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Supply-Modulated OOK Transmitter in 65 nm CMOS
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SUMMARY  This work presents the lowest power consumption sub-
mm? supply-modulated OOK transmitter for self-powering a continuous
glucose monitoring (CGM) contact lens. By combining the transmitter
with a glucose fuel cell that functions as both the power source and a
sensing transducer, a self-powered CGM contact lens was developed. The
385x385 ym? test chip implemented in 65-nm standard CMOS technology
operates at 270 pW with a supply voltage of 0.165 V. Self-powered opera-
tion of the transmitter using a 2 x 2 mm? solid-state glucose fuel cell was
thus demonstrated.

key words: continuous glucose monitoring, smart contact lens, low-power,
wireless transmitter, glucose fuel cell

1. Introduction

The prevalence of diabetes worldwide continues to increase
year by year. Continuous glucose monitoring of diabetics
and those at risk for developing diabetes is very impor-
tant[1], [2]. However, existing needle-type glucose moni-
toring systems are painful [3]. One of the promising candi-
dates for needle-less pain-free glucose monitoring is a con-
tinuous glucose monitoring (CGM) contact lens [4]. Be-
cause tear glucose level has a high correlation with blood
glucose level, it has the potential to be a de facto standard
for continuous glucose monitoring.

Existing continuous glucose monitoring contact lenses
are based on RFID technology that work with dedicated
smart glasses [4]. This approach has a fatal problem from
the viewpoint of usability and high cost.

In order to solve these issues, we propose built-in en-
ergy harvesting from tear glucose in CGM contact lenses.
Tear glucose is one of the most stable energy sources se-
creted by the human body. Furthermore, by using a selective
glucose fuel cell, glucose energy can be utilized not only as
an energy source but also as a sensing transducer for glucose
concentration.

Recent progress in the field of biofuel cells has enabled
the fabrication of glucose fuel cells on silicon wafer[5].
Glucose fuel cells are capable of producing an output of
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Fig.1  Conceptual diagram of this work compared to previous continu-
ous glucose monitoring contact lens and microphotograph of the prototype.

2.3 uW/cm? and an open-circuit voltage of 0.55V, which
can be sustained for more than 48 hours. We have developed
0.6 mmx 0.6 mm CMOS-compatible solid-state glucose fuel
cell with 370mV OCV and 0.27 uW/cm? power density at
a 30mM glucose concentration [6]. The output voltage of
the glucose fuel cell correlates with the glucose concentra-
tion. This makes it possible for the fuel cell to act as both
the power source and sensor. By measuring the fuel cell out-
put voltage, we can detect the blood glucose concentration
in the user’s body.

Figure 1 shows the schematic of this work and a mi-
crophotograph of the prototype CGM contact lens. Con-
ventional RFID-based glucose monitoring requires a 3 uW
0.36 mm? footprint chip, a 1.cm diameter off-chip antenna,
and an off-chip electrochemical glucose sensor[4]. Its
power consumption is mainly due to the use of an elec-
trochemical sensing frontend. The electrochemical sensor
must be embedded with a potentiostat for biasing the elec-
trodes. The accuracy of the sensor is dependent on accurate
DC biasing. Thus, a stable power supply is essential for
this architecture. In addition, wireless power delivery utiliz-
ing AC and AC-to-DC conversion is required, resulting in a
large footprint.

On the other hand, our architecture using supply-
modulated on-off keying (OOK) transmitter and biofuel cell
does not require a potentiostat because the biofuel cell gen-
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erates DC voltage. Moreover, the device does not need
the large off-chip components and wireless power delivery.
Therefore, the device power consumption can be reduced
dramatically to nW-order, supplied by a small-footprint glu-
cose fuel cell. A self-powered and small area CGM is
achieved as shown in the microphotograph of the prototype
CGM contact lens in Fig. 1.

