
26  July/August 20131527-3342/13/$31.00©2013IEEE

Digital Object Identifier 10.1109/MMM.2013.2259391
Date of publication: 11 July 2013

FO
CUSED 

ISSUE FE
ATU

RE

RFID Tags for 
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Environments   

I
n the rapidly evolving world of innovations and development, there is a 
growing need to have efficient and reliable communication systems. Wire-
less communication has gained great importance in recent years [1]. It has 
enabled the development of new wireless technologies such as auto-identifi-
cation, mobile communications, global positioning, satellite, and other digi-

tal communication systems for various walks of life [2]. One of the most distinct 
parts of a wireless device is its radio unit or transmit/receive unit. The antenna 
in a radio unit plays an important role in achieving a high-performance wireless 
system. There are several design challenges and environmental factors that limit 
and affect the performance of an antenna and hence the performance of a com-
munication system [3], [4]. Advanced new techniques are required to improve the 
performance and reliability of communications systems.

The use of RF in modern electronics has created numerous new frontiers and 
has led to the development of several technologies throughout the world of elec-
tronics in order to communicate and sense objects wirelessly. One technology uti-
lizing RFs, known as RF identification (RFID), has received great attention in recent 
years. An RFID system is composed of two main components, a tag and a reader. 
The reader device is connected with a data processing system and a reader antenna. 
The tag usually consists of an antenna and an integrated circuit (IC) having its 
own unique identification code and the logic for the protocol to enable communica-
tion between the tag and the reader. The data and the identification code are wire-
lessly transferred to the reader antenna using RF electromagnetic (EM) signals, as 
shown in Figure 1. Passive ultrahigh frequency (UHF) RFID tags harvest energy 
from the reader in order to operate and send data back to the reader with its own 
embedded unique identification code. The received data helps to wirelessly track, 
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identify, and sense several conditions of the 
object on which the tag is mounted. The simple 
and passive nature of UHF RFID tag commu-
nication makes it low cost without the need for 
maintenance and complicated structures. They 
can be integrated and mounted on numerous 
objects in a vast range of applications, such as 
supply chain operations (as shown in Figure 2), 
personal identification, tracking of items, sens-
ing various environmental conditions, medical 
and health related applications, and military 
scenarios.

The growth and increasing popularity of 
this technology, with its wide application, 
brings many new demands and challenges. 
In passive UHF RFID systems, the backscatter 
signal is rather weak and therefore more vul-
nerable to several surrounding factors. These 
factors are mostly application specific and 
bring numerous challenges to be dealt with 
while designing such a system. They involve 
the environment and the material properties of 
the object it is mounted on, such as humidity, 
water, heat, and performance degradation close 
to metallic objects. To have a reliable communi-
cation and detection system, RFID tags should 
be made more resistant to the above-mentioned 
damaging effects. The tags also need to be low 
cost, conformal, and small in size.

The substrate of an antenna or an RFID tag 
plays a great role in the design, development, 
and performance of a tag. Substrate materi-
als can also prove useful to embed a tag, thus 
protecting it from various external damages. 
High-dielectric substrates help to achieve 
miniaturized tag antennas by utilizing the 
dielectric loading technique. The high-dielec-
tric substrates can also play a great role in the 
development of platform tolerant RFID tags 
by increasing the isolation of the tag antenna 
structure from the effects of the materials it 
is mounted on, such as metallic objects and 
walls. Flexibility of an RFID tag is considered 
an important parameter, and it greatly relies on 
the material properties of the substrate. Rigid 
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tags are less conformal and hence are more vulner-
able to damages. This brings the need to utilize flex-
ible substrate materials for RFID tags in order to be 
mounted on different surfaces and objects. In mass-
production applications, it is important to have passive 
RFID tags that are reliable, low cost, and resistant to 
external damages so that they can be attached to indi-
vidual items. Several methods are used to develop and 
fabricate such materials for various applications.

Properties of Advanced Substrate Materials
Recent techniques to utilize newly developed sub-
strate materials that are resistant to harsh environ-
ments are discussed here. These techniques include 
the development of a flexible, thin layer of polymers, 

such as polydimethylsiloxane (PDMS), and fabrication 
of the state-of-the-art high-dielectric polymer-ceramic 
composite substrate materials. The aforementioned 
substrate materials can also be used to embed RF com-
ponents such as RFID tags and antennas.

