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ABSTRACT Miniaturized helix antennas are integrated with drug reservoirs to function as RFID wireless
tag sensors for real-time drug dosage monitoring. The general design procedure of this type of biomedical
antenna sensors is proposed based on electromagnetic theory and finite element simulation. A cost effective
fabrication process is utilized to encapsulate the antenna sensor within a biocompatible package layer using
PDMS material, and at the same time form a drug storage or drug delivery unit inside the sensor. The
in vitro experiment on two prototypes of antenna sensor-drug reservoir assembly have shown the ability
to monitor the drug dosage by tracking antenna resonant frequency shift from 2.4–2.5-GHz ISM band with
realized sensitivity of 1.27 µl/MHz for transdermal drug delivery monitoring and 2.76-µl/MHz sensitivity
for implanted drug delivery monitoring.

INDEX TERMS Drug delivery system, medical implants, wireless sensor, electrically small antenna, helix
antenna, RFID.

I. INTRODUCTION
Driven by the rise of micro and nano technologies,
controlled rate and micro-patterned drug deliveries have
been playing major roles to overcome the limitations of
conventional burst-release dosage forms [1]. Instead of inject-
ing drugs at the maximum tolerable dose (MTD) once in
a treatment period, contemporary drug delivery paradigms
maintain the constant release and administer it within some
desired therapeutic range, providing minimized side effects
and increased therapeutic efficacy [2], [3]. Drug delivery
systems may have different control mechanisms [2]–[7],
but no matter what control mechanism is adopted, drug
dosage monitoring is crucial to provide feedback as well as
prevent unexpected in-vivo fluctuation and leakage. In addi-
tion, dosage monitoring will also benefit the RFID (Radio
Frequency Identification) platform enabled personalized
medical tracking and chronic disease management.

During the past decade, various drug delivery
monitoring technologies have been developed such as photoa-
coustic tomography [8], electron paramagnetic resonance [9],

and fluorescence based imaging [10]. Even though the size
and cost of drug delivery system are continuously going
down, most of the existing monitoring methods still involve
bulky equipments and expensive test process. In this paper
we propose a cost effective wireless drug dosage monitoring
approach utilizing an RFID tag helix antenna sensor encap-
sulated within biocompatible package as a fully-assembled
drug storage and delivery unit.
The concept of the wireless drug dosage monitoring sys-

tem is shown in Fig. 1. With properly designed and cus-
tomized antenna sensors, the drug volume inside transdermal
drug delivery devices (for example, MiniMedTM insulin
pump [11], Empi Action PatchTM [12]) or implanted drug
delivery devices (for example, SmartPillTM [13], Philips
iPillTM [14] andMicroCHIPSTM [15]), can be tracked in real-
time. The external control and monitoring unit can be any
RFID reader embedded portable device, like tablet and smart
phone. This would be a major attractive feature of the sensor
as it potentially makes up some important part of the nodes in
a wireless health network [16].
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FIGURE 1. Illustration of the proposed real time drug delivery monitoring
system. Utilizing the antenna drug dosage sensors, a smart phone can
track the drug volume in multiple drug delivery devices.

The remainder of this paper is organized as follows:
In Section II, the electromagnetic theory is developed to
explain the antenna sensing mechanism. The simulation pro-
cedure and design consideration of the sensor is carried out
in Section III. Section IV is dedicated to fabrication process
of the antenna sensor-biocompatible packaging assembly.
Section V contains the in-vitro test setup and experimental
results for the finalized design. Section VI proposes a tag
circuit block diagram for the antenna sensor. Section VII
concludes this work.

II. ELECTROMAGNETIC THEORY OF DIELECTRIC LOADED
HELIX ANTENNA SENSOR
A helix antenna wrapped around a core of dielectric material
is called a dielectric-loaded helix antenna [17]. Different core
materials with different effective permittivities will affect the
radiation properties of the antenna. For liquids like water,
body fluids and liquid drugs, the relative permittivity is high,
usually at 60–80 range at RF andmicrowave frequencies [18];
by contrast, solid-state organic powders have much lower
relative permittivity at the range of 1–5. With the same helix
antenna, when the core are loaded with liquids, the reso-
nant frequency of the antenna is lower than when air or
powders are filled in. As shown in Fig. 1, for transdermal
drug deliveries [5], since the drugs are in liquid state (large
permittivity ε), the antenna resonant frequency will shift up
as the drug releases. For implanted drug deliveries [2], [3], the
initial state is full of powders (small ε). As the drug releases,
body fluids (large ε) will fill in, and the resonant frequency
will shift down.

