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Abstract—This paper presents the feasibility study and
investigation of an inductive sensing technique with respect to the
swelling of hydrogel samples for implantable biochemical sensing
applications. A prototype sensing system is implemented based
on an ultra-low power tunnel diode oscillator employing a 3 mmdiameter, 10-turn sensing coil positioned at 100 µm away from a
5 mm x 5 mm metallic sensing plate adhered to a hydrogel slab
surface. The oscillator achieves a nominal frequency of
approximately 28 MHz with a sensitivity of 15 KHz per um of
hydrogel displacement while dissipating a DC power of 40 µW.
Further characterization with hydrogel samples immersed in DI
water demonstrates that the sensing system can detect 29 µm
swelling of the hydrogel along vertical direction.
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impedance capacitance-based glucose sensors that are prone to
leakage [12-13]. Furthermore, the proposed sensing technique
allows the sensing coil and associated electronics to be
robustly encapsulated in a hermetically-sealed glass package
due to the sensing configuration that a direct contact between
the coil and hydrogel is not required, attractive for long-term
implant applications.
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I.

INTRODUCTION

It is highly desirable to develop deeply implantable
hydrogel-based wireless sensing capability to capture in vivo
biochemical parameters such as glucose, pH, and ionic
strength [1-4]. Advancement in MEMS technology has
enabled the realization of cubic mm size complex systems [57]. However, energy sources, power dissipation, and reliable
packaging impose severe challenges for realizing miniature
long-term implantable sensors. This paper presents a proposed
novel deeply implantable wireless intraluminal glucose
sensing architecture depicted in Figure 1, where the
implantable sensor exhibiting a dimension of approximately 5
mm x 3 mm x 1 mm is implanted inside a blood vessel. The
sensor can be powered by an ultrasonic power source across
the skin and tissue [8-10]. Glucose concentration inside the
vessel can be sensed by an inductive sensing technique
employing a glucose-sensitive hydrogel embedding a
miniature metallic sensing plate. Functionalized glucosesensitive hydrogels can reversibly change in volume
proportional to the change in glucose concentration [1, 2, 11],
which causes a displacement of the embedded metallic sensing
plate that can be detected by the inductance change of a
sensing coil placed in a close proximity. This sensing method
can potentially overcome several key limitations plaguing
traditional enzymatic continuous glucose sensors and high-
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Fig. 1. Wireless implantable hydrogel-based glucose sensing architecture.

The sensing coil employed as a part of an LC tank circuit
can effectively modulate the frequency of an RF oscillator,
thus wirelessly transmitting the sensor information to an
external receiver. A tunnel diode oscillator architecture is
chosen due to its ultra-low power dissipation [14], critical for
implant applications where power sources are highly
constrained. As depicted in Figure 1, a non-glucose-sensitive
reference hydrogel (without showing an embedded metallic
sensing plate on top for simplicity of illustration) and a
reference coil inductor are adjacently incorporated in the
design, serving as a reference frequency for calibration
purpose. This technique is highly desirable for eliminating
base-line drift caused by environmental effects. A single
tunnel diode (TD) will be employed for generating fSense and
fRef to ensure a consistent diode characteristic used in the both
oscillators as illustrated in the overall electrical system design
shown in Figure 2, where a front-end MEMS PZT power
generator converts the incoming acoustic power to a DC

supply voltage, which energizes the tunnel-diode oscillators
and logic control circuits. This paper focuses on the
feasibility study and investigation of the proposed inductive
sensing technique with respect to the swelling of hydrogel
samples in solution and ultra-low power wireless telemetry
system design.
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Fig. 2. Electrical system design architecture.

II.

LSense
fRef

The sensing coil was then coated with a 10 µm-thick parylene
film as a biocompatible insulating layer, followed by the
inductive sensing characterization performed in saline solution
and DI water. The experimental results revealed a similar
performance as shown in Figure 4.
The RF characteristics of the sensing coil were also
evaluated. Figure 5 presents the measured coil inductance
value versus frequency in air and in saline solution with a
parallel metallic sensing plate positioned 100 µm apart. The
sensing coil exhibits a self-resonance above 70 MHz in saline.

LRef

INDCUTIVE SENSING AND CHARACTERIZATION

A prototype 3 mm-diameter, 10-turn coil inductor
exhibiting an inductance value of approximately 500 nH was
constructed to conduct the inductive sensing characterization
and feasibility study. Further miniaturized 1 mm-diameter
inductor will be designed and fabricated in an ASIC form for
the final system implementation. Figure 3 presents a photo of
the inductive sensing characterization setup, where a 5 mm x 5
mm metallic sensing plate is positioned above the sensing coil
with an adjustable gap size controlled by a micro-manipulator.
Fig. 5. Measured coil inductance vs. frequency.

Figure 6 presents the measured sensing coil quality factor (Q)
versus frequency, revealing the maximum Q of 20 and 45 at 40
MHz and 60 MHz in saline solution and in air, respectively.
The quality factor is a critical parameter associated with the
loss of the coil inductor for the oscillator design described in
the following section.

Fig. 3. Inductive sensing characterization setup.

