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Abstract - This work proposes a wireless operating system for
continuous monitoring of glucose level. The system consists of
an implantable device and an external readout transmitter. The
implantable device measures a glucose level and wirelessly
communicates with the external reader, employing the
backscattered modulation for low-power operation. The
implantable device converts the light intensity scattered from a
fluorescent hydrogel sensor reacting on glucose level to the
frequency-modulated signal, and sends this back to the external
reader while it is being powered wirelessly. The entire
implantable device including the 1000x600-um? die fabricated
in TSMC 180-nm CMOS process is bonded on PCB and the
fluorescence hydrogel sensor fits in 2x2.5 mm2, and consumes
146.5 pW of power in average during the operation.
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I. INTRODUCTION

Blood glucose monitoring is essential not only for diabetic
patients but also for those who do high-intensity exercise or
labor, because even healthy people can suffer accidents due
to hypoglycemia. However, blood glucose measurement
through blood sampling, which is a traditional blood glucose
measurement method, requires extra test tools and induces
the pain of finger pricking. In addition, since it is difficult to
measure blood glucose concentration in real time, response
in an emergency would be retardant. Much research has been
done to continuous glucose monitoring (CGM) that provides
dynamic, continuous blood-glucose information and gives a
user an alarm when abnormal blood glucose occurs. Some of
them, using wearable devices such as lens-type [1, 2] and
bandage-type [3] were proposed for non-invasive CGM, and
implantable sensors using glucose oxidase reactions [4, 5]
and glucose-sensitive permittivity change [6] were proposed
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for invasive CGM. Although they present promising results,
the previous methods are not sufficient for CGM. Sweat/tear
glucose sensors suffer low accuracy and the permittivity of
a tissue occurs insufficient selectivity with blood glucose [1,
2,7, 8].

In contrast, this work proposes to use a fluorescent
hydrogel sensor made of di-boronic acid with glucose, which
is demonstrating its long-term, accurate continuous glucose
monitoring [9]. The chemical forms a bonding with glucose
when excited with photons with a specific wavelength and
emits photons with an altered wavelength when bonding is
broken. The resultant fluorescent level depends on the
concentration of the glucose. Therefore, the fluorescent level
from the sensor can inform the glucose level. The opacity of
skin for a light, however, significantly attenuates the
fluorescence intensity after the penetration, making the
system susceptible to the ambient light noise. To encircle the
problem, implantable sensors that also include the electronic
components such as the light emitter and the light detector
were proposed [8, 10]. As the result of system integration,
however, those systems used to be too bulky to implant. For
example, while a recent research presented a fully-
implantable, wireless glucose sensor [10], the system
necessitates several power-hungry components such as an
ADC and a nonvolatile memory, ending up with the entire
device size as large as 18.3 mm in length.

From the in-vitro experiment, we demonstrate that the
frequency of backscattered signal increases with the glucose
level in a dish containing the sensor. Submodules such as the
amplifier, the oscillator, and the digital modulator are
confirmed to function correctly as designed in experiment.
The measurement results are presented in Section IV. The
only block that failed to work was the rectifier, which
prevented the full operation of the entire implantable system.
Specifically, the output voltage of the rectifier was not high
enough to turn on the system. The reason for the failure of
the rectifier is still under investigation, and the chip should
be modified to resolve the issue in the design of next round.

II. SYSTEM DESCRIPTION

A. System Overview
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Fig 1. System Overview

The system we present is to be implanted at a depth of
about 20 mm under the skin. In this reason, the system
should get rid of a battery and be miniaturized. WPT is
employed to circumvent using a battery. Since the only WPT
is a source to operate the system, most of wireless
communication methods are not suitable for an implantable
system. Load-Shift Keying (LSK) can have an advantage for
a wireless communication method in this regard. Fig 1.
shows a diagram of system overview. Tx antenna transmits
RF power and receives a backscattered signal. The
backscattered signal is shown that amplitude is modulated
by LSK. In turn, the backscattered signal is coupled to a
spectrum analyzer and the amplitude frequency is revealed
on both sides of a carrier frequency. Glucose concentration
is higher, the amplitude frequency is further from a carrier
frequency. Therefore, the glucose concentration can be read
out of skin. Since the sensor IC only needs to shift the Rx
antenna impedance, it does not consume extra energy for
communication.