During drug delivery process, whether it is liquid-air
exchange or powder-liquid exchange, there is a large con-
trast of permittivity between the exchanging materials. The
dielectric-loaded antenna itself can be considered as a cavity
resonator. For an ideal helix antenna with a large number

of turns, when the interface between the high ε material
(liquid) and the low ε material (air or powder) shifts, its
resonant frequency change can be analyzed by perturbation
theory [17].
Suppose a small shape perturbation 1V is applied to a

dielectric resonator V0 resonating at f0, the resulting resonant
frequency f will satisfy [19]:

f − f0
f0
=

∫
1V (µ‖

−→
H0‖

2
− ε‖
−→
E0‖2) dv∫

V0
(µ‖
−→
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, (1)

where ε and µ are the relative permittivity and permeability
of the liquid material loaded inside the helix antenna. In addi-
tion, the electromagnetic field inside a helix coil is intense and
almost constant along the cylinder direction z, namely
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Then when liquid level shifts from h0 to h, we have
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Equation (3) is valid for electrically small helix antennas
with large number of helix turns, inside which the inner field
distribution is almost uniform [20]. From (3), we know that
the resonant frequency shift will be linearly dependent on the
liquid surface level shift. In practice, however, the core inside
the dielectric-loaded helix is not a perfect cavity resonator,
and when the number of turn is not very large the electric field
along the cylinder won’t be uniform. Therefore, perturbation
theory can only conceptually predict the variation of reso-
nant frequency with respect to the filling ratio of dielectric
core. Accurate and reliable antenna sensor design needs to
be evaluated by full-wave electromagnetic simulation and
experimental validation.

III. ANTENNA SENSOR DESIGN THROUGH FEM
SIMULATION
The radiation properties of the tag helix antenna sensor are
simulated using Ansoft High Frequency Simulation Structure
(HFSS), an electromagnetic simulation software based on the
finite element method (FEM) [21]. In the model for our initial
design, as shown in Fig. 2(a), the helix antenna is simply
wrapped around a teflon cylinder (ε = 2.1) reservoir without
any packaging layer (which will be discussed in section IV).
The reservoir is filled in with liquid similar to water (ε = 78
at room temperature, accurate enough for low concentration
drug solutions), and the antenna resonant frequencies will
shift when the liquid dosage changes, as shown in Fig. 2(b).
A cylindrical helix antenna is defined by its radius, number

of turns and pitch gap (or pitch angle) between adjacent
turns. Normally the radius variation can be easily represented
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FIGURE 2. A simulation-experiment comparison to validate the initial
setup: (a). The antenna sensor in the HFSS simulation interface;
(b). The simulated and measured return loss of the antenna sensor
at full state (loaded with liquid drugs) against empty state.

by scaling, so the impact of three other helix parameters
on antenna sensor performance is investigated here through
HFSS simulation. The results are in terms of sensitivity
curves showing the resonant frequencies under 0%–100%
normalized drug dosage levels which is included in Fig. 3.
Fig. 3(a) shows the sensitivity curves of an antenna sensor
with 2.5mm pitch gap and varying number of turns. As the
number of turns increases, the whole curve moves down-
ward to lower frequencies. Whereas in Fig. 3(b), the whole
curve moves upward to higher frequencies as the pitch gap
increases. Such result can be explained by modeling the helix
as a solenoid coil. Hence the performance of the antenna
sensor can be properly adjusted by changing its number of
turns and pitch gap.

FIGURE 3. Simulation of the sensitivity curves of the helix antenna sensor
with different design parameters: (a). Tuning number of turns.
(b). Tuning pitch gap. (c). Tuning the helix position along the reservoir.
(d). The influence of antenna sensor orientation.

