i
. In F f o (l C ) — S18
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* |-to-F conversion compressed with a non-ideal OPAMP
f,
_ dirideal dr

dir,ideal

fdir,real (is: CF: BVVloop» Aloop)

f

dir,real

sig

The linearity of the /-to-F conversion in an Hourglass ADC is well-defined.
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Linearity Calibration in Hourglass ADC

BW vs. Linearity

i 52xfdir,max @ 8bit

3 2xfy, . @ 4bit
| | | . ] | 1 01 b1 I 1 1 1 Il 1 0 01 I ] | ] || 01 b1
1 10 100 1,000

closed-loop  dir,max




Linearity Calibration in Hourglass ADC

« BW vs. Linearity

This design: 3.2xfy; .., W/ linear compensation
@ 16x power reduction compared to the 8-b linearity case

%14 T T v T T 101017 T 1 T rrrr T 75 rrrr
*-; 12
= 10F

o 8F . .
S 6 F : 52x fdlrmax@8b|t - -

E 4 o fd|rmax@4b|t :P wer hungry amplifier |
H__:Ez 1 il 1 1 131 L3 3 3 aaal 1 I RN

1 10 100 1,000
closed-loop  dir,max
Calibration

« Foreground characterize the I-to-F curve: BW,,,, and A,
* Increase power efficiency using a lower BW OPAMP

The foreground calibration improves the Hourglass ADC energy efficiency.
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Linearity Calibration in Hourglass ADC

 Use an I-DAC to measure /-to-F curve and poly-fit the non-linearity
f

g
qoﬂ_.,p Nl .
—|C|F— - % dir,ideal
N — | reverse
™S pulse o1 1.
+>v°J ] E ®_>counter yT’ e dir,real
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e linearity | €= 5t order
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Ary-VVelg DEM s
Tri-state DAC out
Tree-structure

C, & noise | —> segmented | ¢ DAC linearity 1

[TCAS-I, 2008]
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Closed-Loop Hourglass ADC

« The I-DAC subtracts i by linear extrapolating the input at fq
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Closed-Loop Hourglass ADC

« The I-DAC subtracts i by linear extrapolating the input at fq
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System Overview
Hourglass ADC

Input Current Do O High DR
NS ] C’ L
<1pAto 10pA i!_ - i i - +vﬁﬁ+f o O Async. quantization
| 5 =T | line I . .
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C-TIA with Hourglass Switch

Dual Cascode-Compensated Amplifier ircas-i, 2004]

0~ 0
| |-> chfb1 <J
| 4( }7
N ) :”—‘ I_“:
} M r _l
I : \c{om | 1| L = I Vgp
n | ! [ ] ! A = 99dB
\V___I V V. DC ~
T |l m°—|[_f| hH P fice = 26MHZ
Dy Il Vv o
Ijl_ cmfb2 _|§ chfb2_|a Pwr = 180}JW
SN v

Benefit:

* Increase f, by g,,R
* Reduce C_ by 3-4x
* Improve power efficiency

© 2018 IEEE 19.5: A Current-Measurement Front-End with 160dB Dynamic Range and 7ppm INL
International Solid-State Circuits Conference

0]

26 of 41



C-TIA with Hourglass Switch
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Continuous-Time Comparator

S
S : . . .
13V, __ o » Switched-capacitor sampling:

v, 2l v o Sample at start-up
V, —e—e]| =y y o Store both V; and V

op

05 V _Vref _Q\O_

ﬂ\ﬂ
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13V, oot

0.5V

Continuous-Time Comparator
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* Switched-capacitor sampling:
o Sample at start-up
o Store both Vi and V

 Pre-amp + dynamic amp:
o Reduce propagation delay

out

Vs s A Vos
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Feedback Loop

O-bit Binary-Weighted |-DAC

IJ.'____:______:.______:______::.TI . . .
i i |
| Ve, - f! 1t0 :I :I 27 [Treestocure ; 1st-Order Predictor .
| Vo -y f I—~— segmented —F—2z"-z2«—+—D,_,
: o DEM MSB " |pcas, 2014]
| mﬁ—ll‘_J G'TH—IIZJ %—Ii :: :l [TCAS-I, 2008]
/ laas ] I
;;.I L= g i A
R s < Rins o~ 4 th o
I - ~
: L ! :: o Biasing: gy/lp ~ 4, therma .n0|se¢_
| | :: o Large size: matching 1 & flicker noise |
| V“““_'Elftm Ii i: o Cascoded tail current: R 1
| "w"iwm =
i
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Die Photo

