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Abstract— A printed Rampart line antenna with a dielectric
superstrate for passive Radio Frequency Identification (RFID)
tags is presented. A design process is outlined to determine the
number of elements used in the Rampart line antenna to achieve
the required gain for the desired read range. An inductive loop
is then added to the port to match the antenna with the passive
tag circuitry. It is shown that a passive tag with a printed
Rampart line antenna and a dielectric superstrate can achieve
comparable read ranges to commercially available passive RFID
tags.

I. INTRODUCTION

Interest in Radio Frequency Identification (RFID) systems
has grown tremendously in the past few years [1]-[5]. Litera-
ture exists on everything from supply chain management [6]-
[8] to RFID security [9]-[10] and from UHF antenna design
[11] to back-scattering analysis of RFID tags [12]-[14]. Two
major characteristics that distinguish different types of RFID
systems are the power source of the tag and the frequency
of operation [1]. A good review of different types of RFID
systems can be found in [1]. A strictly passive RFID system
uses the energy from the field radiated by the reader to
completely power the (passive) tags. The tag then uses this
energy to identify itself and communicate with the reader.
A tag in this system typically has an antenna attached to
a rectifier circuit to provide a voltage and current that will
power the tag circuitry. At high frequencies it is the relation
between the input impedance of the rectifier circuit and the
antenna impedance and gain that will play a major role in
the read range of the tag [12].

It is well known that the gain, input impedance and
resonant frequency of an antenna can be affected by nearby
conducting and non-conducting objects [15]-[16]. In particu-
lar, it has been shown that a microstrip antenna with several
substrates and a superstrate of isotropic and anisotropic ma-
terial can be significantly effected by the material properties
and layer thickness [17]-[21]. These material properties and
layer thicknesses can effect the input impedance [17],[19]
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Fig. 1. Cattle tag with embedded passive RFID tag.

and the resonant frequency [18],[20] of a microstrip antenna.
But several advantages are gained by using a superstrate
over the microstrip antenna. The superstrate can provide
protection against heat, physical damage, the environment
and also increases the peak power-handling capability of the
antenna [18]. For example, if a passive RFID tag is attached
to a car for electronic tolling [22] or to cattle for tracking
[23]-[24] it may have a dielectric cover for weatherproofing.
The image in Figure 1 is an ear tag for cattle with a passive
RFID tag embedded in the material. The material completely
enclosing the tag protects the tag from the environment and
provides a means of attaching the tag to the animal. In this
case the material above the tag can be modeled as a dielectric
superstrate. It is the intent of this paper to present an antenna
design with a desired input impedance and gain for a passive
UHF RFID tag with a dielectric superstrate. However a brief
review of the relationship between the read range and antenna
characteristics of a passive RFID tag is presented.

The max theoretical read range r,,,, between a reader and
a passive RFID tag can be written using Friis’s equation as
[25]
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where )\ is the free space wavelength, P; is the transmit
power, (G, is the gain of the transmitting antenna (reader



antenna), G, is the gain of the receiving antenna (tag
antenna), P is the minimum power required to power the
Zr, — 75

tag, and
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is the power reflection coefficient. In (2) the load impedance
(tag rectifier input impedance) is denoted as Z; and the
antenna impedance is denoted as Z4. We can see in (1)
that 7,4, depends on two parameters of the tag antenna:
|s|? and G,.. Thus it is possible to improve the read range
between the reader and passive tag by minimizing (2) and
maximizing G,.

Typically a designer involved with the layout process
of a passive RFID tag has a planar surface on which to
place the antenna, which usually leads to a printed antenna
design. One major difficulty is to design an antenna with the
correct combination of G, and |s|? that provides the desired
read range on a very limited surface area. The next section
presents a design method for a planar printed antenna with
high space-filling characteristics, various values of G, and
a large range of Z 4. This is then used as a tool to design
an antenna for a passive tag with a dielectric superstrate. It
should be noted that this design process will work for Gen
1 and 2 [26] printed antennas on passive RFID tags without
dielectric superstrates.