It is important to point out that when the number of turns
or the pitch gap is large enough to make the helix antenna
cover the whole cylinder body, the sensor is mostly lin-
ear in the middle range, but globally it is not linear, due
to the reason that has been discussed in Section II. When
the helix antenna is not long enough to cover the cylinder

completely, the relative position of the antenna is critical to
optimize the sensor performance. Fig. 3(c) shows the simula-
tion result of an antenna that only covers half of the cylinder,
and is placed at three different spots alongside the cylinder.
It can be seen that the antenna sensor is much less sensitive
when the liquid-air interface is out of the helix coil covered
region.
Another interesting fact is that, under certain scenarios,

the drug container may be placed at different angles, and
the impact of the helix orientation must be identified. The
sensitivity curves of a long helix antenna covering the whole
cylinder placed at different orientations is shown in Fig. 3(d).
In this simulation, the liquid-air interface is set to be hori-
zontal, vertical and 45 degree against the ground. The dif-
ferences among the curves indicate that the antennas are
vulnerable to rotation, with an error up to 25%. So it is
important to also take the placement angle of antenna into
consideration.
The general design goal is to maximize the sensitivity and

linearity across the band of interest, therefore the challenge is
to ensure the antenna resonant frequency shifts within certain
range when the drug dosage varies from 0%–100% of the
volume of the drug reservoir. Drug reservoirs with different
sizes and geometries require customized antenna sensors for
optimized drug dosage monitoring performance, so there is
no universal design. However, through parameter tuning as
shown in Fig. 3 plus some scaling method (for example, scale
the antenna sensor by a factor of 0.5 will double the reso-
nant frequencies from around 1 GHz to around 2 GHz) can
quickly achieve desired sensor performances. In our initial
design, the antenna has 4.5mm radius and 3 helix turns with
2.5mm pitch gap between the adjacent turns, as shown in
Fig. 2(a). Such initial design is validated by experimental
tests, for which the detailed measurement procedure will be
included in section V. Comparison between the simulation
of the antenna return loss (S11) and the tested return loss is
shown in Fig. 2(b). Two resonances can be observed, one
is around 2.35 GHz, the other is around 3.4 GHz when the
reservoir is empty. After the cylinder is filled in with liquid,
the two resonant frequencies shift to 2.0 GHz and 3.0 GHz,
respectively. It can be seen that for the initial model, the
simulation result matches the measurement result well at
both resonant frequencies, showing similar patterns of S11
profile and resonance shift after the material changes inside
the reservoir. However, in practice, when the metal wire is
buried inside the package layer, the HFSS simulation can no
longer predict the actual sensor performance very accurately
and there requires some empirical tuning. When the antenna
size is downsized to electrically small region, the radiation
efficiency and directivity are typically low. The simulated
radiation efficiency for the initial design is 58.7% and direc-
tivity is 1.838 dBi at resonance. This work does not focus
on electrically small antenna optimization, rather we aim to
design the antenna as a good sensor with acceptable antenna
performance, as there are tradeoffs between the two design
directions.
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IV. LOW COST FABRICATION OF ANTENNA SENSORS
A. ANTENNA FABRICATION
The miniaturized 3-dimensional antennas can be fabricated
using different techniques, for example, laser printing [22]
and molding process [23]. In this work, we use molding
process for the antenna sensor demonstration. First, a mold
with the designed geometrical parameters is fabricated using
the selective laser sintering (SLS) machine, then copper wire
antennas can be duplicated out from the mold [23]. Due to the
special structure of helix antenna, sometimes standard screws
with proper parameters can be directly used as the mold
to make the miniaturized helix antenna. Here we use wire
antenna for demonstrative purpose, for printed antenna the
cost of manufacturing can be even lower for mass production.

B. PACKAGE-ANTENNA ASSEMBLY
The antenna can be assembled on the package of a medical
implant or a drug delivery unit [23]. The larger volume an
electrically small antenna occupies, the higher bandwidth it
will have in general. For any implanted electronic device, it is
beneficial to have a three-dimensional antenna placed around
the implant package in order to provide higher bandwidth for
the antenna, in contrast of having a two dimensional planar
antenna placed inside the package. Especially for implanted
drug delivery devices, an antenna-package assembly design
can also save a significant portion of the device volume
for the drug reservoir and RFID drug delivery control unit,
thus extending the effective time span of the drug delivery
implant.