Properties of Polymers
Polymers such as PDMS usually have very-low-dielec-
tric losses, with a relative permittivity value approxi-
mately equal to 3–3.2. PDMS is a silicon-based organic 
polymer, belonging to a group of siloxanes, which have 
high-thermal stability, low-surface tension, character-
istic pressure, bulk viscosity, high-dielectric strength, 
and resistance to ultraviolet (UV) radiations [5]–[8]. In 
a solid state, it is transparent, hydrophobic, and dura-
ble at high temperatures. Figure 3 shows a thin layer of 
PDMS in solid form. Some of the various applications 
of PDMS include rubber molds, surfactants, water 
repellent products, adhesives, personal care products, 
cosmetics, dielectric encapsulations, and medical and 
microfluidic devices [5]–[8].

Properties of Titanate-Based Ceramic
Barium titanate (BaTiO3), on the other hand, is a 
ceramic with a high-dielectric constant. It is a ferro-
electric ceramic powder with piezoelectric proper-
ties. Figure 4 shows the scanning electron microscope 
(SEM) image of BaTiO3 nanoparticles with a size close 
or equal to 200 nm. It is insoluble in water and alka-
lis but soluble in some acids such as hydrofluoric and 
hydrochloric [9], [10]. Its permittivity value relies on 
the size and shape of crystal, processing techniques, 
and impurities, among other factors. The use of such 
ferroelectric materials is beneficial in several appli-
cations, such as thermostatic devices, capacitor’s cur-
rent controllers, and generation of ultrasonic energy. 
BaTiO3 is commonly used during the manufacturing 
of multilayer capacitors, positive temperature coef-
ficient thermistors, transducers, and tunable phase 
shifters [11]–[13].

Figure 3. A thin, flexible layer of PDMS.

Figure 1. A basic component diagram of a passive UHF 
RFID system.
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Figure 2. The use of RFID tags on packages in supply 
chain operations.

These types of integrated wearable 
RFID tag antennas can be used in 
several applications such as in search 
and rescue operations, firefighter 
suits, military clothing, and for 
numerous wearable medical sensors. 
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Composite Substrate Material
In order to achieve a higher permittivity 
substrate that has high resistance to vari-
ous harsh environments, novel compos-
ite materials are developed using flexible 
polymers (such as PDMS) and ceramics, as 
shown in Figure 5. Titanate-based ceram-
ics with high-permittivity values, such as 
BaTiO3 and strontium titanate (StrTiO3) are 
the preferred candidates for such compos-
ites. The permittivity of a composite mate-
rial (polymer-ceramic) relies on the type 
and amount of ceramic used. Some ceramics 
such as BaTiO3 have higher permittivity val-
ues as compared to StrTiO3. The fabricated 
substrate, shown in Figure 6, is a white flex-
ible material. It is hydrophobic in nature and 
resistant to high temperatures (tested for 
+200 ºC) [5]–[8]. The nature of the polymer 
used makes it less vulnerable to other envi-
ronmental damaging effects such as humid-
ity, high heat, and some acids. The permittivity of the 
custom-made substrate can be adjusted as desired dur-
ing the fabrication process, depending on the amount 
of ceramic mixed with the polymer. Increasing the 
percentage of ceramic in the composite increases the 
dielectric constant of the substrate [14]. The perfor-
mance of a UHF RFID tag on the composite substrate 
is demonstrated in [14]. The permittivity of the com-
posite also relies on the grain size, crystal shape, and 
other processing methods of the ceramic. The bigger 
the particle size, the higher the permittivity will be. 
This also affects the losses of the substrate material, as 
titanate-based ceramics have relatively higher losses. 
The extremely low-loss poly-
mer material used usually 
compensates for the losses 
incurred due to the use of the 
ceramic. However, increasing 
grain size also increases the 
losses of the substrate. The 
achieved permittivity values 
for composites with BaTiO3-
based ceramic can range from 
3 to 20+ [14].

