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1 Introduction

Ensuring stable energy is one of the most important challenges in the current wear-
able and implantable healthcare devices associated with big-data-based analysis
(Fig. 1). To address this issue, many attempts such as developments of battery,
wireless power delivery, and energy harvesting have been reported. Although the
technical improvement has been rapid, none of these methods fully satisfy the
requirement. Battery is unsuitable for use near a human body due to its inher-
ent danger. Wireless power delivery requires large-size power-receiving antenna.
Energy harvesting is unstable for healthcare application. Additionally, the latter two
approaches require area-consuming power management unit such as power receiver
and AC-DC converter that increase cost.

To satisfy the requirement, biofuel cells are intensely developed such as for
transdermal iontophoresis patch [1] and brain-machine interface [2]. Biofuel cells
are safe, stable, and do not require an antenna or an AC-DC converter. Additionally,
the value of the obtained energy from a human body can be used as biosensing
data, and, thus, sensor electrodes and front ends become unnecessary. Among the
biofuel cell types, the organic biofuel cell [1] is especially promising because it is
cheap and environment friendly, which enables disposable healthcare. However, the
output supply voltage of a biofuel cell is usually lower than 0.4 V, and conventional
circuits cannot operate using a biofuel cell without power management circuits such
as up-converter. Thus, new circuit technique must be developed for converterless
operation.
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Fig. 1 Conceptual image of the application of the proposed work. The target application is big-
data-based healthcare. The proposed energy-autonomous biosensor transmits vital data to the
wearable device

The current chapter introduces a supply-sensing biosensor platform using a
biofuel cell and a 0.23-V 0.25-�m zero-Vth all-digital CMOS supply-controlled
ring oscillator (SCRO) with a current-driven pulse-interval-modulated inductive-
coupling transmitter (Fig. 2). Compared with conventional architecture [3, 4], the
occupied area and required power can be dramatically reduced. To realize transmit
sensing data to the wearable device without power-hungry security protection
circuits, a proximity inductive-coupling transmitter is employed.

To verify the effectiveness of the proposed approach, a test chip was fabricated
using the cost-competitive legacy 0.25-�m CMOS technology. The measured
results show successful operation with a 0.23-V power supply, which is the lowest
supply voltage ever reported. In addition to the chip functional test, energy-
autonomous operation using a biofuel cell was successfully demonstrated.

This chapter is organized as follows: the proposed energy-harvesting and biosen-
sor platform is introduced in Sect. 2. The design of the prototype CMOS sensor
and the measurement setup are summarized in Sect. 3. Sections 4 and 5 present
the measurement results and demonstration of the energy-autonomous operation.
Section 6 concludes this chapter.
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Fig. 3 Circuit diagram of the proposed supply-sensing biosensor

2 Supply-Sensing Biosensor Platform

2.1 Principle of Supply-Sensing Biosensor Platform

Figure 3 shows the circuit diagram of the proposed supply-sensing biosensor
platform. The proposed sensor platform consists of three parts: biofuel cells,
SCRO, and an inductive-coupling transmitter. By eliminating the area-hungry power
management circuits, sensing front-end circuit, and power-hungry analog-to-digital
converters (ADC), the occupied area and required power can be dramatically
reduced.
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To minimize the supply voltage, an all-digital and current-driven architecture was
employed. By implementing the proposed architecture using zero-Vth transistors,
a low-supply voltage of less than 0.4 V was made feasible. Because the supply-
sensing scheme is unsuitable for pulse amplitude modulation owing to its nature,
time-domain modulation must be employed. To minimize power consumption,
pulse-interval modulation (PIM) was employed in this work.

2.2 Biofuel Cell

In the proposed platform, the biofuel cell is the key component that provides two
functions: one is energy harvesting, and the other is front-end sensing. Typical
biofuel cells can generate voltage of less than 0.4 V [1, 2]. Thus, to realize energy-
autonomous operation without area-consuming power management circuits such as
up-converters, the circuits must operate with a supply voltage of less than 0.4 V.