Sensor IC changes the RF power to DC power to operate
LED, amplifiers, oscillators, a pulse generator and a
modulator. Rectifier and Low-Drop Out regulator (LDO) are
utilized in this conversion. An external capacitor and a
limiter diode is connected to the output of rectifier, so the
external capacitor stores converted DC power and the limiter
diode protects the other circuits from overvoltage. Two
LDOs adhere to the rectifier, one for LED generates 3.2 Vjp
and the other 1.8 Vp, for the sensing part.

An oscillator and a pulse generator control the switch that
turns a LED on and off and the switches in the sensing part.
By turning on and off the LED, power consumption and
photo bleaching of a hydrogel sensor can be diminished.
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Since the switching for LED causes overshoot when it turns
on and off, the pulse for sensing part has shorter duty than
the LED. The glucose information stored in the capacitor C,
change the frequency Vyg, of VCO, and it is modulated
with V.., which is of LED luminance intensity. V4, the
pulsed output of modulator shifts the impedance of antenna
whose pulse frequency is informed by the glucose
concentration, and pulse width is informed by the LED
luminance intensity.

B.  Fluorescent Hydrogel Glucose Sensor

Although this paper is focused on the electronics, an
overview of the fluorescent sensor provided in this section is
included to explain the complete system. The di-boronic acid
used as a glucose detector has a long life span suitable for
use as Continuous Glucose Monitoring (CGM) because it
can react reversibly to glucose without other reagents or
enzymes. Also, it is appropriate as an implantable glucose
sensor because the sensor is polymerized with a highly
biocompatible polyacrylamide hydrogel [5]. When the LED
excites an ultra-violet (UV) light, the sensor absorbs it and
emits UV light with a longer wavelength as a response. The
emission light intensity of the sensor is varied by glucose
concentrations. Therefore, the fluorescence intensity
corresponds to the glucose concentrations. For the
measurement of the fluorescence intensity, the photodiode is
employed as a photodetector. Specifically, the wavelength of
the LED excitation light is around 408nm while the
wavelength of the shifted emission light is around 488nm.
Therefore, optical bandpass filters are attached in front of the
LED and the photodiode to block the direct coupling from
the LED to the photodiode bypassing the hydrogel glucose
sensor.

C. Architectural Overview of the Sensor Electronics

In order to measure biological signals in the body and
read them in-vitro, an electronic system is required to
convert the biological signals into electrical signals and
communicate with the external system. Simultaneously, the
sensor electronic receives the power to operate the system.
In this section, the architecture of sensor electronics in the
right box of the Fig. 1 is explained.

The rectifier changing the RF power into DC is the
fundamental component for RF energy harvesting. In
addition, the regulator must stabilize the harvested DC
voltage from rectifier. To provide an accurate DC voltage
regardless of environment, a bandgap reference is employed
in the regulator. Since we utilize an off-chip LED which
necessitate a high voltage, there are two regulators, one for
the LED operation (3.3 V) and the other for a core system
(1.8 V). Since the high voltage along with the high current
through the LED consumes high power, we limit a turn-on
duration of the LED by using a pulse generator.
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Fig. 3. Single stage cross-coupled rectifier

This is also beneficial to lengthen the lifetime of
hydrogel glucose sensor by reducing the exposure time of
sensor to light, which may lead to photo-bleaching of the
sensor. The pulse excitation of the LED, however, would
also make the excited current through the photodiode pulse-
shaped. In order for VCO to oscillate in a constant frequency
corresponding to the glucose level, the input voltage of the
VCO must be static and sampled while the LED is on. For
this end, a switch controlled by the pulse generator is used to
sample and hold the charge pumped by the photodiode
across the capacitor at the input of the VCO. The oscillating
voltage of the VCO is converted to the pulse train through
the digital modulating block, and the pulse switches the
transistor to shift the load impedance.

1I. CIRCUIT IMPLEMENTATION
A. Power Delivery and Management

Before designing the power components, the operation
frequency of wireless powering should be decided to
optimize the power transfer efficiency. The electromagnetic
simulation is conducted by a commercial simulator Ansys
HFSS to decide the frequency for a given receive and
transmit antenna structure.

