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Abstract— In this paper we explore the use of carbon
fiber composites (CFC) in radio-frequency
identification (RFID) antenna applications both
numerically and experimentally. For this purpose, we
use two kinds of CFC materials as the radiating
element. We consider two types of RFID antennas:
the T-match bowtie antenna, and the meander line
antenna. The electromagnetic (EM) model of CFC
antennas is developed using the Microwave Studio
software for numerical analysis. By characterizing
samples of CFC material an accurate model of the
composite is obtained to be used in the antenna
simulation. =~ The  composite =~ RFID  antenna
performance is investigated and compared with a
metal antenna. The performance of the antenna can be
controlled using the anisotropic property of reinforced
continuous carbon fiber composite material. The
bandwidth, radiation resistance, and gain/read-range
of the RFID antenna can be adjusted by changing the
thickness, conductivity, and fiber orientation of the
composite material. Because the CFC antenna has a
much higher bandwidth, it can be more effective than
a metal antenna in RFID.

Index Terms— Antenna, carbon-fiber composites
(CFO), radiating element, radio-frequency
identification (RFID).

I. INTRODUCTION

Radio-frequency  identification = (RFID) is
extensively used in tracking and identifying objects in
many applications [1-7]. The most-used RFID
frequency bands are the UHF RFID band (902-928
MHz in North America, 866—869 MHz in Europe and
950-956 MHz in Japan) and the unlicensed wireless
bands (2.4-2.484 GHz and 5.15-5.875 GHz). The
main part of an RFID system is the antenna tag, which
should be inexpensive, light, and easy to fabricate. An
antenna with good corrosion resistance is desirable in
some applications in harsh environments.

Metals such as copper or aluminum are commonly
used for the radiating element of an RFID tag.
However, cost, fabrication procedure, and weight are
some of the important parameters which limit the use
of metals. In harsh environments corrosion resistance
and the adhesion between radiating element and
substrate are major issues. Some recent studies have
used various composite materials as replacements for
metals [8-12]. In [8], a conducting-polymer patch
antenna is proposed. A conductive textile coated with
carbon nanotubes (CNTs) and gold is used to
fabricate a patch antenna in [9]. Silver nanoparticle
ink [10, 11] and the metallo-organic conductive ink
[12] are used to prepare the high-conductive material
as a replacement of metal for RFID tag antennas.

Advanced carbon-fiber composite (CFC) materials
are being used widely in the aerospace industry as a
good replacement for metal because of their higher
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strength, lower weight, and lower cost [13-21]. CFCs
have lower electrical conductivity than metals, and so
the shielding effectiveness is of concern when
electromagnetic compatibility (EMC) must be
maintained [15-19]. There are two types of highly-
conductive CFCs, namely the reinforced continuous
carbon fiber (RCCF) [16-18] and the CNT composites
[19-24]. In one-layer unidirectional RCCF
composites, the carbon fibers run in one direction
only so that the conductivity is anisotropic, being high
along the direction of the fibers, but low in the
perpendicular direction. The effective anisotropic
conductivity tensor of one-layer composite depends
on the thickness of layer, the fiber diameter, the
separation distance between fibers and the
conductivity of the fibers [17]. CNT composites can
be made using single-wall nanotubes (SWCNT) [24]
or multi-wall carbon nanotubes (MWCNT) [21] to
obtain conductivity. The electrical conductivity of
CNT composites highly depends on the properties and
loading of the CNTs, the aspect ratio of the CNTs,
and the characteristics of the conductive network
throughout the matrix. Unlike RCCF composites, the
CNT composite material is an isotropic medium
because the CNTs are randomly oriented throughout
the material.

; e
(a) (b) (c)

Fig. 1. (a) RCCF composite, (b) Cross-view, (c)

Optical micrograph of RCCF Composite (scale bar 50

um).

In [26], we used numerical modeling to investigate
RCCF and braided-tissue carbon-fiber materials for
the radiating element of an RFID antenna.

In this paper, we explore in detail using RCCF and
SWCNT composites for RFID antenna applications.
Two types of RFID antennas, namely the T-match
bowtie [11] and the meander line [7], are considered
for analysis. Both numerical and experimental results
are provided. The organization of the paper is as
follows. The composite materials properties and
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fabrication process are explained in Section II. The
antenna performance using RCCF and SWCNT
composites as the material of radiating element is
carefully investigated in Section IIl. The fabrication
of SWCNT antennas and the experimental results are
presented in Section IV. Finally, Section V contains
conclusions and ideas for future work.