In order for biofuel cells to function as both a power source and sensing front
end, the anode and cathode must be designed carefully as follows. Unlike typical
biosensors based on one transducer, the proposed supply-sensing biosensor uses two
transducers (anode and cathode). Thus, if the output power depends on unintended
transducers, the proposed device cannot function as a sensor even if it functions well
as power source.

In the case of our prototype fructose supply-sensing sensor, we use the following
reactions. In the anode, the output current depends on fructose concentration. In the
cathode, the output current depends on oxygen concentration. To sense fructose, the
total output current must depend on not oxygen but fructose, which we achieve by
adjusting the sizes of the anode and cathode.

2.3 Supply-Controlled Ring Oscillator (SCRO)

To realize PIM, the supply voltage must be modulated to pulse interval. To enable
low-voltage operation, we implemented an SCRO. The SCRO consists of normal
ring oscillator with PMOS and NMOS. The number of stages was determined by
considering the trade-off between area overhead and power consumption. In this
work, to minimize the occupied area, the number of stages of inverter gates was
designed to be as small as possible while maintaining effective operation.

2.4 Inductive-Coupling Transmitter

For the wireless transmitter, we implemented a current-driven inductive-coupling
transmitter. By considering the limited power budget, proximity communication
without any security protection was adopted. Proximity communication can be
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categorized into two approaches: one is the capacitive-coupling link, and another
is the inductive-coupling link. Figure 4 shows their conceptual operating principle.
The obtained voltage at the receiver side of capacitive link is determined by the ratio
of the coupled capacitance to the total capacitance. Thus, a received voltage that is
higher than the transmit voltage cannot be obtained.

In contrast, the received voltage in the inductive-coupling link is determined by
a multiple of the slew rate of the transmit current and the mutual inductance. A
high received voltage can be obtained even with a low supply-voltage transmitter.
Biofuel cells can generate larger current at lower voltage owing to its characteristic;
thus, the current-driven inductive-coupling link is preferred.

To minimize power supply voltage while enjoying the advantage of the inductive-
coupling link, the proposed inductive-coupling transmitter was designed to be as
simple as possible, as shown in Fig. 3, which consisted of a pulse generator, buffers,
driver, and inductor. The pulse generator consisted of an inverter chain and an AND
gate, which converts the clock signal to a low-duty pulse signal.

Figure 5 shows the performance comparison of the proposed method with the
state-of-the-art proximity communications. The literature shows a trade-off between
power supply voltage and technology node. The lowest supply voltage was 0.7 V
[14] for the clock-based synchronous inductive-coupling link, and none of the
conventional proximity communications could satisfy the requirement. This work
achieved the lowest supply using the most cost-competitive technology node.
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3 Test Chip Design and Measurement Setup

To verify the effectiveness of the proposed approach, a test chip was fabricated using
a cost-competitive 0.25-�m CMOS technology. Figure 6 shows the microphoto-
graph of the test chip. The occupied footprints of the core circuit without an on-chip
inductor and the entire circuit with an on-chip inductor were 60 � 120 �m and
0.6 � 0.8 mm, respectively. The test chip was assembled in a ceramic package. The
diameter of the inductor is 0.5 mm.

The measurement setup is shown in Fig. 7. Only two electrical signals, namely,
VDD and VSS, were supplied from the power supply (Keysight Technologies,
E3632A). To verify the transmitter operation using magnetic detection, a magnetic
field probe (Langer, H-Field probe MFA-K 0.1-12, 0.1–6 GHz) and a bias tee
(Langer, Bias Tee) were employed. The waveform was obtained using a sampling
oscilloscope (Keysight Technologies, DSO6102A).

4 Measurement Results

Figure 8 shows the measured current-consumption dependence on the supply
voltage. The operation under a 0.23-V power supply was successfully verified.
The 0.23-V supply is sufficiently low for energy-autonomous operation using a



Energy-Autonomous Supply-Sensing Biosensor Platform Using CMOS. . . 15

5 mm

5 mm

Magnetic 
probe

Ceramic package

Proposed
circuit 

Fig. 7 Measurement setup

0

1

2

3

4

5

0

1

2

3

4

5

0 0.2 0.4 0.6 0.8 1

P
ow

er
 c

on
su

m
pt

io
n 

[m
W

]

Supply voltage [V]

C
ur

re
nt

 c
on

su
m

pt
io

n 
[m

A
]

Fig. 8 Measured current-consumption dependence on the supply voltage. A 0.23-V operation was
verified

biofuel cell. This is the lowest supply voltage ever reported among proximity
communications. Because the drain current of a zero-Vth transistor is proportional
to the square of the gate-source voltage, VGS, from 0 to 0.4 V and is proportional to
VGS from 0.4 V, the current-consumption trend changes at 0.4 V.