At first, the configuration of the receiver is designed
based on the predicted size of PCB on which the chip and
the discrete components such as the storage capacitor, the
LED, and the photodiode are mounted. This accordingly
decides the size of the receiver loop antenna. Since the loop
antenna is small compared to the wavelength of typical
frequency for WPT, it may be modeled as a magnetic dipole
receiver.
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Fig. 4. Power conversion efficiency
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Secondly, the transmitter is configured by the optimal
current source to power the magnetic dipole receiver [11]-
[12]. Fig. 2 shows a maximum available gain (MAG) which
is deduced from the s-parameters of the electromagnetic
simulation:

MAG = :iﬂ: (K —VKZ=1) (1)
12
1— (81112 — IS5 ]2 + A2
o 17150 =15, + 1Al o
28215121

, where A= S;,5,, — 5,521, and the MAG can be obtained
with impedance fully matched. From the peak of Fig. 2, we
decide 1.2 GHz as the operation frequency.

Traditional rectifier has a threshold voltage in the diode,
and it debases the power conversion efficiency of rectifier.
Cross-coupled invertor structure in the Fig. 3 is useful for
self-threshold voltage cancelation, and it also reduces
leakage current for inversed bias [13]. Fig. 4 shows
simulation results of a power conversion efficiency versus
the input power according to the number of stages at 1.2
GHz. Three stage has the highest efficiency for the target
unregulated voltage of 3.3 V and the load of 180 kQ. Since
the efficiency decreases after the target voltage, it operates
as a kind of limiter as well. For the impedance conjugate
matching, the input impedance when the rectifier output
voltage reached at 3.3 V is matched to the receiver antenna
with a capacitor on the IC.
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A bandgap reference is the most commonly used circuit
to obtain the voltage and temperature independent reference
[14]. Self-biasing structure accomplishes the voltage
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independence, and the combination of PTAT and CTAT
attains temperature independence as shown in Fig. 5. Such a
reference is used to bias regulator and sensor signal
amplifier, and also the current is mirrored to biasing
amplifiers. Reference voltage V; is for the regulator, and
V, is for the sensing amplifier. However, if the unregulated
voltage is too high when the incoming RF power exceeds a
certain threshold, bandgap reference can be damaged.
Therefore, additional diodes are employed as a voltage
limiter to lower the voltage when it exceeds some point (not
shown).

This system requires two regulators to supply two levels
voltage for LED and readout modules. Low drop-out (LDO)
circuit is adopted as a regulator. The chosen LDO circuits are
shown in the Fig. 6. The first LDO is used to provide 3-V
Vdd to LED. The ratio of R; to R is 0.561. The second LDO
is used to provide 1.8-V Vdd to the readout modules. It is
almost identical structure with a former, but since the target
Vdd value is the same as the output voltage of the bandgap
reference circuit, the resistors (Rj, Rz) for upconverting
output voltage are not necessary. Instead, the output node is
directly connected to the negative input of the amplifier,
while the positive input of op-amp is connected to the
bandgap reference circuit.

The gain of amplifier should be large enough so that the
regulated voltage is not affected by the unregulated Vdd. The
gain of the amplifier is set to be 20 dB. To satisfy the
stability, LDO has the bandwidth as ten times wide as the
ripple frequency of loads. This leads that the bandwidth of
LDOs should be larger than 4 MHz.
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B.  Transimpedance amplifier with switching capacitor

The trans-impedance amplifier (TIA) is typically used to
amplify the signal of photodiode [15]. The photodiode signal
(current) is converted to voltage by TIA. As shown in Fig. 7,
the negative input of TIA is connected to cathode of
photodiode while the positive input V, takes from the
bandgap reference. The current of photodiode Iy is
converted to high voltage as it goes through a large resistor
R¢. To decide the target gain, in prior to the IC design, the
current of photodiode device is measured to be from 80 nA
to 100 nA for the expected light intensity. This current needs
to be amplified to a few mV scales. So, the closed loop gain
is set to be 120 dBQ. A feedback capacitor C. is used for
stability compensation.

To save the power, the duty cycle of photodiode current is
set to be only 1%. So, the charge needs to be stored during
the turn-on period to the storage capacitor, Cg, using the
switch MN1 before the ring oscillator. The switch MN1
should be controlled in a synchronization with the signal that
turns on the LED. Explicitly, the control pulse P2 has 0.5%
duty cycle and is delayed by 50 ps compared to LED pulse.
Then, when the photodiode is turned on by the scattered light
from the fluorescent sensor excited by the LED, the switch
passes the charge generated by the photodiode to the storage
capacitor. After the duty cycle, the switch is turned off and
hold the charge across the storage capacitor.