2
El

@)

II. ANTENNA DESIGN PROCESS

In general we have the possible layout region described in
Figure 2. The region around the strap is the area allowed for
the printed antenna. At this point the two requirements of the
antenna are a desired input impedance and gain. Thus there
exists an extremely large amount of possible layouts in the
allocated region for the antenna [27]-[30] and in some cases a
ground plane may or may not be present or the designer may
be required to place the antenna on many different surfaces
[31]-[37]. Two popular antenna designs for RFID tags are
a meander line dipole [38],[11] and a long triangular dipole
[12]. These antennas provide very good read ranges but the
dimensions may be too large for some applications (9cm-
1lcm wide). Two more recent antenna designs for RFID
tags are an inductively coupled antenna at 910MHz [39]
and a meander-slot antenna [40]. The inductively coupled
antenna design is very small (4cm x 4.6cm) and has a
nearly isotropic radiation pattern. The meander-slot antenna
is optimized using a genetic algorithm and has a dimension
of S5cm x 5cm. Even though the previous two antennas are
very small, some cases may require a larger gain to achieve
further read ranges. Other UHF antenna work has focused on
optimization based on genetic algorithms [41] and numerical
electromagnetic code (NEC) to simulate all possible layouts
of a meander line antenna [38]. The design method presented
here has only been tested on antennas that do not have a
ground plane. The authors believe that the method will also
yield helpful information for other systems.

First, start with the antenna in Figure 3 a). This is a
Rampart line antenna [29] with N elements on each pole.
The first step in the iterative design process is to determine
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Fig. 2. Possible tag layout region.

the electrical width and length of the Rampart line antenna.
To do this consider the individual element of the Rampart
line antenna in Figure 3 b). We have labeled the starting and
ending nodes of the k*" element as e, and ey, respectively.
The other nodes of interest in the design process have been
labeled as ap, bi, ¢ and di. Next, we will denote the
electrical length between any two nodes, say = and y, in
Figure 3 b) as L7 ,. Using this notation we denote the
electrical length between nodes e, and ay, as Lg, , ,, . In
a similar manner, we can write the electrical length between
the remaining nodes as Lgk,bk’ Lgk’Ck, Lgkydk and Lflk’ek.
Thus the electrical length of the entire k' segment is

+Lg, e 3

e
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e
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Z = L ak,bk + Lgk,ck + L

Therefore, the electrical length of the one pole of the dipole

is
N
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then gives the entire length of the dipole as
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Note that (5) is written without any assumptions on the
symmetry of each element. It is written, however, with the
assumption that the dipole is symmetric about the port. If we

define some symmetry on the elements of the Rampart line

antenna we can simplify (3). If we allow S} = Lg, | . =
Zk,bk = Zk,dk = L§k7€k in Figure 3 b) we reduce (3) to
~Z :4S£+L§k76k' (6)
This then gives the overall dipole length of
N
Ly= Y LS. (7
n=—N,n#0

For the rest of this paper we will assume the symmetry that
leads to the expression in (6). For example, if we defined
Sip=A/32and Ly, . = \/8 we get Lg = \/4 which gives
an overall dipole length of L& = N)/2.

The next step in the design process is to determine the
number of elements /N in each pole of the dipole. This
is done by first fixing the center frequency f, and adding
elements symmetrically about the port location until a maxi-

mum gain is achieved (input impedance will be designed for



Fig. 3. Rampart line antenna layout.
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Fig. 4. Pivoting the Rampart line antenna.

later). Usually elements can be added until the gain reaches
a maximum and when more elements are added the gain is
reduced. Once the gain starts degrading, remove elements
to achieve the maximum gain. CAD programs work nicely
for determining N for many applications. N depends on the
environment around the passive tag during use. Thus, if N is
determined for a specific operating frequency in free space
and the antenna is used with a substrate, then N may not
provide the desired gain in this application.

Once the desired N in the Rampart line antenna has been
determined we need to fit the antenna in the area allocated
for it on the tag. Typically NN is so large that it won’t fit in
the required area. To fit the antenna we define pivot points
at various segment junctions along the antenna. The process
of defining these pivot points and moving the appropriate
segments around on the antenna plane is illustrated in Figure
4. In this case each arm of the dipole has two pivot points
defined. One on the second segment of each pole and one on
the K*" segment (for illustration of the general procedure) of
each pole. Defining the pivot points in appropriate locations
allows the designer to fit the originally long Rampart line
antenna onto a much smaller area in a very efficient space-
filling manner. Results from our research seem to indicate
that only a small sacrifice in gain is given to fit the antenna
on the tag.