This work presents the world’s lowest power sub-mm
fully-integrated OOK CMOS transmitter, that enables a
glasses-free and self-powered continuous glucose monitor-
ing contact lens. We demonstrate a performance improve-
ment compared to a previously reported fuel cell embed-
ded CGM contact lens[7]. Our architecture reduces the
input voltage and the power consumption, enabling self-
powered operation with a smaller-footprint glucose fuel cell
at a lower glucose concentration. The low input voltage not
only reduces the power consumption of the circuit but also
increases the output current of the glucose fuel cell. The out-
put current of the glucose fuel cell takes a local maximum
value when the input voltage is approximately 100 mV [6].
The measurement results of our prototype test chip in 65 nm
CMOS fabrication showed 0.27 nW power consumption at
0.165V supply voltage. We also demonstrate a functional
test and self-powered wireless transmission with an inte-
grated 2 x 2 mm? solid-state glucose fuel cell.

The remainder of this paper is organized as follows.
Section 2 introduces the proposed fully-integrated supply-
modulated OOK transmitter for self-powered glasses-free
continuous glucose monitoring contact lens. Section 3 de-
scribes the circuit implementation and measurement setup.
Section 4 summarizes the measured results. Section 5
demonstrates the self-powered operation with a glucose fuel
cell. Section 6 presents the conclusions of this study.

2

2. Fully-Integrated OOK TX for Self-Powered Contin-
uous Glucose Monitoring Contact Lens

2.1 Product Concept

Figure 2 shows the conceptual block diagram of this work.
The object of this study is a self-powered glasses-free con-
tinuous glucose monitoring contact lens. The prototyped
module consists of two parts: one is a supply-modulated
OOK CMOS transmitter and the other is a solid-state glu-
cose fuel cell that functions as both the power source and the
glucose concentration transducer from the tear. Increasing
glucose concentration results in increasing the output volt-
age of the fuel cell. This also increases the operating fre-
quency of a self-oscillating voltage doubler [8]. The trans-
mission rate which is determined from the divided output of
the self-oscillating voltage doubler also increases. This re-
lationship is effective even in lower glucose concentrations.
Therefore, the glucose fuel cell also senses the glucose con-
centration. The proposed glucose sensor just detects the rel-
ative glucose concentration to previous monitored values.
However, if the glucose concentration as a function of trans-
mission period has monotonicity, the absolute value can be
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Fig.2  Proposed glucose sensing and supply-modulated OOK transmit-
ter.

determined by calibration.

This architecture eliminates the requirement of the
electrochemical sensor circuit; therefore, the circuit is sim-
plified and can operate with extremely low power consump-
tion. Hence, the external power supply which requires a
large area, as in a previous report [4] can also be removed.
The smaller overall area of the device also increases the
user’s comfort. Further, our device consists of a transmit-
ter requiring no off-chip components. Moreover, the glucose
fuel cell can be fabricated using CMOS-compatible process,
allowing the device to be produced at a low cost. The two
components are mounted on the flexible PCB board, electri-
cally connected by wire bonding, and covered by insulating
resin.

As a sensing transducer, the glucose fuel cell output
is designed to be anode-limited. The output voltage of the
glucose fuel cell increases with the glucose concentration.
By combining the glucose fuel cell with a supply-modulated
OOK transmitter, the glucose concentration can be sent to
the receiver. The output power of the glucose fuel cell in-
creases with an increase in the temperature; however, it de-
creases as the resistance value increases when the tempera-
ture is too high. However, because the surface temperature
of the eye is almost constant, the temperature variations of
the glucose fuel cell can be ignored. Similarly, it is not nec-
essary to consider the temperature variations of the transmit-
ter. If a high precision measurement is required, it is neces-
sary to add a supply-insensitive temperature sensor which
provides a pulse width modulation (PWM) output [9].

2.2 Circuit Implementation

Figure 3 shows the circuit diagram of the proposed OOK
transmitter. The transmitter consists of four parts: a
self-oscillating voltage doubler [8], Dickson charge pump,
switching circuit, and LC power oscillator. We focus on low
power and small area wireless transmission to operate with
the small fuel cell. For low power consumption, the trans-
mitter operates at low frequency under subthreshold voltage.
The self-oscillating voltage doubler oscillates around 1 kHz.
Because an LC power oscillator consumes large power, the
transmitter boosts the input voltage slowly and transmits at a
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Fig.3  Circuit diagram of the proposed OOK transmitter.
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Fig.4  Simulated waveforms of the proposed OOK transmitter when the
input voltage is 170 mV.

long period. The LC power oscillator is activated at approxi-
mately 1 Hz, which is divided by the 2! switching circuit. A
divide-by-2'! divider is a series of 11 of divide-by-2 dividers
consisting of flip-flops and logic gates. The self-oscillating
voltage doubler and Dickson charge pump are adopted as a
boost converter. This enables low power boost conversion
from a low input voltage without off-chip components or
special process characteristic such as deep-trench capacitors
(250 fF/um?) [10]. They are utilized to achieve low power
consumption, sacrificing conversion efficiency. A standard
inverter using one NMOS transistor and one PMOS transis-
tor was utilized for low-voltage operation.

