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Abstract—A denture implanted UHF RFID tag antenna is
proposed. The limitation on antenna size means that a low-loss
and compact antenna including matching circuit is necessary to
increase the tracking distance. To reduce the loss brought by
reflection, a partially exposed folded dipole antenna with gamma
matching is utilized. The denture implanted RFID tag is fabri-
cated by using materials utilized in the exact denture such as
metal wire and resin. Furthermore, the RFID operation prop-
erties of the denture implanted tag are evaluated by changing
the parameters of antenna structure. Based on the measurement
result, the new proposed structure reduce the reflection loss from
the mismatch between RFID chip and small antenna, which pro-
vides enough energy for communication. Also, this proposed
antenna structure provides a brand new idea for designing
antenna in medium.

Index Terms—RFID, denture, compact, low-loss, partially
exposed, HBEL, resin.

I. INTRODUCTION

IRELESS body area network (WBAN) devices [1]
Wincluding wearables and implants have gradually
become the main trend of biomedical electronic devices in the
current and future development because of its convenient use
and various functions. In order to care for the disabled elderly,
in recent years, many wearable devices such as hand ring have
been developed. However, due to the fact that wearable devices
are easy to be lost, and that the old people often feel sick with
the bondage brought by the wearable devices, it is very dif-
ficult to be used successfully in the practice. Therefore, in
this study, we are committed to implant the device into the
dentures, which most of the elderly need daily, with Radio
Frequency Identification (RFID) technology known as one of
wireless communication technologies [2]. The presence of the
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human body in close proximity to the RFID device creates
challenges in terms of antenna design. There are two main
tasks when designing such an implanted antenna. First, the
antenna size must be reduced to be implanted inside the human
body. Also, because the loss of the surrounding biological tis-
sues can not be ignored, the power can be used is limited.
In addition, the presence of passive RFID system will bring
round-trip transmission loss, which must be taken into account.

To deal with those problems occurred in the design of
implanted antennas, there have been several researches yet
now. Practical capsule endoscopes have been developed with
the built-in button battery to drive a CCD camera for taking
pictures of the inside body [3]. After all it was dangerous to
swallow a battery into the body, an inner-Layer capsule dipole
antenna for ingestible endoscope at 500 MHz is proposed [4].
The antenna was isolated from the external tissues with de-
ionized water. In this way, the dielectric loss due to the lossy
tissue was reduced. And because of the de-ionized water isola-
tion layer, the antenna was designed in much smaller geometry
size due to the high permittivity of the water. However, in
Li’s previous research [5], when shortening the length of the
antenna, the power transmission at the resonance frequency
decreased. Therefore, at UHF band the loss from such as
impedance matching need to be low enough, otherwise the
received power at the RFID chip may be too small to drive the
chip. In [6] sensors were implanted beneath the scalp which
acted as a part of BMI (Brain-Machine Interface) technology.
The whole system was composed of an implanted antenna
driving the electrodes and an on-body transmit antenna supply-
ing power to the implanted antenna. In our case, it is difficult
to stick an on-body transmit antenna outside the cheek. Also,
the implanted antenna and electrodes proposed in [6] are fully
in contact with the tissue and liquid in the skull, which brings
considerable loss. Finally in [7] a folded dipole implanted
antenna covered by full glass coating to reduce the loss from
the external tissue at 2.45 GHz was proposed. Due to the full
glass coating, the resonance frequency significantly changed
when the size of the glass coating varied. However, in our
application, the antenna design needs to be denture-tolerant.
Therefore, the variable denture size is necessary for differ-
ent customers while keeping a stable resonance frequency of
implanted antenna.