Applications
In practice, the UHF RFID tag 
can be subject to several harsh 
environments that can ham-
per the performance of the tag 
antenna and affect the com-
munication link between the 
reader and the tag. Some of 
these deleterious effects can 
be caused due to the exposure 
of the tag to water, heat, acids, 

humidity, and breaking. The tag antenna on a metallic 
surface also greatly affects the radiation properties of 
the antenna and hence degrades the performance of 
the tag. Among several techniques, some of the recent 
enhanced techniques to counter the negative impact 
of the above-mentioned challenging and damaging 
factors are discussed in the following case studies. 
They include a miniaturized and conformal, thin, 
flexible metal mountable UHF RFID tag; embedded 
tag antenna suitable for several harsh environments; 
and a technique to integrate and embed RFID tags in 
wearable fabrics, resistant to several degrading and 
damaging factors. 

Figure 4. An SEM image of BaTiO3 (ceramic) particles in powder form 
with 200-nm magnification.
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Figure 5. The fabrication process of the flexible polymer-ceramic composite substrate material.
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Mountable RFID Tags on Conductive Surfaces
RFID technology is useful to tag, track, sense, and 
identify objects in a variety of applications. For an 
RFID tag, the performance of an antenna is of vital 
importance, and it greatly relies on the material prop-
erties of the substrate. Similarly, a tag’s performance 

is also dependent upon the properties of the material 
it is attached to or mounted on. The material proper-
ties such as permittivity ( ),f  permeability ( ),n  and 
conductivity ( )v  influence the change in the phase and 
amplitude of the incident and reflected wave. Passive 
UHF RFID tags use backscattering of EM waves to 
communicate with the reader antenna; for this reason, 
the amplitude and phase of a reflected wave are con-
sidered important parameters.

RFID tags and systems can also be used to tag vari-
ous metallic objects and surfaces. Conducting surfaces 
close to an antenna or an RFID tag structure greatly 
affects the radiated EM fields and hence the perfor-
mance of the antenna. In the case of an ideal conduc-
tor having zero skin depth, the reflected wave from the 
conductive surface has the same amplitude but with a 
180º phase shift. This reflected wave from the metallic 
surface, with an opposite phase shift, cancels out the 
radiated field of an antenna and greatly affects the res-
onance, gain, efficiency and radiation properties of the 
tag antenna [15]. It also makes it difficult and challeng-
ing to tag metallic objects using RFID technology. Sev-
eral new techniques and approaches to design RFID 
tags for metal objects have been proposed in recent 
years [16]–[21]. Some of these techniques include meth-
ods to isolate the metallic surface from the antenna 
structure by fabricating patch-style antennas using EM 
band-gap (EBG) structures, slots, and high-dielectric 
substrate materials. The use of multilayer EBG struc-
tures and other techniques usually increases the size 
and complexity of the tag antenna and results in rigid 
structures. A rigid tag structure is less conformal and 
not suitable for round surfaces. Some recent work pro-
poses the use of flexible substrates to develop metal 
mountable RFID tags but at the cost of the size of the 
tag antenna [22], [23].

A new approach is proposed in [24] to design a min-
iaturized and flexible UHF 
RFID tag antenna by using 
custom-made, flexible, high-
dielectric substrate material, 
as shown in Figure 7. The 
flexible, high-dielectric sub-
strate material is a compos-
ite of polymer and ceramic. 
The fabrication process has 
been illustrated in [14]. Using 
high-permittivity substrate 
materials helps to achieve 
smaller RFID tag antennas, 
whereas the flexible nature 
of the material enables it to 
be conformal and suitable 
for shaped objects, such as 
flat and round objects. The 
permittivity of the substrate 
also defines the isolation of 

Figure 8. The maximum read range of the flexible metal mountable UHF RFID tag 
wrapped on a metallic cylindrical surface of various radii [24].
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Figure 6. Flexible polymer-ceramic composite material [24].