To design for a desired input impedance of the antenna an
inductive loop is added to the port of the antenna in Figure
4. A direct method of determining the width, length and
location of the loop is not presented but it was noticed that
the further away the loop was from the port the higher the

76

Passive Tag Laver

‘ Superstrate

‘ Substrate

Rampart Antenna

Fig. 5. Passive tag with superstrate.

gain. Typically the loop for this design process is placed
between the first two elements (/N = +1) of the Rampart line
antenna. The inductive loop was used to control the reactance
of Z 4. The width of the antenna traces were used to control
the resistance of Z 4. Thus, by adjusting the inductive loop
and width of the traces Z4 could take on many different
values. To illustrate this design method we will consider the
following printed antenna for a UHF passive RFID tag with
a dielectric superstrate.

III. ANTENNA DESIGN

In this design a printed Rampart line antenna with a
dielectric superstrate is evaluated using Advanced Design
System (ADS) by Agilent [42]. The operating frequency f,
is 920MHz with a 60 mil substrate with €,.=4.25 and a 60
mil superstrate of €,=4.0. The placement of the antenna is
shown in Figure 5.

To determine the value of N, elements were added sym-
metrically about the port location. It was determined that
for this f, the max gain occurred with twelve elements on
each pole. Thus, for the design presented here we chose
N=12 for a G,.=4.3dBi. The Rampart line antenna was then
shortened a bit and folded six times to fit on the space
provided for the tag. This lead to the designs in Figure
6. We have added an inductive loop at the terminals of
the folded Rampart line antenna to conjugate match the
antenna port impedance with the load. The layout in Figure
6 a) has a gain of G,=2.62dBi and input impedance of
Zin,a=10.5274j139.263. The dimensions are H=2985mils,
W=1522mils and a trace width of 100mils. The layout in
Figure 6 b) has a gain of (G,,=2.97dBi and input impedance
of Ziy, 5=36.93+j139.737. The dimensions are H=2746mils,
W=1540mils and a trace width of 150mils. Notice that Z;,,
has a larger real part. This is believed to be a result of the
wider trace providing a larger radiation resistance. We can
see that increasing the number of elements of each pole fills
the antenna space more and allows the antenna to be bent to
fit on the tag. This utilizes the limited antenna space more
efficiently.

The designs in Figure 6 were manufactured on printed on
Smils FR4 and BT substrate. The images of the two layouts
are shown in Figure 7 a) and b). The design in Figure 7 a)
shows the layout with the narrow trace width on the FR4
substrate. Figure 7 b) shows the layout with the wider trace
width on the BT substrate. Type F and type PFC conductive
epoxy made by Epotec [43] was used to attach the straps
on the designs in Figure 7 a) and b). The epoxy for all tags
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Fig. 6. (a) Rampart line antenna with superstrate and narrow trace
(b) Rampart line antenna with superstrate and wide trace .
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Fig. 7. (a) Layout with narrow trace from board manufacturer on

Smil substrate (b) Layout with wide trace from board manufacturer
on 5Smil substrate.

was cured at 50°C for 8hrs. Both layouts (wide and narrow
trace) were printed on both types of substrates (FR4 and BT).
This resulted in four different types of printed antennas. The
combination of printed antennas and two different types of
epoxy (type F and PFC) resulted in eight variations, which
were all tested.

IV. MEASUREMENT RESULTS

To test the new designs the structure in Figure 8 was
constructed. The foam piece that holds the RFID tag can vary
in height (H) as 3ft< H <17ft. An Alien technology 9780
Gen 1 reader [44] with a linearly polarized (LP) antenna and
4W of effective radiated power was placed on the ground
below the tag. For a benchmark, the read range of the
commercially available M-tag from Alien was determined.
The read range was defined as the point when the read rate
changed from the max read rate fo a lower read rate (either
a marginal read rate or zero). The M-tag was placed in the
foam without a dielectric substrate and superstrate, yielding
a read range of 13.5ft. When the M-tag was placed in the
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Fig. 8.

Antenna test structure (highest).

foam with the dielectric substrate and superstrate of 60mil
and €,=4.0 the read range was reduced to 8.5ft. This is a 37
percent reduction in read range for passive RFID tags not
designed for a superstrate (i.e. enclosure) which illustrates
why commercially available tags need to be designed for the
presence of superstrates.

Next, the layouts in Figure 7 were placed between the
dielectric layers and the read range for various tags were
recorded. The values for these tests are in Table I. We can
see that a max read range of 10.5ft is achieved for the layout
in Figure 7 a) on the FR4 substrate with type F epoxy.