As mentioned above, all of those previous researches were
carried out in such environment with no strict limitation on
antenna size. However in our case, the antenna needs to be
designed in a limited volume. Therefore, an efficient and
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Fig. 1. Design of the UHF RFID tag antenna for implanted denture.

compact antenna is necessary for implanted RFID tag antenna.
The main problem to be solved is that, in order to reduce
power loss due to the small antenna structure, the conjugate
impedance matching between the antenna and RFID chip in
the body have to be realized. Traditionally, there are basically
two types of in-body antennas: antenna isolated from the tissue
and the one exposed to the tissue. For the isolated antenna, the
resistance is approximately zero so that it is hardly possible
to meet the impedance matching condition unless a lossless
matching circuit is utilized. And for totally exposed antenna,
although the resistance can be influenced by the medium, it is
challenging to reduce the power loss in the human body.

In this paper, an RFID tag antenna implanted in the denture
using UHF band is proposed. With those factors mentioned
above in mind, a partially exposed folded dipole antenna with
gamma matching is utilized. The folded structure reduces the
size of the antenna. And the exposure and the gamma matching
make the impedance easy to match with RFID chip impedance.
Also, the partially exposed antenna decreases the conduc-
tive loss from the contact with the lossy medium. Also the
proposed antenna is not sensitive to the change of denture size,
which means bulk production, low cost and low difficulty for
dental technicians.

To evaluate the antenna, the structure design using denture
materials and the results of RFID tag operation are presented.
In Section II, the antenna design is described. The differen-
tial mode S-parameter method [4] will be used for broadband
measurement of input impedance in surrounding biological
tissues equivalent liquid. The impedance measurement and
reflection coefficient calculation will be presented. Section III
describes the evaluation of denture implanted RFID tag. The
RFID tag with a RFID chip mounted on the prototype antenna
is manufactured experimentally. The tag performance by mea-
suring the received signal strength indication (RSSI) will be
presented.

II. ANTENNA DESIGN

With reference to Fig. 1, the design of partially exposed
dipole antenna for denture implanted UHF RFID tag antenna
is proposed. Folded dipole is the main part of the proposed
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Fig. 2. Impedance of exposed type, isolated type and partially exposed
antenna when placed in HBEL.

antenna. Gamma matching circuit is utilized to reduce the
power reflection due to mismatching. The antenna is placed in
acrylic resin block as denture mode with conductor partially
exposed to the surrounding tissue.

Fig. 2 shows the input impedance of three different implant
antennas with the same geometry, including the above men-
tioned two basic types and the proposed one. For the isolated
antenna, the resistance is approximately zero so that it is hardly
possible to meet the impedance matching condition unless a
lossless matching circuit is utilized. It can be observed that the
resistance of the exposed antenna and the partially exposed
antenna increase. As for the reason, the resonant frequency
decreases owing to the effect of high permittivity surrounding.
Concurrently, because of the wavelength shortening effect of
the surrounding tissue, the size of the exposed antenna can
be reduced so that it is possible to be implanted into denture.
However, the totally exposed antenna shows the characteristics
of high loss, because the antenna wire fully touches the lossy
surrounding tissues. Therefore, combining the merits of both
the isolated and fully exposed antenna, a partially exposed
structure is proposed, in which the antenna wire ends exposed
partially from its protecting lossless coating into the outside
lossy one. Compared to the isolated antenna, the fully and
partially exposed types are in contact with the lossy medium so
that there is a conductive current in the liquid which increases
the antenna resistance. It can be observed that the wavelength
can also be shortened by the influence of the external high per-
mittivity medium just by using the partially exposed structure.
Although it does bring additional loss due to the exposure, the
size reduction of the antenna will be more beneficial to cur-
rent denture antenna implantation application. Furthermore, as
shown in Fig. 3, the change of the denture volume, can hardly
affect the matching condition, which means that proposed
designed has the characteristic of denture-tolerant.

As seen from Fig. 4, the measurement model of designed
UHF band RFID tag antenna for denture implantation is
shown. For impedance matching, the dipole antenna with the
gamma matching structure is utilized, where both ends of the
gamma-matched dipole antenna partially reach out the den-
ture and contact with the lossy human tissue [8]. The antenna
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Fig. 4. Two structures used in different measurement (impedance evaluation
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conductor made of copper wire is fixed by inserting it into a
resin block with a volume 30(L) x 10(W) x 10(W) mm?. To
achieve the gamma matching, a shorted line (length [ variable,
distance with the dipole d = 6 mm is attached to the folded
dipole.

