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Background

[J Continuous glucose monitoring (CGM) for real-time diabetes monitoring

Under the Skin
)( Invasive, life span, battery...

4 Tear Glucose
lfmm O Non-invasive, high time resolution...
5 2
e ¥
Fully-Passive Sensor Tag Hyperglycemia (high glucose) and _
x Invasive, bulky... hypoglycemia (low glucose condition) tracking

[1] Eversense. [2] Z. Xiao et al., IEEE JBHI, May. 2015, pp. 910.
[3] K. Hayashi et al., BioCAS, Oct. 2018, pp. 379
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Conventional CGM Contact lens 1

[1 Conventional type [4—6]:RF powered + Potentiostat

Wireless Power Transfer Potentiostat
Low Energy Efficiency Power-hungry (400-500nW)
I I 1 S
Bandgap I
Reference
4 R :
_g_ Rectifier J_ Regulator 1.2V Avdd 7 I =\
: 1
Antenna em | 500pF  |DVdd g - e
¢ Modulator| | @ Rt _~
— e g_
Glycose S - / B I : Pulse Gen | I-to-F | ||Potentiostat " Glucose
sensor —X_ WE Sensor
@Sensor
—= k\-&—-cm
Mod |
" ReadoutIC Chip
)
WLED 4 PET substrate
P, - lom . i (optional) L

[4] Y. T. Liao et al., JSSC, Jan. 2012, pp. 335. [5] Y. T. Liao et al., ISSCC, Feb. 2011, pp. 38 [6] C. Jeon 4 of 30
et al., VLSI Circuits, Jun. 2019, pp. C294



Conventional CGM Contact lens 2

[1 Our previous work [3]: BFC powered + BFC interface

Biofuel ceII(BFC) I_ Fully-Integrated Supply-Modulated OOK transmitter

[

Solid-State I Self-
Glucose - Oscillating
Fuel Cell | Voltage

[ .
Power I Doubler
Source ] (SOVD)

& :
Sensing I
Transducer

-

Charge Pump

Switching
Circuit

P

B

-

LC Power
Oscillator

) >—>

- Wireless Transmitter (Tx)

b External Receiver (RX)

[3] K. Hayashi et al., BioCAS’18, pp. 379.
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Micro Glucose BFC Element

Cross section conceptual graph of the BFC [8]

Blood or body fluid

Cathode °&P°"

_nanotube

Cut by stealth dicing_/

Si wafer

X%G...Glucose molecule

6 inch wafer

[0 Manufacturing 0.36 mm? power generation element by wafer process [9]

[8] K. Niitsu et al., Jpn. J. Appl. Phys. 56, 2017, pp. 01AH04 6 of 30
[9] S. Arata et al., Jpn. J. Appl. Phys., Mar. 2018, pp. 04FM04



Micro Glucose BFC Performance

BFC with a power density of 0.14 yW/cm? [9] Measured power density of the SC in [10]
250 0.6 14 —m———
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o I
0 0 Ollll
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Current [pA] lllumination Intensity (Ix)

L1 The low power density of BFC limits Tx's link budget, requiring high-gain receiver
L] Solar cell (SC) is a substitute providing 10-100 X larger power density [10]

[10] A. Kobayashi et al., IEEE ICECS, Nov. 2019, pp. 61 7 of 30



Reading Out Method

[1 Micro-LED is a good option to achieve a fully stand-alone operation [7]

\

Glucose level detection

A\

Micro-LED

> ‘»)D

Wireless transmission

Customized LED [7]

[7] J. Pandey et al., TBioCAS, Dec. 2010, pp. 454 8 of 30



Motivation

Our proposal:
SC powered + BFC input / LED

Hypoglycemia,

have a candy! ‘é

VDD On-lens__ ' Glucose level: /Insulin
W Off-chip H A overdose
+ 3-lvl :
Core 224 capacitor ||| ¥ . B
sc\ |BFC IC (C1,C§,C3) LED (& %) ;&‘:-?-Lower limit
- I :
S
T Wk

L] Localized energy generation by SC
[1 Localized information display by LED
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Objective

[] To realize a fully stand-alone RF-less biosensing system for CGM contact lens

[1 Target specifications of Core IC:
B High input impedance for BFC [GQ]

B High sensitivity for glucose range [0-25 mg/dL]

hv | B High V| g for LED driving [>3 V]

Ore B |ow standby power consumption [<150nW]

M Low area cost [<1 mm?]
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Outline

L

[0 Proposed stand-alone RF-less CGM system architecture

O

L
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CGM System Architecture

: M1

& |

M SR

SC 'BF;:E D>\ [ ciK
I 1}_,1} Divider

N e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e mm e e e R e e e e e M e e e e e e e e e e e e ==

L1 Function division: signal modulation, , LED switching
1 Sensing part: M1 provides high input impedance for BFC-input port
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LED Lighting Timing Modulation

Pulse D
Generator

Pulse Interval

: l: Q:I

Modulation S
(PIM) ==
Pulse Density |:-a<]—
Modulation EQ‘T_

GRO °

(PDM) I_DFF<O>
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LED Lighting Pattern of PIM and PDM