Figure 7. (a) A model of a flexible passive UHF RFID tag 
on a cylindrical shaped metallic object and (b) a prototype 
of a small metal mountable UHF RFID flexible tag [24].
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the tag antenna from the surface of the object on which 
it is mounted. The tag is a thin, single-layer structure 
with a thickness of 1.5 mm. The round, disc-shaped, 
thin substrate has a radius of 16 mm. The metal mount-
able tag antenna has been designed by using three min-
iaturization techniques: T-matching, introducing slots, 
and dielectric loading. The T-matching technique works 
as an impedance transformer and plays a great role in 
tuning the antenna’s resonance frequency, whereas slots 
in the proposed tag antenna design help to increase 
the current path. The use of a high-dielectric substrate 
material helps in reducing the size of the antenna and 
isolating it from the metallic back plane effects. Figures 
8 and 9 show the maximum read range of the tag when 
mounted over a cylindrical conductive surface and the 

Figure 9. Simulated three-dimensional radiation pattern 
of the flexible metal mountable UHF RFID tag on a flat 
100 100 mm2#^ h and cylindrical 25radius mm=^ h  

metallic surface.
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Figure 10. (a) The amplitude of the surface current density on a flat metallic surface 100 100 mm2#^ h and tag 
antenna structure accepting 100 mW of power and (b) the amplitude of the surface current density on metallic cylinder 

25radius mm=^ h and tag antenna structure accepting 100 mW of power [24].
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three-dimensional radiation patterns on a flat and a 
cylindrical object, respectively. The performance of the 
tag antenna is analyzed on both flat and round metal-
lic surfaces. The current distribution of the tags and 
the image current over the mounted metallic surfaces 
(round and flat) are shown in Figure 10. The detailed 
chart showing the gain and efficiency is shown in [24].

The miniaturized flexible tag antenna is suitable for 
tagging various metallic surfaces and objects, such as 
metallic pipes, cargo containers, vehicles, and several 
other metallic surfaces. The substrate of the tag makes 
it resistant and less prone to damages caused by high 
temperatures, and harsh environments.

Achieving Embedded  
and Ink-Jet Printed Tags
The biggest challenge of using an RFID tag in a harsh 
environment is to protect the tag’s antenna and IC 

from damages and 
other environmen-
tal effects that can 
cause a reduction 
in the overall per-
formance of the tag. 
Rigid substrates and 
tag designs usu-
ally are more prone 
to damages and 
breaking. Therefore, 
achieving a small 
and f lexible tag 
design with respect-
able performance is 
more desirable.

To achieve such 
a tag design, the tag 
antenna is ink-jet 

printed on a low-loss, flexible, high-dielectric polymer-
ceramic substrate material. The ink-jet printing of the 
tag antenna on top of the flexible substrate will help to 
achieve a flexible RFID tag [25], [26]. Ink-jet printing 
is a form of direct-writing technology that allows an 
additive, noncontact fabrication of fully flexible anten-
nas on various substrate materials. The additive nature 
of the process minimizes waste and leads to more effi-
cient use of materials since nothing is discarded as 
materials are ink-jet printed onto specific locations 
where they are needed. The biggest advantage of ink-
jet printing includes rapid prototyping and the pos-
sibility of printing tags directly on product packages. 
Direct printing on top of these composite substrates is 
challenging due to the hydrophobic nature of the mate-
rial, and, therefore, advanced new techniques such as 
the mask-printing technique and the oxygen plasma 
treatment of the composite substrate’s surface is ben-
eficial for achieving a good printed passive UHF RFID 
tag [28]. After the ink is deposited onto the substrate, 
it needs to be sintered, to allow the silver nanoparti-
cles to bond to each other and allow the solvents to 
evaporate. The sintering time and temperature greatly 
affects the resistivity of the formed metallization. A 
similar approach has been discussed in [25], where a 
multilayer printing technique is used to ink-jet print 
the tag on a flexible high-dielectric substrate, with 
the help of a conductive ink utilizing silver nanopar-
ticles. The printed tag has a reasonable performance, 
as shown in Figure 11, and can be further enhanced 
in the future with the help of surface treatments and 
other novel printing techniques. 