A jig structure shown in Fig. 4(a) is used. It is necessary
when measuring the input impedance of the designed antenna
by using the network analyzer, because it is impossible to eval-
uate the matching condition between RFID chip and antenna
after attaching the chip to the antenna. On the other hand,
when evaluating the performance of the designed RFID tag
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Fig. 6. Experimental setup for impedance measurement.

by measuring received signal strength indication (RSSI), the
structure shown in Fig. 4(b) should be used.

Due to impedance step-up theory [10], a lot of parameters
can affect the matching condition, such as the thickness of the
line and the distance between the short line and the dipole
antenna. In this article, only the length of the short line [ is
chosen as variable, which has relatively more space to adjust.

With the model proposed in Fig. 4(a), four kinds of trial
antennas with different length / were fabricated. In the exper-
iment, to realize the human tissue, SPEAG’s surrounding
biological tissues equivalent liquid (HBEL) with complex per-
mittivity and conductivity of muscle shown in Fig. 5 is utilized,
where the medium parameters are measured by the coaxial
probe method. The relative permittivity of acrylic resin used
as the coating to fix the antenna is also measured by the coaxial
probe method.

Fig. 6 shows the experiment setup. The RFID tag antenna
shown in Fig. 1 is placed in the center of a square cubic
acrylic case (150x150x150 mm?). As a phantom, SPEAG’s
human body equivalent liquid (HBEL) with complex permit-
tivity and conductivity of muscle (¢, = 58, o = 0.7 S/m,
@920MHz) is filled in the cubic case. In order to evaluate the
input impedance of the antenna over a wide band by the 2-port
VNA (Agilent E5071C), the differential mode S-parameter
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Fig. 7. Frequency characteristic of RFID chip Monza-4 impedance measured
by impedance analyzer.

method [5] is used. On the other hand, an impedance ana-
lyzer is used to measure the input impedance of the RFID chip
Monza 4 (Impinj) [9]. Because the size of the RFID chip is
very small, in order to lower the complexity of measurement,
when cutting out the chip from the RFID tag on the market,
a little bit of conductor line is reserved. The frequency char-
acteristic of the chip impedance is shown in Fig. 7. The chip
impedance at 920 MHz with the incident power of —20 dBm
is Z. = 8.8 —j131 Q. In this case, an antenna with small
resistance and large inductance is necessary.

Fig. 8(a) shows the frequency characteristics of the input
impedance when [ is varied from 10 mm to 22 mm. The anti-
resonance frequency and increased resistance are observed at
frequencies from 1 GHz to 1.5 GHz. Also, it can be observed
that, the antenna impedance Z, = 7.6 4+ j105 Q when the
length of shorted line / = 10 mm, and Z, = 27 4 j152 Q
when / = 14 mm. Fig. 8(b) shows the reflection coefficient
calculated according to the characteristic impedance Z. of the
RFID chip measured by an impedance analyzer. Obviously,
from this result, it is possible to obtain conjugate matching
at 920 MHz when the length of the shorted wire [ is around
12 mm.

However, the structure shown in Fig. 4 is not the most suit-
able one for denture use. The sharp exposure might hurt the
oral mucosa. Therefore, the results are simulated when the
sharp exposures are replaced by two square plates as shown
in Fig. 9. Fig. 10(a) shows the frequency characteristics of the
input impedance when [ is varied from 6 mm to 18 mm. And
Fig. 10(b) shows the reflection coefficient calculated accord-
ing to the characteristic impedance Z. of the RFID chip. It
can be seen that the inductance provided by the plate expo-
sure changes the impedance matching state with the RFID
chip. But it is possible to adjust the length of the shorted line
[ to achieve the impedance matching, just like that when the
sharp exposure structure is utilized.