The sensing coil exhibits an inductance of approximately
386 nH with an initial gap size of 100 µm from the sensing
plate. An increased gap size from the initial offset results in an
increased inductance due to reduced Eddy current effects as
plotted in Figure 4, revealing a sensitivity of 4 nH/10 µm.

Fig. 6. Sensing coil Q value vs. frequency in saline and in air.

III.

Fig. 4. Inductance vs. gap size from initial offset.

LOW POWER TUNNEL DIODE OSCILLATOR DESIGN AND
CHACTERIZTAION

Figure 7 presents a general tunnel diode oscillator design
topology, where a low DC bias voltage around 200 mV is used
to bias the tunnel diode to achieve an adequate negative
resistance required for the oscillator design. The resonant
frequency of the LC tank circuit sets the steady-state oscillation
frequency. The change of the sensing coil inductance value,
therefore, modulates the steady-state oscillation frequency. The
sensing coil also acts as a transmission antenna to wirelessly

transmit the oscillation signal, i.e. the sensor information, to a
nearby receiver.

sensing coil and metallic sensing plate in saline solution as
shown in Figure 10.

Fig. 7. Tunnel diode oscillator design topology.

A commercial silicon tunnel diode is employed for the
prototype oscillator design. Figure 8 presents the measured I-V
characteristics of the tunnel diode, achieving a negative
resistance of around –1500 Ω at the bias voltage of 200 mV.
The negative resistance is sufficient to compensate the loss of
the LC tank circuit mainly dominated by the loss of the sensing
coil, thus ensuring a reliable oscillation start up. It should be
noted that the tunnel diode dissipates a DC current of
approximately 200 µA at the bias voltage of 200 mV,
corresponding to an ultra-low power consumption of only 40
µW, which is critical for a deep implant with a highly
constrained power source.

Fig. 10. Oscillator output frequency shift over 50 µm gap size change.

The demonstrated sensitivity of approximately 15 KHz per
µm displacement closely matches the inductance sensitivity
reported in Figure 4. The oscillator frequency stability was
characterized over a period of 72 hours, exhibiting a peak-topeak variation of 3 KHz, corresponding a displacement
sensing resolution of 0.2 µm. Wireless telemetry performance
was also evaluated by employing a 10 mm-diameter receiver
coil attached to the input of a spectrum analyzer. Figure 11
shows the received RF power spectrum at 10 cm telemetry
distance, indicating an RF power of -118 dBm at 32.2 MHz
with a signal-to-noise ratio (SNR) of approximately 10 dB.
The demonstrated telemetry distance is sufficient for the
proposed deep implant application.

Fig. 8. I-V characteristics of tunnel diode.

A prototype tunnel diode oscillator was implemented to
achieve a nominal frequency of 28.4 MHz, close to the
designed frequency where the maximum Q occurs in saline
solution. Figure 9 presents the wirelessly measured oscillator
output power spectrum with an RF power of -67 dBm.

Fig. 11. Wirelessly received power spectrum at 10 cm telemetry distance.

IV.

Fig. 9. Measured oscillator output power spectrum.

The oscillator output frequency can be varied from 27.81 MHz
to 28.58 MHz over a 50 µm gap size change between the

INDUCTIVE SENSING FOR HYDROGEL-BASED SENSOR

The proposed inductive sensing method was characterized
with a hydrogel sample containing a metallic sensing plate on
top in DI water to demonstrate the detection of inductance
change and the resulting oscillator frequency variation as the
hydrogel volume swells. Figure 12 shows a photo of the
experimental setup. A 5 mm x 5 mm metallic sensing plate
with a thickness of 10 µm was first adhered to the surface of a
hydrogel slab, exhibiting a dimension of 8 mm x 8mm x 400
µm, by using a gel-bond film. The hydrogel slab was then

immersed in 1XPBS solution to reach an equilibrium,
followed by transferring the sample to a different testing
container.

low power tunnel diode oscillator achieves a nominal
frequency of approximately 28 MHz with a sensitivity of 15
KHz per um of hydrogel displacement while dissipating a DC
power of 40 µW. Frequency stability test indicates an
achievable displacement sensing resolution of 0.2 µm. The
demonstrated sensing performance is expected to enable the
realization of a deeply implantable hydrogel-based wireless
intraluminal glucose sensor.
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Fig. 12. Test setup for inductive sensing with hydrogel.

A 3 mm-diameter sensing coil was then positioned above the
hydrogel slab surface with a 100 µm air gap controlled by a
micro-manipulator. The coil is connected to the tunnel diode
oscillator electronics implemented on a PCB as shown in the
figure. At this point, DI water was added into the container to
immerse the hydrogel slab as well as the sensing coil. The
increased water content in the hydrogel causes a swelling of
the slab, thus reducing the gap size between the metallic
sensing plate and sensing coil, which results in a decreased
coil inductance value and an increased oscillation frequency.
Figure 13 presents the wirelessly measured oscillator power
spectrum over a 15-minute time period starting from the DI
water filling into the testing container. The frequency is
shifted from 28.37 MHz to 28.8 MHz over the 15-min time
duration. Correlating with the plot shown in Figure 4 indicates
the swelling of hydrogel slab by approximately 29 µm along
the vertical direction.
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