II. CARBON-FIBER COMPOSITE
MATERIALS

In this section, the structure of RCCF and SWCNT
composite materials and the method of fabrication are
explained. The composite samples are produced in
Concordia Center for Composites (CONCOM) [27].
To develop a model of composite material for use in
computer simulations of RFID antennas, we
characterize the composite material over the
frequency range of interest by using standard
measurement setups, namely a coaxial fixture below
1.6 GHz, and waveguide setups at higher frequencies.
Each measurement setup is modeled using Microwave
Studio (MWS) [28, 29]. By minimizing the difference
between the simulated and measured scattering
parameters over a frequency range, the complex
permittivity tensor can be extracted [21, 30].

A. Single-Layer RCCF Composite and Method of
Preparation

Fig. 1 shows a typical RCCF composite material.
The carbon fibers are embedded in epoxy resin and
are all oriented in a specific direction. The effective
permittivity tensor of one layer of this composite
depends on the thickness of layer (), the diameter (D)
of the fibers, the separation distance between fibers

Fig. 2. SEM micrograph of bucky-paper made of
SWCNTs (scale bar 1 ym).



(s) and the permittivity of the fibers of the fibers and
the host medium (g, ¢,). The effective tensor of
homogenized model of RCCF is given by [17]

&' =(1-g)e, +g&/' (1)
gr =6, =(-2)s, +g&; )

where g is a coefficient which depends on the volume
fraction of fibers inside host medium. Compared to
metals, the conductivity of RCCF is anisotropic,
being high along the direction of fibers, but low in the
perpendicular direction. This is an important
characteristic of RCCF composites which should be
accounted for and can be taken advantage of in
antenna design. We should extract the conductivity
of composite sample for both directions. The proper
measurement setup for this purpose is standard
waveguide using the dominant TE;y mode, with the
electric field oriented parallel to the short wall of the
guide. We can obtain the conductivity tensor by using
two sample orientations: with the fibers parallel to the
electric field wvector, and with the fibers
perpendicular.

An RCCF sample is fabricated by co-author Rosca
using the following procedure. The epoxy resin Epon
862 and the curing agent Epikure W are produced by
Hexion Specialty Chemicals [31]. The unidirectional
carbon cloth (T300) is purchased from MF
Composites [32]. The mixture of resin and the curing
agent (26.4 wt%) is degassed in a vacuum oven at 90
°C for 30 min. Next, one ply of unidirectional carbon
cloth is impregnated with the mixture and placed
between two aluminum plates coated with demolding
agent. Finally, the plates are tightened together by
bolt joints, and the composite is cured at 120°C for 6
hours.

Because the electrical properties of RCCF are not
noticeably frequency-dependant [17, 18], the RCCF
sample was characterized using a G-band waveguide
setup and the conductivity values were used at the
lower frequencies of the RFID bands. The RCCF
composite conductivity is found to be 3500 S/m along
fiber direction and 10 S/m perpendicular to the fibers.

B. SWCNT Thin-Film Composite and Method of
Preparation

A SWCNT thin-film composite is sometimes
called a “bucky paper” and is shown in Fig. 2. Since
the SWCNT composite has an isotropic conductivity,
the standard coaxial cable fixture is used for sample
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Fig. 3. (a) T-match folded bow-tie RFID antenna, (b)
Return loss of the antenna with radiation element

made of copper. (c) Return loss with radiation
element made of SWCNT.

characterization.

Thin film devices made of SWCNT exhibit high
conductivity and sufficient mechanical strength that
there is no need for a binder. For the standard coaxial
setup, bucky papers were prepared by a filtration
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technique.  First a given amount of SWCNTs
(Nikkiso Co. [33]) is dispersed by sonication
(Misonix 3000) in N, N-dimethyl formamide (DMF)
for 30 minutes at 27W sonication power. Next, the
SWCNT suspension is filtered on a polyamide
membrane filter with diameter and pore-size of 90
mm and 45 um respectively. The solvent is
evaporated in a vacuum oven at 120 °C for 6 hours.
The dried bucky paper of ~40 um thickness is easily
detached from the filter membrane and glued to an
epoxy plate of 0.5 mm to ensure sufficient rigidity.

By characterizing the fabricated composite sample
using the coaxial setup, the dielectric constant and
conductivity in the RFID frequency band are obtained
as ¢, =5 and ¢=25000 S/m, respectively.

III. COMPOSITE RFID ANTENNA
PERFORMANCE

In what follows, two well-known types of RFID
antennas, namely the T-match bow-tie antenna and
the meander line antenna (MLA), are considered. The
return loss, radiation efficiency, gain, and bandwidth
of each antenna are compared with the radiating
element made of composite and of metal. The
antennas are modeled with MWS, which uses the
finite integration technique (FIT) to solve the
discretized Maxwell equations. The details of FIT
can be found in [29], [34-36]. The composite material
is characterized using the permittivity and
conductivity obtained above.

