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In this paper, we present the development of an inductively coupled mini RFID transponder using MEMS technology for implantable
wireless sensor applications. The transponder (approximately 25 mm?® in volume) consists of a small solenoid inductor with a high-per-
meability magnetic core (dia. = 750 pm), a chip capacitor and a RFID chip. They are integrated onto a micromachined SU8 polymer
substrate and it is operated in the frequency range of 13.56—27 MHz. Voltages up to 4 V were obtained at a small 0.5 H transponder
coil from a 2.2-yH reader coil at 5 mm distance based on a resonant magnetic coupling mechanism. The assembled transponder was
tested using a commercial RFID reader at 13.56 MHz and successful communication was established at a distance of 10 mm.

Index Terms—Implantable, MEMS, RFID, sensor, transponder.

I. INTRODUCTION

ADIO frequency identification, or RFID technology,
Rhas seen extensive deployment in manufacturing, asset
tracking, and public transportation. Implantable RFID tag
(transponder) has been used for live stock tracking for many
years. Recent development in this technology for different med-
ical applications such as linking the patient to key drugs, patient
identification, and health information has evoked enormous
interests [1]. The wireless data transmission between the mon-
itoring device (sensor) and the data capturing device (reader)
offers the advantage in eliminating the need of wires or direct
contact, which makes it suitable for implantable purposes.

In an inductively coupled RFID system, as both data and
power can be exchanged through the mutually coupled mag-
netic field between the reader and the transponder coils, elim-
ination of the transponder’s power source suggests that it can
be built very small in size and work reliably based on the cou-
pled energy from an external source for an extended period of
time. As the demand towards smaller implantable device grows,
MEMS (micro-electro mechanical system) technology could be
a strong candidate for integrating miniaturized mechanical com-
ponents and electronics to construct a complete transponder in
submillimeter scale. In this study, we present the development of
a MEMS-based, inductively powered transponder in millimeter
scale operate at 13.56-27 MHz which uses a small, low induc-
tance solenoid inductor as its coupling element. The ultimate
objective is to build a transponder in submillimeter scale in-
tegratable with an already developed micro neuron sensor im-
planted in subcutaneous level (depth <5 mm) to function as a
backscatter-based implanted wireless sensor.

Our study is divided into two sections. HFSS® (Ansoft Corp.,
Pittsburgh, PA) high-frequency simulation software is first de-
ployed to figure out an adequate reader-transponder coil layout
in creating an optimal magnetic coupling in order to maximize
the induced voltage (vr) at the micro transponder coil. In the
second part of this paper, a millimeter scale transponder is de-
veloped based on a micromachined plastic package at this stage
as a demonstration and test bed for the future micro transponder.
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Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

II. COMPUTER SIMULATION ON MAGNETIC COUPLING

Theoretically, the induced voltage (vr) at the transponder
coil through the time-varying magnetic field from the reader coil
can be determined as [2]
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where w is the working frequency in radian/s; Ly and Lg rep-
resent the transponder and the reader coil inductance, respec-
tively. k denotes the coupling coefficient between the two coils,
and 7 denotes the current flow in the reader coil. Rt is the se-
ries resistance of the transponder coil at the working frequency.
Ry and C7p depict the load resistance (transponder chip) and
the matching capacitance in making the parallel resonant cir-
cuit, respectively. From the formula, enhancement in mutual in-
ductance (k - /Lt Lg) is highly desirable in obtaining higher
coupled voltage at a given frequency and input reader transmis-
sion power level; as current in the reader coil can be found as
the input power P, and the reader coil series resistance Rs as

A. Effect of Transponder Coil Core’s Relative Permeability

ey

High-quality magnetic core can be deployed in a micro
inductor to improve its inductance [3] and subsequently, the
magnetic coupling between the coils in an inductively powered
RFID system. In simulation, a 20-turn micro solenoid coil with
a square core dimension of 200 ym x 200 pum, and a length of
approximately 500 pm is designed to be the transponder coil.
The circular magnetic core contained has a diameter (d) of
180 pm and also a length (1) of 500 pm. The 10-turn solenoid
type reader coil has a mean radius of 7 mm and a simulated
inductance of 2.2 yH. In simulation, relative permeability ()
from 1 (air core) to 2000 are applied to the core material. The
coupling coefficient (k) and transponder coil inductance (Ls2)
are plotted in Fig. 1. Higher core permeability effectively im-
proves both the inductance and the coupling at the beginning.
The growing rates for the two parameters, however, decrease
as the core’s p, goes higher and become nearly constant be-
yond the point where y,, = 500. The primary reasons can be
contributed to the core dimension in nature and its geometry
(I:d = 278:1). According to [4], the effective permeability
of a magnetic core is deeply influenced by its length to diam-
eter ratio. Therefore, at a give diameter, longer core will be
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Fig. 1. Simulation result of coupling coefficient (k) and transponder coil in-
ductance (Ls2) as a function of the transponder coil’s core relative permeability
(pr) at a vertical distance of 5 mm. The growing rate for both quantities be-
comes lower for the core permeability higher than 100.
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Fig. 2. Simulation result on coupling coefficient (k) as a function of vertical
distance for both solenoid and planar spiral reader coil designs. Planar spiral
reader coil produces stronger coupling than that of the solenoid design at the
same distance; the difference is more significant at shorter range.