TSMC 180nm CMOS process
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Measurement Results
* Hourglass ADC with DAC off

125 : 200 ' :
linear dirideal " @@
100 compensation 150 before
’5:? o = compensation
= &100 INL > 150ppm
“° 50 = 50 after

7 distortion c

ompensation

-----

INL<4ppm

0 5 10 15 20 0 5 10 15 20
Input Current (nA) Input Current (nA)

The linearity of the Hourglass ADC is improved by >37x.
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Measurement Results
* Hourglass ADC with DAC off

10 1 1 T LI LR | T T i.'.l"ll T ™7 ll.-u| T ™T
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Tk el ! . Y

s 3 g alnal 210y 'R1T] M ' EEr
102 103 10*

10"
Frequency (Hz)

101 100

The input-referred noise in the Hourglass ADC is < 30fA/\Hz.
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Measurement Results
* Hourglass ADC with DAC on

Linearity Error < £7ppm

10 1

bt A% 1 O D L S ARG Tl ] il Lol Rl S R ] AL e ol L Gkl

1 oL |

0 ) 4 6 8 10
Input Current (pA)

The linearity of the entire current-measurement front-end is < *7ppm.
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Power Breakdown

Off-chip Digital On-chip Digital
(synthesized) 2 W

8 uW ‘
Comparators ‘
25 uW ‘

DAC Amplifier
80 W 180 W

The total power consumption is 295 yW.
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Summary & Comparison

TBioCAS 07 | TBioCAS08 | TBioCAS15 | JSSC15 | TBioCAS 16 | TBioCAS 17 This Work
Architecture SDM SDM l-to-F SDM SDM SDM A-SDM
Process [um] 0.5 0.5 0.18 0.18 0.5 0.35 0.18
Power [uW] 80 60 5,220 80 240 16.8 295
Min Input 100 fA 12 pA 204 A 1nA 100 fA 100 pA 100 fA
Max Input 1 pA 430 nA 11.6 A 4 uA 16 A 3 A 10 pA
Conversion time 8,330 10,000 250 400 1,000 4 400
for Min Input [ms]
Normalized
conversion time 838 120 0.1 400 1 04 0.04
for 1nA [ms]
A 3.9nA 3.0 nA 116 A | 09nA 16 nA 0.1nA 70 pA
Dynamic Range 100 @1.8kHz
@ BW 140 91 155 12 164 88.9 120 @ 180Hz
[dB] @ <0.1Hz @ <0.1Hz @ 1.4Hz @ 2.59Hz @ 1.0Hz @ 1kHz 140 @ 18Hz
160 @ 1.8Hz
167 @ 1.8kHz
FOMsctrer [dB] 72 132 181 103 183 158 11?377@@1183312
197 @ 1.8Hz
FOM, . __(dB) = DR(dB) +10log(1/2/T__/P)

Schreier
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Summary & Comparison

TBioCAS 07 | TBioCAS08 | TBioCAS15 | JSSC15 | TBioCAS 16 | TBioCAS 17 This Work
Architecture SDM SDM l-to-F SDM SDM SDM A-SDM
Process [um] 0.5 0.5 0.18 0.18 0.5 0.35 0.18
Power [uW] 80 60 5,220 80 240 16.8 295
Min Input 100 fA 12 pA 204 A 1nA 100 fA 100 pA 100 fA
Max Input 1 pA 430 nA 11.6 A 4 uA 16 A 3 A ! 10 uA )
Conversion time 8,330 10,000 250 400 1,000 4 400
for Min Input [ms]
Normalized
conversion time 838 120 0.1 400 1 04 0.04
for 1nA [ms]
A 3.9nA 3.0 nA 116 A | 09nA 16 nA 0.1nA 70 pA
Dynamic Range 100 @1.8kHz
@ BW 140 91 155 12 164 88.9 120 @ 180Hz
[dB] @ <0.1Hz @ <0.1Hz @ 1.4Hz @ 2.59Hz @ 1.0Hz @ 1kHz 140 @ 18Hz
160 @ 1.8Hz
167 @ 1.8kHz
FOMsctrer [dB] 72 132 181 103 183 158 11?377@@1183312
197 @ 1.8Hz