To achieve an embedded UHF RFID tag, the printed 
tag can later be coated with a top layer of pure polymer 
liquid solution to protect the tag from various dam-
ages in harsh environments. The nature and properties  
of PDMS (top layer) allows a strong bonding with the 
lower composite substrate layer, resulting in a multilayer, 

Figure 12. (a) Front, (b) side, and (c) cross section of the 
embedded tag.
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Figure 11. The performance of an ink-jet printed UHF RFID tag using silver nanoparticles-based 
conductive ink on a flexible, high-dielectric composite substrate [25].
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flexible, small, and embedded tag 
structure. The printed tag antenna 
is sandwiched between the high-
dielectric composite layer and 
pure PDMS layer, as shown in 
Figure 12. The tag antenna shown 
in Figure  12 is a slightly modi-
fied version of the one shown in  
Figure 11, however, it shows simi-
lar performance. This embedding 
of the tag makes it less destruc-
tible and vulnerable to breakings, 
scratches, humidity, high temper-
atures, and harsh environments, 
such as applications similar to 
those shown in Figure 13. 

Integrated Wearable 
RFID Tags for Harsh 
Environments
Wearable UHF RFID tags are 
gaining great importance, from security and tracking 
to health-care applications. This brings us to the need 
to have RFID tags integrated into clothes and wear-
able fabrics. The human body close to a tag antenna 
introduces additional challenges and losses, reducing 
the overall performance of the tag. To reduce the effect 
of the body on the performance of a tag antenna, sev-
eral techniques are researched and practiced [28]–[30]. 
Several new techniques to integrate the RFID tags in 
wearable fabrics have been investigated in recent years 
by utilizing conductive threads, E-textiles, and other 
embroidery techniques [31]–[33]. These integrated tag 
antennas can be useful for various wireless bodycen-
tric communications, sensing, tracking, rescue opera-
tions, and medical application to diagnose and treat 
several illnesses. As a passive UHF RFID tag inte-
grated in fabrics is composed of an antenna and an IC, 
it is vulnerable to several environmental damages and, 
during washing, exposure to humidity, water, and 
other harsh environments. To realize such integrated 
RFID tags, there is a need to have tags that are less 
destructible, more resistant to harsh environments, 
and having at least the same lifetime as the fabric itself. 
Different coating techniques have been discussed, 
practiced, and tested over recent years to protect the 
tag against damages caused during the washing of the 
fabrics [34]. These techniques usually protect the IC of 
the tag, whereas a continuous degradation in perfor-
mance is observed due to the damages caused to the 
tag antenna during washing cycles. Coating the whole 
tag antenna might result in a rigid structure that is 
more prone to damages and a less favorable structure 
to be integrated into smart fabrics and clothes. The 
integrated wearable tags therefore should be flexible 
and resistant to water, high temperatures, detergents, 
breakings, and other damaging scenarios.

A similar study of a wearable tag integrated in fabric 
is discussed in [35]. The tag antenna, as shown in Fig-
ure 14, is embroidered directly on cotton using a com-
puter-aided sewing machine and conductive threads. 
The thread used to sew the tag antenna onto the fabric 
is composed of silver with a weight of 55 g/10,000 m. 
This ensures good conductivity and flexibility of the 
thread, suitable for sewing. The spacing between the 
sewn lines affects the performance and effective con-
ductivity of the embroidered tag antennas. In sewn or 
embroidered tags, the thread density, sewing pattern, 
and geometry of the embroidered tag antenna are the 
performance defining parameters. The IC of the tag is 
directly attached on top of conductive threads using a 
conductive epoxy. The tag antenna is a good example 
of a fully integrated embroidered antenna in clothing 
and a perfect example of a lightweight wearable pas-
sive UHF RFID tag. The simple T-matched sewn dipole 
tag antenna shown in Figure 14 has a reasonable read 
range, as can be seen in Figure 15, where the lossy fab-
ric is responsible for further increasing the bandwidth 
of the dipole tag.

To analyze the effect on the performance of the RFID 
tag caused by washing the fabric, it is washed in a com-
mercially available washing machine, as discussed in 
[36]. The measured results in Figure 15 show that the 

Figure 13. Applications of UHF RFID tags in harsh and metallic environments [27]. 