more efficient in enhancing a coil’s inductance. In our study,
longer core is not applicable due to geometrical restriction.
This finding indicates that magnetic core material with very
high permeability is not necessary to enhance the inductor
performance; which is beneficial as such materials usually
experience heavier loss as the operating frequency increases.

B. Effect of the Reader Coil Design

Since the transponder coil’s length and diameter is limited by
its implantable nature, the design of the reader coil plays a very
important role in influencing the magnetic coupling. According

to Biot-Sarvart Law

pol a?

5 (a2+d2)3/22 2)
where a and d denote the coil radius and vertical distance, re-
spectively; the optimal a for creating the strongest B field along
the coil center axis can be determined at a given d. In our case
the optimal reader coil radius is found to be around 7 to 8 mm
at the interested distance of 5 mm. In an effort to improve the
magnetic coupling, a planar spiral type reader coil has been im-
plemented and the simulation results on & and Lss are plotted
in Fig. 2 as a function of vertical distance in comparison with
the solenoid type reader coil. In simulation, both reader coil de-
signs have the same mean radius and are wound with copper
wire 300 pm in diameter and having 100 pm spacing between
adjacent turns. The 10-turn spiral coil has a simulated induc-
tance of 2.1 pH, which is similar to that of the 10-turn solenoid
coil. The transponder coil in this simulation lies coaxially to the
reader coil and has the same geometry described in section A. It
also contains a magnetic core which has a relative permeability
of 125; a diameter of 180 yum and a length of 500 pm.

The plot clearly shows that the planar spiral reader coil has
a stronger coupling with the transponder coil than that of the
solenoid design at the same distance. The difference becomes

Bp =
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Fig.3. Simulation results show the effects of transponder coil’s rotational angle
and position with respect to reader coil in coupling coefficient k. (a) At 5-mm
distance along the reader coil’s center axis, k drops quickly as the rotational
angle increases and reaches the minimum at 90°; and (b) stronger coupling
(higher k) can be approached by shifting the transponder coil horizontally to
near reader coil’s edge at a 90° rotation angle.

smaller as the distance increases. This is understood since the
coil radius is optimized only for the 5 mm distance. Therefore,
more concentrated B field can be expected at the same point
by arranging all the reader conductor loops into one plane. As
a result, stronger magnetic coupling and consequently higher
transponder voltage can be achieved.

C. Effect of the Transponder Coil’s Orientation

The coupling can be considered at its peak when two coils
are placed in a coaxial configuration; and it would drop once
a coil’s orientation angle starts to change with respect to an-
other. It is our interest to find out how the orientation angle of the
transponder coil would affect the magnetic coupling; and how
the transponder should be deployed if the two coils are lying per-
pendicular to each other to maintain an adequate coupling level.
Since for our application, the transponder coil is unlikely to re-
main in a perfect coaxial alignment with the reader coil after im-
plantation. From simulation plots, substantial drop in coupling
coefficient can be observed as the transponder coil orientation
angle with respect to the reader coil increases from 0° (coaxial)
to 90° (perpendicular) at a 5 mm vertical distance, as shown in
Fig. 3(a).

The difference in k£ is minor between spiral and sole-
noid reader coil designs in this case since mathematically,
the common magnetic flux area between the reader and the
transponder coils is 0. However, due to the nature of the
bending flux lines, this situation can be improved by shifting
the transponder coil away from the center to (or near) the edge
of the reader coil. In Fig. 3(b), more simulations show that for
a transponder coil which is perpendicular to the reader coil, it
experiences stronger coupling as it moves towards the reader
coil’s conductor loops and the coupling peaks once it is near the
top of the conductor loops. The coupling then drops again as
the transponder continues moving further away from the reader
coil. Therefore, a transponder should be deployed along the
reader coil center axis if they are in a coaxial arrangement. And
it should be placed near the top of the reader coil’s conductor
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Fig. 4. Completed millimeter scale transponders built on micromachined
SU8 plastic package which is measured 8 mm X 3 mm in dimension. (a) A
transponder that deploys a 2.2-.H solenoid inductor as its coupling element;
the inductor has a core diameter of 750 pm and a length of 8 mm; and (b) New
transponder that has a 0.5-¢H inductor as its coupling element; the inductor
has a core diameter of 750 g#m and a length of 3 mm.

loop if it is perpendicular to the reader coil in order to maintain
an adequate coupling.