The measured current consumption at 0.23-V power supply is 1.52 mA. The
measured power is 0.35 mW. This power can be obtained by a 1 cm2 of biofuel cell
[1]. Owing to the conservative design, the current consumption in this technology
node was not minimized. By optimizing the design parameters, further power
reduction can be realized.
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Fig. 9 Measured pulse rate dependence on the supply voltage

Figure 9 shows the frequency of the output pulse from the magnetic field
dependence on the supply voltage. The pulse rate decreased with the decrease in
the supply voltage. An almost linear relationship between the pulse rate and supply
voltage was verified. This linear characteristic will contribute to develop wide-range
sensor. Besides, it will also enable easy and accurate calibration.

5 Energy-Autonomous Operation

5.1 Performance of Organic Biofuel Cell

To verify the effectiveness of the proposed platform, energy-autonomous operation
using organic biofuel cell [1] was demonstrated. The biofuel cell has a cloth-like
feature. The enzymes for energy generation were immobilized to the biofuel cell.
Figure 10 shows a summary of the measured performance of the biofuel cell.

The biofuel cell generates energy from fructose. The size of the biofuel cell
is 1-cm square. The peak power can be obtained at 0.3–0.4 V, which is a typical
characteristic of biofuel cells [1, 2]. The measurement was performed using a three-
electrode system (BSA, 730C electrochemical analyzer).

5.2 Demonstration of Energy-Autonomous Biosensing

Figure 11 shows a successful energy-autonomous operation using biofuel cell.
By dipping the biofuel cell into a fructose solution, the circuit transmitted a
magnetic field, and its waveform appeared on the oscilloscope. This work is the
first demonstration of an energy-autonomous proximity transmission using biofuel
cells.
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Fig. 10 Measured performance of the biofuel cell and its measurement setup

Figure 12 shows a summary of the energy-autonomous operation. Figure 12a
shows the output voltage and current of the biofuel cell as a function of fructose
concentration. The voltage and current increased as the fructose concentration
increased. Figure 12b shows the measured pulse rate of the output magnetic field
from the proposed biosensor platform. The pulse rate increased as the fructose con-
centration increased. These results agree well with the performance of the platform
shown in Fig. 9. From these measured results, we have successfully confirmed the
feasibility of the proposed energy-autonomous supply-sensing biosensor platform.

6 Discussion

This chapter demonstrates that the proposed supply-sensing sensor platform can be
applied to fructose sensing. But, the proposed sensor platform can be applied to
wide applications. Today’s CMOS bioelectronics enables various kinds of biosens-
ing [15–25]. Thus, by combining the proposed sensor platform and the present
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CMOS bioelectronics, energy-autonomous smart biosensor can be emerged. Fur-
thermore, the proposed technique is familiar with CMOS scaling because it utilizes
time-domain processing [26–30] and current-driven inductive-coupling inter-chip
communication [31–37]. Future CMOS scaling will enhance the feasibility and
effectiveness of the proposed sensor platform.

7 Conclusion

An energy-autonomous, disposable, supply-sensing biosensor platform has been
demonstrated. The platform is based on a biofuel cell and a zero-Vth all-digital
CMOS supply-controlled ring oscillator with a current-driven pulse-interval-
modulated inductive-coupling transmitter that enables operation under low-power
supply voltage using legacy CMOS technology. The measurement using a 0.25-�m
CMOS prototype chip successfully demonstrated wireless transmission under a
0.23-V power supply, which is the lowest power supply proximity transmitter ever
reported. Additionally, an energy-autonomous operation using an organic biofuel
cell was successfully verified.
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