In this demonstration, we utilize a package-antenna assem-
bly configuration in which the antenna and any tag ICs are
embedded inside the package layer. For implanted drug deliv-
ery usually a biocompatible packaging material is required
in order to prevent metal leaching into the body. In the
antenna sensor demonstration, copper wire antenna and Poly-
dimethylsiloxane (PDMS) package are used for the antenna-
package assembly. PDMS is a Si based organic polymer
widely used in micro fabrication and device encapsulation.
Its bio-compatibility, high chemical inertness, as long as its
mechanical property – flexible, but sturdy enough to tolerate
bending across macroscopic scales, make it a very suitable
and safe material [24]. Even for the transdermal drug deliv-
ery where the device is attached to the skin and there is
less space restriction and less bio-safety consideration, the
antenna-PDMS packaging assembly is still an advantageous
solution.

C. PDMS PACKAGING PROCESS
The fabrication process of the antenna-package assembly is
shown in Fig. 4. First the helix antenna feed tip is fixed at
the top of a reservoir mold in order to stabilize the antenna,
allowing the helix wire winding around the cylinder part of
the reservoir mold without touching the mold. As shown from
Fig. 4(a) and (b), the reservoir mold along with the wire
antenna is then placed into a package mold filled in with

FIGURE 4. The fabrication process of the antenna-package assembly.

PDMS mixture liquids (ten parts PDMS base and one part
curing agent). The whole set is then kept in a desiccator for
one hour to eliminate all the trapped air bubbles, followed by
40mins curing in a 125 ◦C oven. After the PDMS is solidified
and cross linked, the package mold can be released as shown
in Fig. 4(c). The device was cooled down at −5 ◦C in the
refrigerator, in order to take off the reservoir mold. When
both molds have been taken off as shown in Fig. 4(d), the
final step for the demonstrative device is to drill some holes
at the bottom as outlets for the drugs, as shown in Fig. 4(e).
Examples of two fabricated antenna sensors with different
reservoir capacities and antenna parameters are shown in
Fig. 5. The antenna sensor at the left has 4.9mm radius,
11 turns and 1.5 mm pitch, with a 0.117 ml reservoir inside.

FIGURE 5. The manufactured antenna sensors with PDMS packaging.
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The helix antenna sensor at the right has 4.8mm radius, 8 turns
and 2.3 mm pitch gap, with a 0.221 ml reservoir inside.

D. DISCUSSION ON THE PACKAGE THICKNESS
The PDMS package layer also has impact on the performance
of the antenna sensor. Generally, thinner package layer is pre-
ferred in order to reduce the intrinsic loss of PDMS, though
a very thin layer raises the risk of package breakage and
exposing the antenna metal wire to the body. An optimized
thickness takes both wireless transmission power efficiency
and the bio-safety into account, and it is important to study
the role of package layer thickness in the whole sensor design.
HFSS simulation of an antenna sensor with the PDMS pack-
age layer is shown in Fig. 6. In Fig. 6(a), varying inner
radius leads to different sensitivity curves when the outer
radius is set to be 4.8mm. We can see that the inner radius
makes a noticeable difference when liquid drug dosage is
high; while from Fig. 6(b), it can be seen that the influence of
package outer radius on the sensor is minimal. Fig. 6(c) shows
the impact of the relative permittivity variation of PDMS
material on sensitivity curves, which only moves the curve
without effecting the local sensitivities. After the package
impacts have also been taken into consideration as part of the
sensor design parameter optimization, in our final devices, the
copper wire is fixed at 1mm in diameter and the package layer
thickness is chosen to be a variable from 1.5 mm to 2.5 mm
thickness range.

FIGURE 6. Simulation of the sensitivity curves of the helix antenna
sensor-PDMS package assembly under variant conditions: (a). The
influence of inner radius of the PDMS cylinder. (b). The influence of outer
radius of the PDMS cylinder. (c). The influence of relative permittivity of
the PDMS material. (d). The influence of metal ground plane size.