Figure 14. A polymerized sewn wearable UHF RFID tag.
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performance of the tag decreases with every wash cycle, 
whereas the polymerized sewn tag antenna withstands 
the washing procedures. There can be several reasons 
for the degradation of performance, such as the effect of 
water on the IC attachment, the damages caused to the 
IC of the tag, or to the silver thread. To protect the sewn 
tag structure, it is embedded in a thin layer of PDMS 
to protect the antenna and the IC of the integrated 
RFID tag. The silicon-based polymer (PDMS), as stated 
previously, can be used to embed the integrated sewn 
tag fully inside the polymer, as in the liquid state, the 
polymer seeps through the fabric and achieves a strong 
bonding with the fabric. This type of coating also helps 
to keep the IC intact with the sewn conductive thread. 
The nature of PDMS makes the integrated embroidered 
tag less prone to its exposure to harsh environments, 
such as high temperatures, water, humidity, scratches, 
external pressures, several acids, and other damages 
to the IC or the antenna of the tag. A new approach 
of embedding the wearable sewn tag with a polymer-
ceramic composite can help reduce the size of the tag 
and increase the isolation between the body and the tag 

with a coating that makes it less prone to external dam-
ages can be realized in future research works.

These types of integrated wearable RFID tag anten-
nas can be used in several applications such as in 
search and rescue operations, firefighter suits, military 
clothing, and for numerous wearable medical sensors. 
RFID wearable tags coated with such silicon polymers 
help to achieve the basic need of a wearable RFID tag 
and antenna, to protect the tag from several damaging 
factors caused by washing, water, heat, and breakings.

Conclusions
The growing development in the field of wireless com-
munications has paved the way for numerous new inno-
vative technologies such as wireless sensors and RFID. 
Wireless communication systems greatly rely on the 
performance of the antenna to have a reliable communi-
cation link between the receiver and the transmitter. The 
use of antenna and RFID technology in various applica-
tions makes it vulnerable to several challenges and dam-
aging effects, reducing the performance of the tag and 
compromising its communication link and range. The 
RFID tags can be mounted on several lossy objects such 
as metals that degrade the overall performance of the 
tag; therefore, there is a need to isolate the tag from the 
degrading metallic effects and have a reasonable read 
range. A flexible polymer-ceramic composite material 
with a high-dielectric constant value can be considered 
a good candidate as a tag substrate to decrease the size 
of the tag antenna, whereas the flexible nature makes 

Figure 15. Measured read ranges of (a) polymerized sewn tag and (b) sewn tag, before and after washing procedures.
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it conformal on flat and cylindrical objects. To achieve 
a fully flexible tag suitable for various harsh environ-
ments, the tag can be printed on top of thin flexible 
polymer-ceramic composite and then embedded with 
a top layer of silicon-based polymer. The nature of the 
silicon-based polymer and the composite makes it flex-
ible and resistant to several harsh environments and 
other damaging effects such as heat, water, acids, and 
breakings. The same technique can be applied to embed 
a wearable RFID tag that can be useful to miniaturize 
and protect it from several damaging conditions. These 
flexible wearable integrated tags can be stated as a more 
practical realization of wearable tags, withstanding the 
damaging effects caused by heat and washing.

References
[1] T. S. Rappaport, Wireless Communications: Principles and Practice, 

2nd ed. (Communications Engineering and Emerging Technolo-
gies Series). Englewood Cliffs, NJ: Prentice Hall, Dec. 2001.

[2] J. Schiller, Mobile Communications, 2nd ed. England, U.K.: Pearson 
Education Ltd., 2003.

[3] C. A. Balanis, Antenna Theory: Analysis and Design, 3rd ed. Hobo-
ken, NJ: Wiley, 2005.

[4] K. Finkenzeller, RFID Handbook: Fundamentals and Applications in 
Contactless Smart Cards and Identification, 2nd ed. England, U.K.: 
Wiley, 2003.

[5] J. Kuncova-Kallio and P. J. Kallio, “PDMS and its suitability for 
analytical microfluidic devices,” in Proc. IEEE 28th Annu. Int. Conf. 
Engineering Medicine Biology Society, Aug. 30–Sept. 3 2006, pp. 
2486–2489.

[6] J. E. Mark, Polymer Data Handbook. New York: Oxford Univ. Press, 
1999.