FOM_, __(dB) = DR(dB) +10log(1/2/T__/P)

Schreier
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Summary & Comparis

on

T ... 2.0% faster
TBioCAS 07 | TBioCAS08 | TBioCAS15 | JSSC15 | TBioCAS 16 | TBioCAS 17 This Work
Architecture SDM SDM |-to-F SDM SDM SDM A-SDM
Process [um] 0.5 0.5 0.18 0.18 0.5 0.35 0.18
Power [uW] 80 60 5,220 80 240 16.8 295
Min Input 100 fA 12 pA 204 A 1nA 100 fA 100 pA 100 fA

Conversion time

Max Ineut 1 EA 430 nA 116 HA 4 HA 16 EA 3 EA 10 EA

o il e 8,330 10,000 250 400 1,000 4 400
Normalized
conversion time 838 120 0.1 400 1 0.4 0.04
for 1nA [ms]
M"’“‘ELr':‘;a"ty 3.9nA 3.0 nA 1.16 pA 0.9 nA 1.6 nA 0.1 nA 70 pA
Dynamic Range 100 @ 1.8kHz
@ BW 140 91 155 72 164 88.9 120 @ 180Hz
1dB] @<0Hz | @<01Hz | @14Hz | @25Hz | @ 1.0Hz @1kHz | 140 @18Hz
160 @ 1.8Hz
167 @ 1.8kHz
FOMscoer [dB] 172 132 181 103 183 158 117877@@1138"'?:
197 @ 1.8Hz
FOM,, . (dB) = DR(dB) +10log(1/2IT___JP)

Schreier
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Summary & Comparison

FOM

Schreier
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(dB) = DR(dB) +10log(1/2/T__/P)
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TBioCAS 07 | TBioCAS08 | TBioCAS15 | JSSC15 | TBioCAS 16 | TBioCAS 17 This Work
Architecture SDM SDM l-to-F SDM SDM SDM A-SDM
Process [um] 0.5 0.5 0.18 0.18 0.5 0.35 0.18
Power [uW] 80 60 5,220 80 240 16.8 295
Min Input 100 fA 12 pA 204 A 1nA 100 fA 100 pA 100 fA
Max Input 1 pA 430 nA 11.6 A 4 uA 16 A 3 A 10 pA
Conversion time 8,330 10,000 250 400 1,000 4 400
for Min Input [ms]
Normalized
conversion time 838 120 0.1 400 1 04 0.04
for 1nA [ms]
A 3.9nA 3.0 nA 116 A | 09nA 16 nA 0.1nA 70 pA
Dynamic Range 100 @1.8kHz
@ BW 140 91 155 12 164 88.9 120 @ 180Hz
[dB] @ <0.1Hz @ <0.1Hz @ 1.4Hz @ 2.59Hz @ 1.0Hz @ 1kHz 140 @ 18Hz
160 @ 1.8Hz
167 @ 1.8kHz
FOMsctrer [dB] 72 132 181 103 183 158 11?377@@1183312
197 @ 1.8Hz
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Summary & Comparison
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Conversion Time (s)

FOM,, _ (dB) = DR(dB) +10log(1/2/T__/P)

Schreier
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Conclusions

* The current measurement front-end enables precise wide dynamic
range for bio-sensing applications

Key challenges: dynamic range and linearity

 To address this, we:

« Designed an Hourglass ADC to increase DR and decrease quantization
noise

« Designed a DAC with a 18t-order predictor to further increase DR and
improve the front-end power efficiency

» Used DEM and linearity compensation to improve linearity
* Result:

A current measurement front-end with 160dB DR, 7ppm INL, and 197dB
FOM
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