E. DISCUSSION ON THE GROUND PLANE SIZE EFFECT
For the helix antenna, an infinite ground plane is usually
assumed to be presented to make it a perfect monopole
type antenna. In practice for drug delivery devices there
is limited space to place the ground plane. In order to

examine the impact of finite ground plane, a simula-
tion study is shown in Fig. 6(d). We can see that with-
out ground plane the whole sensitivity curve will move
upward to higher frequencies. It can be also observed
that when the ground plane is larger than 80 mm by
80 mm, the sensitivity curve will be almost identical as the
one with infinite ground plane. For real products, a small
circular metal plane can be added at the bottom of the cylin-
der reservoir to adjust the antenna sensor performance. Our
demonstrative devices do not contain ground plane to simplify
the design and fabrication.

V. IN-VITRO EXPERIMENTS
A. EXPERIMENTAL SETUP
The in-vitro experiment to test the antenna sensor
performance is carried out using an Agilent E8361C
10MHz–67GHz PNA network analyzer connected with a
DC–40 GHz co-axial RF cable. The experimental setups
are different for transdermal drug delivery and implanted
drug delivery demonstrations. For transdermal drug delivery
it is air surrounded environment. In the demonstration, the
reservoir was initially empty and gradually filled in with
liquid drugs (5% glucose solution, with estimated ε = 78
very similar to water) from a syringe, as shown in Fig. 7(a).
This is the reverse process of releasing the liquid drugs
out of the reservoir, but because it is quasi-static process
the test results will represent the actual drug dosage level.
For implanted drug delivery it is body fluids surrounded

FIGURE 7. In-vitro experiment on the dosage monitoring sensor for
intradermal drug delivery applications: (a). The test equipments with for
an 7 turn helix antenna sensor with liquid drugs (5% glucose solution)
injected. (b). The measured sensitivity curve of the sensor.
(c). The measured return loss of the sensor with different
volumes of drugs filled in the reservoir.
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environment. Instead of real serum or blood, we use phos-
phate buffered saline (PBS) solution (with estimated ε = 70)
to mimic the body fluids. The device is tested inside PBS and
the reservoir is initially filled with drug powders (resveratrol,
with material ε = 4.3 while its powder state effective ε should
be much lower). Through the outlets, drug powders will
naturally diffuse into the PBS solution and at the same time
the incoming PBS solution will gradually replace the volume
inside the reservoir as shown in Fig. 8(a). In order to slow
down and control the diffusion rate, a simple filter is placed at
the outlet. This experiment only includes simple drug delivery
control but the test for the real time monitoring ability of the
helix antenna sensors are applicable for any advanced drug
delivery system.

FIGURE 8. In-vitro experiment on the dosage monitoring sensor for
implanted drug delivery applications: (a). The experimental setup for an
8 turn helix antenna sensor loaded with solid drugs (resveratrol powders)
inside a PBS solution surrounding environment. (b). The measured return
loss of the sensor before and after the drugs released in the PBS solution.

B. PRACTICAL DESIGN AND MEASUREMENT RESULTS
The simulation of Fig. 6 helps the antenna sensor design
with PDMS package, while our practical designs are achieved
through additional empirical adjustment. It is important to
comply with Federal Communications Commission (FCC)
regulations and only use the frequency bands that are
allocated for medical applications. In this paper, for
demonstration purpose, we target at the 2.4–2.5GHz ISM
band (the industrial, scientific and medical radio band).
One transdermal drug delivery monitoring sensor and
one implanted drug delivery monitoring sensor have been
realized.

During the in-vitro experiment the sensor performance is
more predictable in the air-surrounded environment than in
the fluid-surrounded environment. The effect of surrounding
liquid is difficult to be accurately represented in the simula-
tion. For the implanted drug delivery monitoring demonstra-
tion, even though factors like the shape of the beaker, have all
been included in the simulation, fine tuning of the feeding line
and antenna parameters is still necessary during experiment.
It can be expected that for in-vivo test and for real applications
inside human body, the implanted antenna sensor design will
be even more challenging.
The transdermal senors is a 4.9mm radius, 7-turn, 2.7mm