The supply voltages of each circuit components were
optimized for minimizing the power consumption. Power
consumption was minimized by the leakage-reduction
switching circuit. The most critical part from the viewpoint
of power consumption is the LC power oscillator. Thus, we
implemented stacked NMOS transistors to minimize leak-
age current. To achieve sufficient current of oscillation
of the LC oscillator while minimizing the size of stacked
NMOS transistors, we used a level shifter [11]. Switching
the LC oscillation using the level shifter can reduce the qui-
escent power and can shorten the starting time of the LC
oscillation owing to the high slew rate so that the output ca-
pacitance (Coyr) can be reduced.

2.3 SPICE Simulation
To verify the effectiveness of our approach, SPICE simula-

tion was conducted using standard 65 nm CMOS technol-
ogy. Figure 4 shows the simulated waveforms of the pro-
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Fig.5  Chip microphotograph.

posed OOK transmitter when the input voltage is 170 mV.
Owing to the limitation in our simulation environment, the
right-part inset simulation results enclosed by the dotted line
were separately simulated. The self-oscillating voltage dou-
bler generates almost twice the input voltage. The Dick-
son charge pump boosts the voltage further to operate the
LC power oscillator and transmitter. LC oscillation by the
switching circuit was successfully confirmed. In the simula-
tion, the proposed OOK transmitter operates with the supply
voltages from 150 mV to 380 mV.

3. Test-Chip Design and Measurement Setup

A prototype test chip was fabricated using standard 65 nm
CMOS technology without any special high-density capac-
itors [10]. Figure 5 shows the microphotograph of the test
chip. The occupied footprint including the on-chip antenna
of the transmitter is 385 x 385 um?, which is smaller than
the corresponding chip on a CGM contact lens previously
reported [4]. Inductance and capacitances constitute a large
area of the chip. In particular, Coyr is large for the stabil-
ity of the start-up of the LC power oscillator and the longer
time of the oscillation. The on-chip antenna also occupies a
large area for a higher Q-value and a longer communication
distance.

Figure 6 shows the measurement setup. A manual
probing technique was used for supplying power (alpha 150,
Apollowave Corp.). A source measure unit (SMU) was uti-
lized for accurate power and voltage measurement.



BRIEF PAPER

Keysight Keysight Rx:
B2912A Precision DS06102 Digital Storage ~ PASTERNACK
Source / Measure Unit Oscilloscope PE9860/SF-20

‘WR-159 Waveguide

5 Test Chip Standard Gain Horn
N ooo
[‘ T gs ‘2) Antenna
2388 i
Mixer :

PASTERNACK
PE8650

Double Balanced Mixer
LO power of +10dBm

Rx
20dB

Amplifier :
PASTERNACK
PE15A1013

3.5GHz Low Noise High Gain
Amplifier

Wiltron 681698
Synthesized Seep
Generator

Fig.6  Measurement setup for functional verification of the test chip.

The communication distance from the chip surface of
the transmitter to the center of the receiver antenna was
longer than 10 cm. The communication distance can be ex-
tended by adopting an off-chip antenna, which can be im-
plemented on the fringe part of the contact lens [4].

4. Measurement Results

Figure 7 (a) shows the measured waveform of wireless trans-
mission. The wireless transmission waveform was observed
from 0.165V to 0.39 V. Since the pulse width of the acti-
vating LC power oscillator decreases with increasing sup-
ply voltage, a higher supply voltage results in no oscillation.
This is the reason why wireless transmission at supply volt-
ages above 0.39V was not observed. It is presumed that
the difference between the measured and simulated results
of the operating voltage range is caused by the effect of par-
asitic components.