III. DEVICE DEMONSTRATION AND EXPERIMENTAL RESULTS

In order to demonstrate the micro transponder concept, a mil-
limeter scale transponder is built on a micromachined plastic
package as a test bed at this stage. The 20-turn, 2.0 xH mini
transponder coil used in this experiment contains a commer-
cially available magnetic core which is 750 pm in diameter and
8 mm in length; and holds a p, of 125. The mini coil is first
attached to a micromachined plastic packaging substrate made
of SUS photo resist (Microchem Inc., Newotn, MA) by conduc-
tive epoxy. A chip capacitor is then wire bonded to the same
substrate in parallel connection with the mini coil to form a LC
resonant circuit. The capacitance value is picked so that the par-
allel LC circuit would resonate at the same operating frequency
of 13.56 MHz as the reader resonant circuit. The actual resonant
frequency of the circuit is examined by using a HP8756 scalar
network analyzer (SNA) and a HP8350B frequency sweeper os-
cillator. Finally, a commercial RFID chip is assembled to the
plastic substrate by wire bonding to complete the transponder.
The finished device is shown in Fig. 4(a). The overall dimension
of the device is measured approximately 8 mm X 3 mm.

In order to measure the coupled voltage vy, a 10-turn planar
coil with mean radius of 7 mm and a measured inductance of
2.2 uH is first connected to the SNA as the reader coil. The
millimeter scale transponder is held to the reader coil coaxi-
ally at an approximate distance of 5 mm. The induced voltage
at transponder coil is measured by an oscilloscope as a function
of SNA’s input power and the test data is plotted in Fig. 5 (blue
line). The same experimental set up is also simulated in HFSS
and the computed vr based on the simulated coupling coeffi-
cient is also plotted in Fig. 5 (purple line).

The discrepancy between the computed and the measured
values could be caused by several factors. First of all, the
distance between the transponder and the reader coil could be
slightly larger than 5 mm during the experiment and distance
is one of the most important factors affecting the coupling.
Second, not all the losses were taken into consideration during
simulation and thus affecting the accuracy of the output.
Overall, the simulation data provides a reasonable match to the
measurement results.

The assembled transponder in Fig. 4(a) is tested by a commer-
cial RFID reader at 13.56 MHz and successful data transmission
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Fig. 5. Calculated and measured inductively induced voltage (vr) for the
assembled transponder shown in Fig. 4(a) as a function of the reader coil’s
input power at a working frequency of 13.56 MHz and a distance of 5 mm; the
transponder and the reader coils are in a co-axial arrangement.

is established at approximately 10-mm range. New transponder,
which utilizes an even smaller coil as the coupling element, as
shown in Fig. 4(b), is designed to operate at a much higher fre-
quency of 27 MHz. A maximum vz of nearly 4 V is achieved
on oscilloscope when it is positioned coaxially with the reader
coil at 5 mm, with SNA’s input power at 65 mW.

IV. CONCLUSION AND FUTURE WORKS

In this paper, a study on an inductively coupled, MEMS-based
micro RFID transponder for potential implantable sensor appli-
cation and an experimental demonstration of millimeter scale
micromachined RFID have been carried out. Based on simula-
tion results, it was found that improvement in inductance drops
sharply as p,- becomes higher than 125 for the given micro coil’s
core geometry. It was also found that the planar spiral shape
reader coil provides better coupling than solenoid reader coil
with equivalent dimension and inductance at the same distance.
If the transponder coil is placed perpendicular to the reader coil,
the coil must be placed near the top of the reader coil to en-
hance the coupling. Millimeter scale transponders have been re-
alized on a micromachined SUS plastic package and character-
ized. Successful data transmission between the millimeter scale
transponder and a commercially available RFID reader has been
demonstrated at the frequency of 13.56 MHz and a distance of
10 mm. In addition, a millimeter scale micromachined RFID
(< 25 mm?>) with a small inductor (0.5 ;:H) showed a maximum
coupled vz up to 4 V at 27 MHz with and 65 mW RF power.
Experimental verification of the micro RFID (< 6 mm?) work
is currently under way.
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