[7] H. S. El-Zaim and J. P. Heggers, “Silicones for pharmaceutical and 
biomedical applications,” in Polymeric Biomaterials, Revised and 
Expanded. New York: Marcel Dekker, Nov. 2001, pp. 79–88. 

[8] A. Mata, A. J. Flesichman, and S. Roy, “Characterization of 
polydimethylsiloxane properties for biomedical micro/nanosys-
tems,” Biomed. Microdev., vol. 7, pp. 281–293, Dec. 2005.

[9] A. J. Moulson and J. M. Herbert, Electroceramics: Materials, Proper-
ties, Applications. New York: Wiley, Sept. 2003.

[10] L. Guo, H. Luo, J. Gao, L. Guo, and J. Yang, “Microwave hydro-
thermal synthesis of barium titanate powders,” Mater. Lett., vol. 60, 
no. 24, pp. 3011–3014, 2006.

[11] H. Saito, H. Chazono, H. Kishi, and N. Yamaoka, “X7R multilayer 
ceramic capacitors with nickel electrode,” Jpn. J. Appl. Phys., vol. 30, 
no. 9S, pp. 2307–2310, 1991.

[12] S. Chatterjee and H. S. Maiti, “A novel method of doping PTC 
thermistor sensor elements during sintering through diffusion by 
vapour phase,” Mater. Chem. Phys., vol. 67, nos. 1–3, pp. 294–297, 
2001.

[13] B. Huybrechts, K. Ishizaki, and M. Takata, “Review the positive 
temperature coefficient of resistivity in barium titanate,” J. Mater. 
Sci., vol. 30, no. 10, pp. 2463–2474, 1995.

[14] A. A. Babar, V. A. Bhagavati, L. Ukkonen, A. Z. Elsherbeni, P. 
Kallio, and L. Sydänheimo, “Performance of high-permittivity 
ceramic-polymer composite as a substrate for UHF RFID tag 
antennas,” Int. J. Antennas Propag., vol. 2012, p. 8, 2012, Article ID 
905409. 

[15] B. Yu, F. J. Harachiewicz, and B. Lee, “Chapter 10: RFID tag 
antennas mountable on metallic platforms,” in Radio Frequency 
Identification Fundamental and Applications Design Methods and 
Solutions. Shanghai, China: InTech Open Access Publisher, 2010, 
pp. 165–179.

[16] H.-D. Chen and Y.-H. Tsao, “Low-profile meandered patch anten-
nas for RFID tags mountable on metallic objects,” IEEE Antennas 
Wireless Propag. Lett., vol. 9, no. 1, pp. 118–121, 2010.

[17] S. Y. Park, J. N. Lee, and J. K. Park, “Design of UHF radio fre-
quency identification metal tag antenna using T-shaped slot,” 
Microwave Opt. Technol. Lett., vol. 53, no. 10, pp. 2251–2255, 2011.

[18] S.–L. Chen, “A miniature RFID tag antenna design for metallic 
objects applications,” IEEE Antennas Wireless Propag. Lett., vol. 8, 
no. 1, pp. 1043–1045, Dec. 2008.

[19] T. V. Koskinen, H. Rajagopalan, and Y. Rahmat-Samii, “A thin 
multi-slotted dual patch UHF-band metal-mountable RFID tag 
antenna,” Microwave Opt. Technol. Lett., vol. 53, no. 1, pp. 40–47, Oct. 
2011.

[20] P. H. Yang, Y. Li, L. Jiang, W. C. Chew, and T. T. Ye, “Compact 
metallic RFID tag antennas with a loop-fed method,” IEEE Trans. 
Antennas Propag., vol. 59, no. 12, pp. 4454–4462, Dec. 2011.

[21] S.-L. Chen, “A miniature RFID tag antenna design for metallic 
object applications,” IEEE Antennas Wireless Propag. Lett., vol. 8, no. 
1, pp. 1043–1045, Dec. 2009.

[22] T. V. Koskinen, H. Rajagopalan, and Y. Rahmat-Samii, “A thin multi-
slotted dual patch UHF-band metal-mountable RFID tag antenna,” 
Microwave Opt. Technol. Lett., vol. 53, no. 1, pp. 40–47, Oct. 2011.