Figure 7 (b) shows the time period of the measured
power consumption obtained from the SMU. Wireless trans-
mission can be detected down to a supply voltage of 0.165 V
with a minimum average power consumption of 270 pW.
The period of the peak power consumption points to the in-
creasing LC oscillation as the input voltage increases. Fluc-
tuations of the peak points at higher voltage conditions are
assumed to be due to the limited time resolution of the SMU.
Also, as the operating temperature rises, the power con-
sumption increases.

Figure 8 shows the measured period of wireless trans-
mission and the power consumption as a function of the in-
put supply voltage. Since the period is shown to depend on
the input supply voltage, supply-modulated OOK transmis-
sion is successfully verified. Therefore, by connecting the
transmitter to the glucose fuel cell, glucose concentration
can be detected. The power consumption is low enough for
the small fuel cell to drive the transmitter.

Table 1 shows a performance comparison among small
form factor CMOS transmitters [4], [7], [10], [12]. Our pro-
posed architecture outperforms the others in terms of power
consumption and operating range of supply voltage. One of
the most important factors in achieving low power consump-
tion is the introduction of an energy-efficient level shifter
that reduces the leakage current from the LC power oscil-
lator. The widest operating voltage range among the sub-
mm? transmitters has been achieved. This is beneficial for
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Fig.7 Measured results: (a) waveforms of transmission by using oscil-
loscope (b) power consumption obtained from SMU.
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Fig.8 Measured results of the period of wireless transmission and power
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Table 1  Performance comparison among small form factor CMOS
transmitters
JSSC 2012 JSSC 2014 TCAS-12015 | TCAS-II 2018 This Work
[4] [12] [10] 71
Process 130 nm 180 nm 32 nm SOI 55 nm DDC 65nm
Minimum 3IpW L1nW 3nW 1.9 nW 027 nW
power
Operating 12v 0.03-11V | 01-0.19V | 032-04V |0.165-039V
voltage range
Off-chip Off-chip
Off chip antenna, inductor, , . N . .
component electrode, capacitor, Fully on-chip | Fully on-chip | Fully on-chip
sensor antenna
Deep-trench
Process .
characteristic capacitors Low leakage
(250 fF/pm?)
Kick start Needed Needed No needed No needed No needed
Wireless 2.4 GHz - 33 GHz 4.87 GHz 4.1 GHz
. 0.6mm X 0.6 | 9mm X 11 | 0.3mm X 0.3 | 0.6 mm X 0.6 | 0.385 mm X
Size .
mm mm mm mm 0.385 mm

* Implantable sensor board size which designed to fit into human mastoid cavity

biosensing applications that require a wide dynamic range.

5. Demonstration of Self-Powered Operation with Glu-
cose Fuel Cell

Figure 9 shows the measurement setup and transmission
waveform of self-powered operation obtained with a solid-
state glucose fuel cell whose size is 2mm X 2mm. The
solid-state glucose fuel cell was fabricated using a CMOS-
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compatible process [6], [13]. For use as both a power source
and as a sensing transducer, the fuel cell was designed as
an anode-limited fuel cell, whose output depends only on
glucose concentration.

Self-powered operation of wireless transmission with
30mM glucose concentration in phosphate buffered saline
(PBS) was successfully verified. PBS was used as the
base solution to simulate body fluid. Owing to the lim-
ited number of the fabricated glucose fuel cells, operation
with smaller sizes and lower glucose concentrations could
not be tested. Since normal tear glucose concentration is
lower than 1 mM, further testing is needed for practical ap-
plication. The increase in the number of samples improves
the possibility of obtaining a fuel cell that operates at lower
glucose concentrations. Results from a previous study on
fuel cells show the possibility of a 0.6 mm X 0.6 mm fuel
cell operating at 10 mM concentration [5], [6], [13].

6. Conclusion

In this work, we demonstrate a compact, low-voltage, and
low-power fully-integrated CMOS OOK transmitter. The
prototype chip fabricated using a standard 65nm CMOS
process demonstrates 0.27nW power consumption with
a supply voltage of 0.165 V. Self-powered wireless OOK
transmission with a 2 x 2mm? glucose fuel cell was also
demonstrated. Our results show the potential realization of
a glasses-free self-powered continuous glucose monitoring
contact lens.
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