A. T-Match Bow-Tie Antenna

The T-match folded bow-tie RFID antenna is
shown in Fig. 3 (a). The antenna is excited by a
lumped port between arms of the T. The input
impedance of the RFID microchip (TI RI-UHF-Strap-
08 IC) [37] at the port is chosen as 380 Q. The
radiation element is placed on a 130 mm x 80 mm
substrate with dielectric constant ¢ = 3.4 and
thickness 0.26 mm. The return loss of the antenna
with a copper radiation element is shown in Fig. 3 (b).
The gain and radiation efficiency of the antenna are
2.4 dB and 97%, respectively.

1) SWCNT Composite Antenna

The radiation element was then changed to the
SWCNT composite material, modeled using its
equivalent permittivity and conductivity. The return
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loss of the RFID antenna for different thicknesses of
composite material is shown in Fig. 3 (c). The
resonant frequency of the RFID antenna with the
composite radiation element is not much different
from that with the metal element.

Due to the much lower conductivity of composites
compared to metals, the ohmic loss (R;.) of an
antenna with composite radiating element is higher.
Therefore, the gain and radiation efficiency (7) of

Table 1: Radiation efficiency of the nanotube
composite antenna (=921 MHz).

Thickness | ¢=10K 6=15K | 6=20K | 6=25K
(um) (S/m) (S/m) (S/m) (S/m)
20 37.83 % 46.94% | 54.25% | 59.35%
40 55.78 % 62 % 68.57% | 72.34%
50 59.4 % 67 % 74.3 % 76 %
100 72.42 % 79.15 % 82.8 % 85.2 %

Table 2: Maximum gain of the nanotube composite

antenna.
Thickness | 6=10K | 6=15K | 6=20K | 6=25K
(#m) (S/m) (S/m) (S/m) (S/m)
20 -1.94dB | -0.61dB | -0.01 dB 0.37 dB
40 0.005dB | 0.63dB 0.97 dB 1.19dB
50 0.37dB 0.9dB 0.92 dB 1.4 dB
100 1.2 dB 1.57 dB 1.76 dB 1.88 dB
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Fig. 4. The bandwidth of SWCNT antenna versus
conductivity  (f=921 MHz).

composite antenna are lower than for a metal antenna.
The ohmic loss of a conductive box with effective



conductivity of g, can be expressed as
L

Ross =

Y O Ay ©)
where A4 is the effective area along a current path of
length L. Since for a composite antenna the current
flows inside the volume of radiating element, 4,5 can
be controlled by changing the thickness (7) of
radiating element and skin depth of composite
through the conductivity. Therefore, the gain of the
composite antenna can be adjusted by changing both ¢
and o,z Tables 1 and 2 show the effect of the
thickness and the conductivity on the composite
antenna’s performance, computed using the MWS
model. The values can be compared with the copper
antenna’s gain of 2.4 dB and efficiency of 97%. Note
that using the parameters of the sample described in
Section II, = 40 um and ¢ = 25000 S/m, the radiation
efficiency and gain are 72.34% and 1.19dB,
respectively.

The tables show that as the conductivity and
thickness of the composite increases, both the gain
and the efficiency increase to approach the values for
the metal antenna of 2.4 dB and 97%. However, as
shown in Fig. 4, the bandwidth of the antenna for a
return loss better than -10 dB is reduced by
decreasing the antenna loss. In resonant circuits, as
the ohmic loss decreases, the bandwidth decreases
and the QO-factor increases, and the composite antenna
shows this behavior. The -10dB bandwidth of the
antenna with a metal radiating element is 822 to 1053
MHz, or 231 MHz, which is lower than the composite
antenna. For example, the composite antenna with
thicknesses of 20 um and 40 um is 310 MHz, and 270
MHz bandwidth, respectively. It is seen that more
flexibility of design is attained by using composite
material instead of metal.

The maximum read-range (dm.x) of an RFID
antenna is obtained from [4]

4 [Gg-EIRP,

4
max 472_ chhlp ( )

where Gy, EIRP, and P, are the gain of RFID tag,
the effective isotropic radiated power of the reader
and the sensitivity power level of RFID IC,
respectively. With ~ EIRP, = 0.5 W, the maximum
allowed value, and P, = 1 mW [3], dpax of antenna
with metal and fabricated-SWCNT radiating element
are 76.52 cm and 66.54 cm, respectively.

d
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Fig. 5. (a) Return loss of RCCF antenna, (b) Current
distribution on the radiation element at resonant
frequency (f= 2330 MHz).