Fig. 11 shows the frequency characteristics of the input
impedance and reflection coefficient with different area of the
exposed plate. It can be seen that bigger plate will provide
larger inductance to influence the matching condition. In this
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case, a capacitance is necessary which will increase the com-
plexity of the structure in the limited denture. Therefore, it
seems better just to flatten the exposed ends with as smaller
areas as possible.

IITI. EVALUATION OF DENTURE IMPLANTED RFID TAG

Impedance matching is not the only condition should be
satisfied, but also the transmission condition. The structure
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shown in Fig. 4(b) of the prototype implanted denture RFID
tag were fabricated for evaluation. The dipole antenna and the
shorten line are made of dental stainless steel wire (mainly
iron, chromium and nickel). Then denture implanted RFID tag
is manufactured by fixing the design antenna with the RFID
chip into the denture fixing material resin. The short-circuit
wire of the antenna conductor is welded to the folded dipole
using laser welding, a slit is cut at the feed part of the dipole
using a router, and the RFID chip is stripped from a commer-
cially available RFID tag including a little bit transmission
line attached.

Fig. 12 shows an experimental system for measuring
received signal strength indication (RSSI). Prototype den-
ture implanted RFID tag is placed in a cubic acrylic case
(150x150x150 mm?) filled with HBEL at a distance of d; =
20 mm from the surface, and a folded dipole antenna with a
hybrid is used as the receiving antenna for the reader/writer
with the distance d), from the surface. This is based on the
assumption that the cheek thickness is about 20 mm and that
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a hand-held reader/writer is placed near the cheek. As for the
reader/writer, JIS U524R 4CH UHF Multi-Scanner by Japan
Information System is utilized.

In order to confirm the validity of the design for the length
[, the RSSI is measured when [ varies from 9 mm to 15 mm.
Fig. 13 shows the RSSI when d; = 20 mm. In the vicinity
of I = 13 mm, RSSI is large enough and the best response
is obtained. It can be concluded that the conjugate impedance
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matching condition is established near / = 13 mm, and this
value almost coincides with the design value / = 12 mm
obtained in Section IIl. With the suitable design length of I,
when the folded dipole is chosen as the reader/writer antenna,
a response distance of around 90 mm can be obtained. Other
reader/writer antennas with higher gain can be used to increase
the response distance, since it is difficult to decrease the loss
of the human tissue.

In addition, from Fig. 13, it can be observed that, when [ var-
ied, the response at the reader/writer is always interrupted once
the RSSI reaches about —55 dBm. Clearly, it can be concluded
that the sensitivity of the RFID chip made the interruption. The
RFID chip used in this case is Impinj’s Monza4. According
to the data sheet of Monza4, its sensitivity is —17.4 dBm.
Then the one-way propagation loss is 37.6 dB, so the round
trip one is 75.2 dB. Therefore, the required reader/writer input
power in this case should be 20.2 dBm. Considering the mis-
match loss and the signal processing loss, it is possible that
the response will be interrupted when RSSI is near —55 dBm,
for the experimental input power is about 30 dBm. In order to
obtain a larger response distance, an easy and direct method
is to use a RFID chip with higher sensitivity.

IV. CONCLUSION

An RFID tag antenna implanted in the denture using UHF
band was proposed. As for the antenna design, a partially
exposed folded dipole antenna with gamma matching was uti-
lized. The folded structure reduced the size of the antenna. And
the exposure and the gamma matching made the impedance
easy to match with RFID chip impedance. Also, the par-
tially exposed antenna decreased the conductive loss from the
contact with the lossy medium which made the antenna effi-
cient. Concurrently, proposed partially exposed folded dipole
antenna had the characteristic of denture-tolerant to meet
the requirement from different user. In conclusion, it was
found that the proposed structure provided the possibility on
designing a low-loss and compact implanted antenna.
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