It is well known that the charge injection [ 16] occurs when
the switching capacitor alters on and off, introducing errors
in detecting a small signal. To suppress the error by the
charge injection, the dummy switch MN2 is added to load
node and operated by the inverse signal of P2. This dummy
switch acquires the same amount of channel charge that main
switch should lose and calibrates out the error.

The bandwidth of the amplifier is decided based on the
pulse width. The period of LED pulse is 10 ms and pulse
width is 100 ps (1% duty cycle). For the amplifier reacts
fast enough during this pulse width, the target bandwidth of
the amplifier is set to be five-times higher than 10 kHz.
Satisfying the listed specifications along with the target
dynamic range is 60 dB, the amplifier is designed to operate
with the minimum power, which results in the power
consumption fewer than 4 pW.

C. Voltage-to-Frequency Converter

The output voltage of readout amplifier drives the current
control transistor MN, whose current is mirrored to a ring
oscillator-based voltage-to-frequency (V-fo-F) converter as
shown in Fig. 8. The oscillator normally operates at 10 kHz
and consumes average 10 pA. The mirrored current changes
the charging and discharging time of inverter and,
consequently, controls the output frequency exactly. As the
current mirrors control the current, oscillator can be operated
as current-starved. The oscillation frequency of current-
starved ring oscillator can be expressed as

Ig
fose =

— (3)
Ne Ciotar® Vaa

where I; is the current of each stage, N is the number of
stages, V;q 1s the supply voltage and C,.q; 1s capacitance
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D. Pulse Generator and Backscatter Modulator

Although the pulse generator and the modulator are used
for different purposes, they share the same configuration. A
pulse is logically generated by using D flip-flops and XOR
[1]. The logic is validated with a Verilog before designing a
circuit. Two waves, one of which is much slower than the
other, are to be an input of the digital logic. The slow enters
D as a signal, and the fast is used as a clock of D flip-flops.
The slower wave is related on pulse frequency and the fast
is related on the pulse width. Accordingly, a pulse generator
for LED has inputs that the slower is about one hundred
times slower divided by the frequency divider to adjust 1%
duration as shown in Fig. 9(a). The P1 is for turning LED on
and off, and the P2 is for the switched capacitor. For
protecting against overshooting noise that occurs on the edge
of LED pulse, the P2 rises a half cycle after the clock and
falls a half cycle early than the clock. On the other hand, the
modulator has a different frequency source, because both the
sensed data and reference data should be transferred as
shown in Fig. 9(b). Sensed data frequency is divided by
about ten to adjust 10% duration.

The counter circuit is used not only as a frequency
divider but also as a circuit to reduce frequency drift. Since
common VCO circuits without PLL suffer from frequency
drift as a phase noise, the counter can be applied to average
the frequency drift so that reduce the phase noise in time
domain.
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IV. MEASUREMENT RESULTS

The chip was implemented by TSMC 180-nm CMOS
process. Fig. 10 shows a photograph of the readout IC. The
chip area is 1 x 0.6 mm?. For the in-vitro test, the bare chip
is wire-bonded to the PCB with coated PDMS and inserted
in a phantom tissue would mimic the real human tissue.

< S
& A

Fig. 10. Photograph of fabricated readout IC
A. Power Management Block

To test the LDO performance, the load modules are
replaced by the equivalent resistor and capacitor. The LDO
for LED is tested assuming the worst-case scenario where
the resistor equivalent to the LED remaining always on is
used as the load module. Fig. 11 shows and compares the
result of the simulation and the measurement. The measured
result follows the simulation result well. The bandwidth of
LDO can be measured in the time domain using an
oscilloscope. Fig. 12 shows at the moment when the LED
turns on, the LDO voltage drops suddenly. Its voltage will be
recovered in a fraction of a microsecond by the feedback
loop with the amplifier. The bandwidth of amplifier is
calculated to be the reciprocal of the recovering time. Using
this method, the measured bandwidth is 4.5 MHz, which is
close to the designed one in simulation, 4 MHz.