[23] T. Björninen, A. A. Babar, L. Ukkonen, L. Sydänheimo, A. Z. 
Elsherbeni, and J. Kallionen, “Compact metal mountable UHF 
RFID tag on a barium titanate based substrate,” PIER C, vol. 26, 
pp. 43–57, Mar. 2012.

[24] A. A. Babar, T. Björninen, V. A. Bhagavati, L. Sydänheimo, P. Kal-
lio, and L. Ukkonen, “Small and flexible metal mountable passive 
UHF RFID tag on high dielectric polymer-ceramic composite sub-
strate,” IEEE Antenna Propag. Lett., vol. 11, pp. 1319–1322, Nov. 2012.

[25] A. A. Babar, J. Virtanen, V. A. Bhagavati, L. Ukkonen, A. Z. Elsher-
beni, P. Kallio, and L. Sydänheimo, “Inkjet-printable UHF RFID 
tag antenna on a flexible ceramic-polymer composite substrate,” in 
IEEE MTT-S Int. Microwave Symp. Dig., 2012, pp. 1–3.

[26] Y. Li, A. Rida, R. Vyas, and M. M. Tentzeris, “RFID tag and RF 
structures on a paper substrate using ink-jet-printing technology,” 
IEEE Trans. Microwave Theory Tech., vol. 55, no. 12, pp. 2894–2901, 
Dec. 2007.

[27] Microsoft Corporations. Microsoft office clipart library. [Online]. 
Available: http://office.microsoft.com 

[28] B. Kim, E. T. K. Peterson, and I. Papautsky, “Long-term stability 
of plasma oxidized PDMS surfaces,” in Proc. IEEE IEMBS ‘04. 26th 
Annu. Int. Conf. Engineering Medicine Biology Society, 1–5 Sept. 2004, 
vol. 2, pp. 5013–5016.

[29] S. Manzari, C. Occhiuzzi, and G. Marrocco, “Feasibility of body-
centric passive RFID systems by using textile tags,” IEEE Antennas 
Propag. Mag., vol. 54, no. 4, pp. 49–62, 2012.

[30] S. Manzari, S. Pettinari, and G. Marrocco, “Miniaturized and tun-
able wearable RFID tag for body-centric applications,” in Proc. 3rd 
IEEE Int. Conf. RFID-Technology and Applications, 2012, pp. 239–243.

[31] J. H. Choi, Y. Kim, K. Lee, and Y. Chung, “Various wearable 
embroidery RFID tag antennas using electro-thread,” in Proc. IEEE 
AP-S / USNC-URSI, San Diego, CA, 5–11 July 2008, pp. 1–4.

[32] Y. Kim, K. Lee, Y. Kim, and Y. Chung, “Wearable UHF RFID tag 
antenna design using flexible electrothread and textile,” in Proc. 
IEEE AP-S / USNC-URSI, Honolulu, HI, 9–15 June 2007, pp. 5487–
5490.

[33] T. E. Kennedy, P. W. Fink, A. W. Chu, N. J. Champagne, G. Y. Lin, 
and M. A. Khayat, “Body-worn E-textile antennas: The good, the 
low-mass, and the conformal,” IEEE Trans. Antennas Propag., vol. 
57, no. 4, pp. 910–918, Apr. 2009.

[34] T. Kellomäki, J. Virkki, S. Merilampi, and L. Ukkonen, “Towards 
washable wearable antennas: A comparison of coating materials 
for screen-printed textile-based UHF RFID Tags,” Int. J. Antennas 
Propag., vol. 2012, pp. 1–11, 2012, Article ID 476570. 

[35] E. Moradi, K. Koski, L. Ukkonen, Y. Rahmat-Samii, T. Björninen, 
and L. Sydänheimo, “Embroidered RFID tags in body-centric 
communication,” in Proc. Int. Workshop Antenna Technology, Mar. 
2013. 

[36] K. Koski, E. Moradi, A. A. Babar, T. Björninen, L. Sydänheimo, 
L. Ukkonen, and Y. Rahmat-Samii, “Durability of embroidered 
antennas in wireless body-centric healthcare applications,” in 
Proc. 7th European Conf. Antennas Propagation, Apr. 2013.

  