For the results in Table II the LP antenna on the Alien
technology reader was replaced with a circularly polarized
(CP) antenna. Again, the M-tag was placed in the foam with
the dielectric substrate and superstrate and the read range
was reduced to 6.5ft. We can see that a max read range of
7.5ft is achieved for the layout in Figure 7 a) on the FR4
substrate with type F epoxy. In both cases a larger read range
than the commercially available passive tag was achieved.

Various radiation properties of the layouts in Figure 7
a) and b) were simulated in ADS and measured using the
Alien reader. The pattern was determined with the reader
by measuring the max read range of the tag with respect to
angle. This method of correlating read range and pattern has
been shown by Yang [45] to accurately represent the field
pattern. During these experiments the tag was kept in the far
field to correlate the max read range with attenuation of the
reader [46]. It is assumed that the tag is in the x-y plane



TABLE 1
READ RANGE TEST RESULTS FOR LINEARLY POLARIZED ANTENNA.

Layout in Figure 7 a) b) a) b)

Smil substrate type FR4 FR4 BT BT

Read range (F epoxy) 10.5ft | 5.5ft | 10.5ft | Sft

Read range (PFC epoxy) 9.5ft | 5.5ft | 8.5ft 6ft
TABLE II

READ RANGE TEST RESULTS FOR CIRCULARLY POLARIZED ANTENNA.

Layout in Figure 7 a) b) a) b)
Smil substrate type FR4 | FR4 BT BT
Read range (F epoxy) Tt <4ft | 7.5ft 4ft
Read range (PFC epoxy) | 7.5ft | <4ft | 6.5ft | 4.5ft

of the spherical coordinate system with the dimension H
measured along the y-axis. The angle 6 is measured from
the positive z-axis and the angle ¢ is measured from the
positive x-axis. For the results in Figures 9-17 the value
of 6 was swept from 0 to 360° and ¢ is fixed at 0° and
90° (at the positive x-axis and y-axis, respectively). We
can see in Figures 9 and 10 that the # component of the
field is fairly uniform in the y-z plane and agree well with
the measurements taken by the Alien reader. The results in
Figures 11 and 12 show the magnitude of the total field in the
y-z plane. This shows that the 8 component of the electric
field is the dominant component in y-z plane. The results
in Figures 13-16 show the ¢ component and the magnitude
of the total field for a cut angle of ¢ = 0° (x-z plane).
This shows that the dominant term in the x-z plane is the
¢ component. Finally, we can see in Figure 17 that layout
b) has a larger gain. The input impedance of the antenna
was simulated using ADS and is shown in Figure 18. The
top plot shows that the real part of the input impedance can
be increased by increasing the trace width. We can also see
that the input impedance of the antenna changes very little
over the band 850Mhz to 950Mhz, which is the frequency
of interest. This is useful for matching over the frequency
hopping spectrum used by the reader.

= = =Simulated |

© Measured

Fig. 9. Normalized pattern of Ey for layout a) at 920MHz for
¢ =90° and 0 < 6 < 360°.

Fig. 10. Normalized pattern of Ey for layout b) at 920MHz for
¢ =90° and 0 < 6 < 360°.

Fig. 11. Simulated normalized pattern of | F¢otq:| for layout a) at
920MHz for ¢ = 90° and 0 < 6 < 360°.

Fig. 12. Simulated normalized pattern of |E}ota:| for layout b) at
920MHz for ¢ = 90° and 0 < 6 < 360°.



Fig. 13.  Simulated normalized pattern of Fy for layout a) at  Fig. 16.
920MHz for ¢ = 0° and 0 < 6 < 360°.

Fig. 14.  Simulated normalized pattern of Ey for layout b) at  Fig. 17.
920MHz for ¢ = 0° and 0 < 6 < 360°.

Re(z,) ()

m(z,) (2)

Fig. 15. Simulated normalized pattern of |Eyotq:| for layout a) at
920MHz for ¢ = 0° and 0 < 0 < 360°. Fig. 18.
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Simulated normalized pattern of | Eiotq:| for layout b) at
920MHz for ¢ = 0° and 0 < 6 < 360°.
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¢ =0° and ¢ = 90° and 0 < 6 < 360°.
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V. CONCLUSION

A design process based on the Rampart line antenna has
been presented. This process yields antennas with high gain
values, flexibility in input impedance design, high space
filling properties and essentially a constant input impedance
over the frequency band of interest. Two antenna designs
with very similar gain values and input impedance are pre-
sented. It is shown that antennas with dielectric superstrates
can be designed for passive RFID tags that yield read ranges
larger than commercially available tags.
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