B. Signal Conditioning Block

To check the functionality of the signal conditioning
block, including the TIA, VCO, and the modulation block,
the external DC power was supplied to the implantable
system excluding the rectifier block. The distance between
photodiode and LED was 0.8 mm. In real application, the
LED should light the fluorescent sensor and the photodiode
should be excited by the light emitted by the fluorescent
sensor. The optical bandpass filter should be properly placed
to block bypassing light from the LED to the photodiode. In
this experiment that concentrates to evaluate the
functionality of the electronics, the light is allowed to
directly transfer from the LED to the photodiode without a
fluorescent sensor. The input light intensity for the
photodiode was controlled by the number of semi-
transparent tapes applied between the LED and the
photodiode. The more number of tapes applied, the dimmer
light would enter into the photodiode, as mimicking that the
fluorescence intensity weakens when the glucose
concentration decreases. When the number of applied tapes
varies from zero to four, Fig. 13(a) shows how the pulse
period changes in time domain. While the pulse width is
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fixedas 7 ps, and the pulse period increased from 0.1 to 0.25
ms. The measurement of the pulse in the frequency domain
is shown in Fig. 13(b) according to the number of tapes
applied. The experiment was repeated by

——Probe 1 ——Probe
- - =Simulation

w

LDO Voltage [V]
w
LDO Voltage [V]

~

0 1 2 3 4 5 0 1 4 5
Unregvdd [V]

2 3
UnregVdd [V]
(a) (b)

Fig. 11. Measured result of regulator for (a) LED, and (b) core system
3.2

3

Voltage [V]
NONON
> o o

N
N

0.63* AV |

2 1 0 1 2 3
time [S] x10°®

Fig. 12. LDO output voltage measurement in transient domain

N

<>
At

=
©

&

N

Voltage [V]
Lo =
|
—
e

¥

3
m
0
o
s
Pulse frequency [kHz]

Voltage [V]
Lo &
e

&
o
2
)
g
o

time [s] <10

(a)

Number of tapes
(b

Fig. 13. Measurement result of modulated sensing signal varying the
light intensity (a) in time domain, and (b) versus the light intensity

1.5

Sl
8 1t
> |
gost
5 ol
5 0 5 10 15
Input Power [dBm]
(a)

S5
31
g

o

gos
[ =

-

., ©
[

0 ) 10 15
Input Power (+25dB)[dBm]
b)

Fig. 14. Power conversion measurement of rectifier

three times and the error bar shows the spread of the
measured frequency. It clearly shows that as the number of
tapes increases, the light intensity is dimmed, reducing the
output frequency of the pulse signal.

C. Wireless Power Delivery

For verification of rectifier and wireless power delivery,
measurement is conducted by two experiments. First, the
rectifier was connected to SMA connector through the PCB
without antenna. A function generator sent the RF power
through the SMA connector to the rectifier in a wired
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fashion. The test result is shown in Fig. 14(a). Secondly, the
rectifier was connected to a loop antenna on the PCB, and
the power is transferred wirelessly from another loop
antenna connected to a power amplifier with 25-dB gain.
The result is shown in Fig. 14(b). Both results show the same
problem. The rectifier output voltage (unregulated Vdd)
saturates early below 1.5 V. In contrast, according to the
simulation, it should reach 3.3 V at 10-dBm input power and
saturate at 4.5 V due to the voltage limiter. We suspect that
the difference may come from undesired parasitic elements
that prevent the increase of output voltage, but could not
figure out what they are.

TABLE I. Power Consumption Summary

Power Consumption

LDO for LED 7.9 yW
LDO for core system 4.9 pW
Bandgap reference 20 pW
TIA 3.3 uW
Ring oscillator for 2.52 yW
sensing
Ring oscillator for 2.22 pW
reference
Ring oscillator for LED 55w
Modulator 27 nW
Pulse generator 180 nW
LED 100 uW
total 146.5 uyW

V. CONCLUSION

Although the wireless test could not be executed due to
the failure of rectifier operation, we could experimentally
check that the remaining blocks operate as we have designed.
This includes the amplification of the sensing current, VCO,
and the frequency modulation of pulse signals afterwards.
Compared to the previous studies, the size of the implantable
device was dramatically reduced and the lifetime of the
sensor is expected to increase by minimizing the excitation
time of the fluorescent sensor. Despite of the reduction in the
duration of the excitation, the frequency modulation of pulse
signal was successfully demonstrated by the sample-and-
hold operation of the sensed current signal.

As differential-drive rectifier usually manipulates its
body biasing to elevate power conversion efficiency, each
body of transistor has the isolated region with guard-ring or
deep N-well. However, the guard-ring and deep N-well
technics are sometimes implemented in different way
according to the process, and these stamping error was not
explicitly warned in simulation. We expect the operation of
the entire implantable device in the next round by modifying
the problem in the rectifier.
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