pitch gap helix with a 0.127 ml reservoir. It was designed
to resonate at 2.4 GHz as the initial full liquid state and
gradually shift up toward 2.5 GHz as the release process goes
on. The kr value [17] of the antenna is 0.51, so the antenna
is electrically small. The whole drug delivery procedure is a
quasi-static process and the actual drug dosage in the reservoir
is tractable throughout the experiment. The linearity of the
antenna sensor is noticeable from the sensitivity curve shown
in Fig. 7(b). Fig. 7(c) shows the measured S11 of the antenna
sensor at four different dosage levels. The measured −6dB
bandwidth of the antenna is 150MHz (6.25% relative band-
width) and sensitivity of the sensor is about 1.27µl/MHz.
The implanted sensor is a 4.8mm radius 8-turn 2.3mmpitch

gap helix antenna (kr value is 0.50, also electrically small
antenna) with a 0.221 ml reservoir, its picture is also shown
in the middle of Fig. 5. The measurement results show that
throughout the drug release the antenna resonance frequency
shifts from 2.5 GHz down to 2.41 GHz as illustrated in
Fig. 8(b). The measured −6dB bandwidth of the antenna
in the liquid surrounding environment is 110MHz (4.58%
relative bandwidth). The sensor linearity is not tested because
in the fluid environment the drug release is driven by natural
diffusion so that the actual drug dosage inside the reservoir
is hardly tractable during the release process. The average
sensitivity of this sensor for implanted drug delivery is about
2.76 µl/MHz.

VI. TRANSCEIVER AND WIRELESS COMMUNICATION
SYSTEM FOR THE ANTENNA SENSORS
In the in-vitro test described in the previous section, test
equipment like a network analyzer has been used for the
comprehensive measurement of the antenna sensor perfor-
mance. In practice, the complete system also need specif-
ically designed low cost RFID reader and tag circuits
integrated with the antenna sensor. Considering the fact
that most controllable drug delivery devices also require
some receiving antenna and receiver circuits for the drug
delivery control, in this section a RFID tag circuit archi-
tecture is proposed to combine the functionalities of drug
dosage monitoring transmitter and drug delivery control
receiver.
As shown in Fig. 9, the antenna sensor itself is also served

as a RFID tag antenna for the drug delivery control system.
The power management unit contains some wake-up circuit
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FIGURE 9. The proposed block diagram for the RFID tag circuits
integrated with antenna sensor and drug delivery control.

to turn on the tag if it has a battery, or some energy harvesting
circuit if it is completely relying on external power source.
After the tag gets turned on, like any standard RFID sys-
tem [25], the reader first sends some commends to identify
the tag in which the identification information is stored in
the state machine or memory unit. The central digital logic
in the tag will then follow and generate some reply sig-
nal, which will be modulated and sent back to the reader
through the helix antenna. During the next step, the reader
will send commend to the tag to start monitoring the drug
dosage level inside the tag drug capsule, and it will enable
the frequency synthesizer to sweep the frequencies within the
band of interest. The reader will then compare the received
power at those frequencies and determine the tag antenna
resonant frequency, which represents the drug dosage level.
The detailed frequency synthesizer circuitry and sensor deci-
sion mechanism can be varied depends on the application
precision requirements. The reader can also send commends
to control the drug delivery process as the control unit is
integrated.

As both drug control unit and frequency synthesizer
in the tag will be power consuming, comparing to gen-
eral purpose RFID tags, the power budget for the RFID
tag sensor/controller is more challenging. The state-of-art
miniaturized battery technology, wireless powering technol-
ogy, and ambient energy harvesting technology will help
resolve such challenge and push the RFID drug delivery
monitoring/control tag into practice. The detailed circuit
level design and test of the RFID sensor tag is still in
progress.

VII. CONCLUSION
This paper proposed the concept of using RFID tag helix
antenna as a wireless sensor to directly track the drug dosage
inside a reservoir integrated with the antenna sensor. The
sensor was designed based on cavity resonator perturbation
theory and electromagnetic simulation using HFSS, fabri-
cated with the PDMS packaged drug reservoir by utilizing
a low cost molding process with the help of selective laser
sintering, and tested in-vitro using a Agilent PNA network
analyzer. The measurement results have shown high sensitiv-
ity and good linearity. Tag circuit block diagram is also specif-
ically designed to be integrated with the antenna sensor and
some drug delivery control unit. Such tag sensor/controller

can be used as a multifunctional node in the wireless health
networks.
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