Glucose Concentration Output of BFC Frequency of GRO Light Emission Pulse
— 4 & R —a4 Pulse Interval
S 5 4 = [ PIM & M «{I‘-
> /\ =) > ) \/ —> = ==
[— 9 E - >
=, ~Time
Time Time Time Pu'?eH[_)?P_S_IE s e .
120 2 1.5 : : ||||||: l_J.|.|.|.|.|.|_,:
8 115 2 _ A i | RN T
S 110 2w 1L A PDM
£—=105 O 2o | | £ ‘ ‘
D100 b 25 0.5 F -
o o5 Ell ................................. »a T Ime
3 20 ' L ' L & 0 ! L -
0O 5 10 15 20 25 0 40 80 120 160
Glucose Level [mg/dL] Voltage of BFC [mV]

[0 The pulse interval and pulse density indicate the glucose information
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LED Driving Capability

Freq.
Divider
~60 kHz
N=4 in PIM
N=2 in PDM

Charge dissipation due
to LED lighting
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Switch Gate Driver

______________________________________________________________________

Viov D
Vi v SEA
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I:I Simulated I-V Curve (right top)

: |
; 8-stage ' of the LED with the LED SPICE model
| o o | L] The buffers switch on the LED at
: —] -] : VLED =27V
: L T T
T e a T
I — — |
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Outline

L

L

[0 Measurement results

L
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Implemented Prototype

"""""""" ~ . Polyimide Supporting board
CP(1.5V) \ flexible substrate

0.6 MM X 0.6 mm

Y s S S S S S o . .

T crev)
| CP(1.1V)
1.0 mm

PIM Sample PDM Sample

[1 The Core IC and on-lens SCs were implemented in 65-nm CMOS process
[d The Core ICs with PIM and PDM were prototyped separately
[0 Commercial LED [11] was utilized to maintain a low cost

[9] S. Arata et al., Jpn. J. Appl. Phys., Mar. 2018, pp. 04FM04 18 of 30
[11] SML-P12x/P13x Series PICOLED, Rohm Semiconductor, 2020



Measurement Setup

Keysight
B2912A Precision
Source / Measure Unit

ooo

1 Gao

19 of 30



Solar Cell Implementation

Solar cell in [10]

V- _
= ;
] ]
P+H{IN+H | [P+ IN+H " ° M—l:l P+ |IN+H [|P+
NW
;’ PW/DNW
'PS/DNW PW/N+

e e e e e e e e = e ==

L1 The connection of PS/DNW is separated to maintain a high open-circuit voltage

This Work
V- V+
1 ; ? T 1
P+||INH ] [P+ N+'°'|%—d P+ [IN+ ||P+
NW
i PW/DNW,

N e e e - =

|56 um | PsiDNW

[10] A. Kobayashi et al., IEEE ICECS, Nov. 2019, pp. 61
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Solar Cell Performance

0.45 -e-Conventional 15
=—This Work 5 '10 nW@16oo lux
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£ g [l==This Work i 0 500 100015002000
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Power Consumption

Cold Start-up (PIM)

| =——=Measured | _.

_______________

| =—=Simulated | |

M1 Standbly
. | —

150
148
146
144
142
140

-

Power [nW

Lighting and Standby (PDM)

Light emission time

100 150 200 250 300 350 400
Time [s]

[ The standby power of 144 nW at 0.39 V in PDM can be managed by the SC group
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LED Lighting and Average Power

Camera-Captured Image Average Power Consumption

=
0
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=
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W
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L] The light emission has been confirmed in PIM mode from 0.31V t0 0.4V
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Power Breakdown

PIM Mode PDM Mode

M2, M3) LED Switches (M2, M3)

CP(2 V) Switching
Switching 18% Logic
o Logic Circuit
12% / Circuit CP(]_ 5 1%

4%

CP(L5 V)
4% CP(4 V)

68%

[0 The switching logic circuits are sub-nW
[0 The charge pumps can be power-gated during standby period in future work




Outline

[1 Performance comparison and summary
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Performance Comparison

I T

Target
application
Supply voltage
[V]

Energy and
sensing source

Modulation
scheme

Power
Off-chip
capacitor
External device

Readout
distance

Process

Chip area [mmZ]

Glucose level
[mg/dL]

[5] ISSCC’11 [3] BioCAS’18 [6] VLSI'19
CGM + .
LED display CGM + RFID CGM + Wireless TX CGM + RFID
0.31-0.4 (PIM) 1.2 2.0
0.39 (PDM) (regulated) 0.165-0.39 (regulated)

Solar cell-powered RF-powered + BFC-powered + RF-powered +

+ BFC-input/LED  Potentiostat/RF Tx BFC-input/RF Tx Potentiostat/RF Tx
Hybrid PIM/PDM FM-LSK SR IO et LSK + 00K
28-117 nW (PIM) 3 uW 0.27-11.8 nW 143 nW
144 nW (PDM) (only tag) (only TX) (only tag)
1x10 nF
2% 39 pF None None 1 (RF mode)
Fully RFID Reader/ : RFID Reader/
stand-alone Writer Daiel Reeehver Writer
Display
. - 15 cm > 10 cm 1cm
65 nm 0.13 um 65 nm 0.18 um
0.5 0.5 0.1482 2.25
0-25 0-36 180-540 3-25
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Summary

L1 This work demonstrates the feasiblility of a SC-powered BFC-input stand-
alone RF-less CGM system for the first time

[1 This biosensing system shows the feasibility of helping the users to
prevent low-glucose conditions with the on-lens LED

[1 The prototype shows the possibility of operation by on-lens solar cells
under office-room ambient light
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