2) RCCF Composite Antenna

The second composite material we have chosen for
study is RCCF composite. The direction of fibers
determines the direction in which the anisotropic
conductivity is large. MWS enables us to model
anisotropic materials using the permittivity tensor.
Using the tensor permittivity values for the fabricated
RCCF sample, two antennas were modeled: one
having the fibers oriented in the x direction of Fig.
3(a), and the other with the fibers in the y direction. It
was observed that the current distribution on the
antenna with the fibers oriented in the x direction
flows from one arm to the other of bow-tie and then
the antenna radiates effectively. The return loss of the
RCCEF antenna with x-directed fibers is shown in Fig.
5 (a) for different thicknesses of composite.
Compared to the metal antenna, the resonant
frequency is shifted upwards to about 2450 MHz in
the RFID upper band. The reason for this shift can be
explained by comparing the current flow on the
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composite radiating element in Fig. 5 (b) with that on
the metal antenna. The current flow on the metal
antenna resembles that on a dipole, using the full
length of the antenna, corresponding to resonance in
the lower RFID band. However, the current flow on
the composite antenna is confined to the section of the
antenna adjacent to the T-match, and the behavior is
more like that of a short dipole antenna, with a
correspondingly higher resonant frequency. The
current flow at the ends of the T-match section is
quite small.

— Co-pol (Composite)
=3+ Go-pol (Metal)
----Cross-pol (Composite)

180° 180

(a) (b)
Fig. 6. Normalized radiation pattern of bow-tie

antenna, (a) E-plane, (b) H-plane.

Table 3: Radiation efficiency and -10dB BW of
the RCCF composite antenna.

Thickness (mm) 3 (%) BW (MHz)
0.1 35.17 1320
0.2 39.27 730
0.3 40.1 581

0 30 &0 % 120 1% 180
o [degree]

Fig. 7. E-plane axial ratio of bow-tie antenna with
different radiating element.
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The normalized radiation pattern in both E- and H-
plane at the frequency of resonance, 2330 MHz, is
shown in Fig. 6. It is observed that using RCCF
composite instead of metal changes the radiation
pattern very little. However, the polarization property
of the RCCF antenna would be affected due to the
anisotropic property of RCCF material. Fig. 7 shows
the axial ratio (AR) of bow-tie antenna at E-plane. It
is observed that the polarization purity of RCCF
composite antenna is improved compared to the metal
and SWCNT antennas.

The radiation efficiency and gain of the antenna
made of 0.2 mm-thick RCCF are computed at
resonant frequency as 39.27% and -0.2 dB,
respectively. Using (4), the maximum read-range of
RCCF antenna is obtained as d. = 21.3 cm. The
radiation efficiency and -10dB bandwidth of the
antenna for different thicknesses is reported in Table
3. Although the gain/read-range of the composite
antenna is relatively low compared to the metal
antenna, it should be noted that the antenna covers the
microwave RFID frequency band centered at 2.45
GHz along with a wide bandwidth (BW = 1.32 GHz)
due to the interesting properties of RCCF composite
material.

B. Meander Line Antenna (MLA)

Figure 8 shows a meander-line antenna (MLA).
Due to its small size and space-filling geometry, the
MLA is one of the most desirable antennas for RFID
applications [7], [38-40]. In the MLA design, a
straight dipole is bent to take less length on the
substrate, and this also lowers the resonant frequency.
In addition, the radiation resistance is changed,

y
L
Subs_"tmte

0.5mm
L I > =
""""" ::::::*.:::w
SWCNT
I1C
y
(a) (b)

Fig. 8. (a) MLA structure, (b) Cross-view.
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which should be taken into account for matching- Table 4: MLA performance with a copper radiating

circuit design. The planar MLA of Fig. 8 with element (z =40 um).

dimensions L; = 9mm, L, = 1525 mm, L;= 10 mm, L, w £ Gain R, s

=30.5 mm, Ls= 10 mm, Lg= 6 mm, and w = 2 mm (mm) | (MHz) 1 (%) @B | @ | (m)

resonates in the RFID lower frequency band around . a3 | 9671 | 184 | 1251 | 7557

950 MHz. The substrate is 0.5mm-thick epoxy with ¢, . . . .

= 3 and loss tangent tand = 0.0013. The gain, 2 014 | 9794 | 186 | 1482 | 7235

radiation resistance and d,,. of MLA with a copper 3 959 | 9822 | 187 | 153 | 69

radiating element are given in Table 4. The -10 dB

bandwidth of maximum 24 MHz is achieved. Table 5: MLA performance with an SWCNT
Table 5 gives the performance of the MLA when radiating element (w=2mm).

the radiating element is SWCNT composite, with @ | Thickness | f; 7 | Gain | R, BW | dya

width of 2 mm, for various thicknesses of the (nm) (MHz) | (%) | @B) | (@) | (MHz) | (cm)

?W%\IT m}?tegfl. It is Ob}?er‘_’gd ﬂ}llat tlllqe Eangw%gtﬁ 30 966.5 | 1524 | -621 | 106 | 239 | 27

or 30 um thickness 1s much wider than the bandwidt

of 24 MHz of the metal antenna. The bandwidth 9 9546 | 187 1532 | 815 121 303

decreases with increasing thickness of the composite >0 0304 | 22 46 | 6761 | 149.3 | 33

as the resistance per unit length of the arms of the 100 976.35 | 37.12 | -2.35 | 43.58 93 42

antenna decreases. = However, the gain is low
compared to the metal antenna. The input impedance 0 500
of the MLA is quite different from the RFID IC’s
impedance of 380 ohms, needing a matching circuit
between antenna and IC. The 30uxm composite
antenna has a resistance of 106 ohms, much closer to
the IC’s 380 ohms than the resistance of the metal
antenna of 12 to 15 ohms, hence the matching circuit
could be simplified. The input impedance can also be -
adjusted by using composites with different values of . / 100
conductivity, to get closer to 380 ohms. Therefore
composites provide more flexibility in the design. The

300
—

Gain [dB]
(o}
N
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center frequency of resonance for nanotube antenna RE ! 13w 25 3
can be adjusted by tuning the length of the MLA. (a)

The ohmic loss of nanotube MLA can be g oo %
controlled by varying the width of the line (w) and the 1\ -o-w=3mm {175
conductivity (o) of composite, as well as the thickness 0 < Wi
of line. The effect of w and o on the gain and e
bandwidth of MLA is shown in Fig. 9. The gain could g e ~, 125§

3 . . . . S paer” b N0 100=
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performance experimentally and to verify simulation
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shown in Fig. 10. For SWCNT antenna fabrication, MHz), (b) & (¢ = 100um f=’976.35 M}iz).

the same procedure explained in Section II-B is used. ’ ’



225
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(b)
Fig. 10. Monopole configuration of SWCNT

composite antennas, (a) T-match bow-tie, and (b)
MLA.
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Table 6: Simulation and measurement results for the
SWCNT bow-tie antenna and MLA antenna.

Type of Antenna fo (MHz) R, ()
Simulation 930 157
Bow-tie
Measurement 1013 130.7
Simulation 963 40.2
MLA
Measurement 965 54.3

However, in this case the filter membrane was
covered by a mask of silicon rubber that allowed the
nanotube to accumulate in the shape of the antenna.
The monopole composite antenna mounted on a
ground plane is fed through a 50-ohm SMA connector
from the bottom. The size of ground plane for the
bow-tie antenna is 120mm x 160mm, and for the
MLA antenna is 100mm x 100mm. The composite
material thickness is 40 um. The dimensions of the
bow-tie are as reported in Fig. 3(a). The MLA
parameters are L; = 8.5 mm, L, = 15 mm, L;= 10 mm,
Ly=30.2 mm, Ls= 10 mm, and L= 3 mm, and w = 2
mm.

Using HP8720 network analyzer, the return loss of
composite antennas is measured as shown in Fig. 11.
Satisfactory agreement is seen between the MWS
simulation and the measurement. The small shift of
measured resonance frequency can be explained by
material and manufacturing tolerance. The resonant
frequency and radiation resistance of both composite
antennas are reported in Table VL

V. CONCLUSION

The use of continuous carbon fiber composite and
carbon nanotube composite is  investigated
numerically and experimentally for building antennas
for RFID applications. The metal is replaced with
CFC in a T-match bow-tie antenna and a meander-line
antenna. In addition to low cost, low weight, ease of
fabrication and good corrosion resistance, the
composite antennas are shown to have promising
characteristics compared to a metal antenna. Although
the gain and the read-range of composite antennas are
lower than those of metal antennas, the bandwidth is
improved considerably for both the RCCF and the
CNT antennas. Furthermore, the matching between
input impedances of the RFID IC chip and the
antenna can be controlled by using composite



materials with different values of conductivity and
thickness. It is observed that new antenna designs can
be developed using the RCCF composites. One may
also control the direction of current flow using the
anisotropic conductivity of continuous carbon fiber
composite, and this suggests many possibilities for
new antenna configurations. Studying the composite
antenna performance carefully, we show that CFCs
can be efficiently used instead of metal as the material
for fabricating the radiating element.
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