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Abstract— In this paper, the effect of curvature on
the passive UHF RFID tag is studied. Maxwell’s
equations are used to depict the typical curved
passive tag and are used to study the theoretical
limitations of a tag operating under curvatures at
its normal axes. This theoretical framework is then
used to analyze the typical tag for wvarious
curvatures. Here, the analysis is conducted to
derive the effect of curvature on the optimal
impedances for ASIC load matching, as well as
gain. This analytical evaluation is also generalized
to describe the shift in center frequency of the tag
operation due to tag curvatures. The results
derived from this theoretical study on
commercially available passive UHF RFID tags
are verified with experimental results. It is shown
that the curvature of passive UHF RFID tags have
a significant impact on the performance and
readability at values of K > m/A, and reaches a
breakdown on conformity at curvature values of
K =4m/A.

Index Terms— Passive UHF RFID, curvature.

I. INTRODUCTION

Recently there has been significant interest in
the characterization of passive UHF Radio
Frequency Identification (RFID) tags [1-8]. The
interest in this area is predominantly spurred by
the need to understand the implications that the
environment has on the performance of these
passive tags. Previous studies have concentrated

on internal [9-14], as well as external [15-17]
environmental factors, but have often times
neglected some of the more obvious details
involved in the use of passive tags in the industry.
These passive tags operate in the Industrial
Science and Medical (ISM) band of 902 MHz to
928 MHz within the U.S., and are governed by the
Federal Communications Commission (FCC) for
frequency selectivity, power levels, and other
requirements. The characteristics of passive tags
as studied previously have involved many types of
analysis such as the backscatter [9, 10], antenna
designs [11-13], as well as the application specific
integrated circuits (ASIC) studies. Published
works citing curvature in antenna designs have not
been put in context of passive RFID tags [18-20],
while those that have, concentrate on inductively
coupled (HF) antennas [21], or lack clear
conclusions regarding the effects of curvature on
the performance of passive UHF RFID tags
globally [22-25].

This paper is organized as follows: a
background on tag curvatures and fundamental
electromagnetism is presented in Section II.
Section III  presents the  theory  of
electromagnetism for the specific case of a curved
passive RFID tag in free space. The
comprehensive general theory and curvature
limitations of passive RFID tags are presented in
Section IV along with the theory of general
propagation. Here, the results of the theoretical
analysis are presented to illuminate the impedance
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mismatching, as well as gain variation and
operational frequency shifting. An experimental
analysis is presented in Section V for RFID tags
with various curvature values. In Section VI, the
effects of the segmentation process and segment
density is discussed on the characterization of
passive UHF RFID tags in CEM tools. Finally, a
comprehensive conclusion is presented in Section
VII.

I1. BACKGROUND

The typical passive UHF RFID tag is
composed of an antenna and an ASIC, that are
connected to each other using a conductive glue or
solder, as well as a substrate made of a dielectric
material such as PET upon which the antenna and
ASIC are affixed (as shown in Fig. 1) and
packaged for the complete tag. From an RF stand-
point, the radiation elements of this tag antenna
are the antenna traces.

ASIC Die
Antenna Trace

Pad Bumps

Fig. 1. The typical passive UHF RFID tag with a
substrate supporting the antenna and ASIC.

The electrical evaluation for the structure in
Figure 1 can be simplified using the assumption
that the characteristics of the tag radiation pattern
(including frequency selectivity) is dependent
predominantly on the tag antenna structure and its
matching to the ASIC input terminals [4, 5]. This
assumption is further generalized by the fact that
the ASIC mis-match is also a static property that
would be dynamic in curvature studies, only with
respect to the antenna structure. These
assumptions allow us to simplify the setup as
depicted in Fig. 1, into the traditional antenna
studies. Typical commercially available UHF
RFID tags tend to have somewhat complex (non-
simplistic) current densities. These current
variations are an important part of defining the far-
field response of the tag itself, as can be viewed
from the derived electric far field of Equations 1-3
for the case of a center-fed infinitesimal dipole
antenna  system with  spherical (surface)
coordinates.
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Equations 1-3 describe the electric field at
every instance in space except at the source itself
[26], and are an accurate method for determining
the power density and radiation resistance of the
tag antenna itself. This system is depicted in Fig.
2, where the tag is considered as a center-fed
dipole with a wire length much shorter than the
wavelength (I < A) and is very thin, such that the
diameter of the wire is much lesser than the
wavelength of the radiated wave (a < A).

z

2 e

i
1
1
X i/zi

Fig. 2. Geometrical system of the infinitesimal
dipole antenna system.

From Fig. 2 and wire antenna theory, we know
that the current distribution of the dipole through
the entire length of the structure is described using
a sin6@ function, and that depending on the
termination at both ends, this function could be
altered into a linear (constant slope) function for
the short dipole, which allows a simplification that
arrives to Equations 1-2. This simplification exists
for cases where [ < 1/50, which allows us to
determine the vector potential with the
assumptions that the phase errors are negligible
[26, 27] and does not affect the radiation
characteristics of the antenna system. Using this
justification and assumptions, we can perform the
appropriate integration to derive the vector
potential using that used by the infinitesimal case
in Equation 4.

— g Mo ,—jkr (Y2 g0 _ 5 ol —jkr
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The results of this integration are as depicted
in Equation 5, where the vector potential is shown
to be one half of that shown in Equation 4, and is
increasingly accurate as kr — oo due to the far
field region of the system. Note that the results of
this system require that we assume that the current
is zero on either ends of the short dipole, and is
maximum at the center.

A(x,y,z) = a,A,

a,5 5% e | (5)

Using Equation 5, we can rewrite Equations 1-
3 into Equations 6 and 7, for values of kr > 1.
Here, we see that the approximate simplifications
allow us to notice that the fields are half the
previous field equations of the infinitesimal dipole
as well.

Eg zjn%e_jkr sin 6 (6)
E,~E,=0. (7)

Note that since the directivity is a function of
pattern or shape, the directivity and hence the
maximum effective capture area of the short
dipole is similar to that of the infinitesimal dipole
[26, 27]. Following this, the radiation resistance of
the short dipole is (squared) one fourth of that of
the infinitesimal dipole, and is given in Equation
8. Note that this value is strictly dependent on the
length of the dipole as well as the wavelength of
the radiated wave.

_ 2Prqq _ 2 L z
Ry = 2t = 20m (A) . (8)

III. MATHEMATICAL ANALYSIS OF
TAG CURVATURES

From the derivations so far, we notice that the
two major changes during curvature are due to the
fact that the current distribution would be altered
tremendously, and that the geometrical setup
would also alter significantly. Curvature can be
described effectively using the radius of curvature.
This radius of curvature can be depicted using an
analogy similar to Fig. 3, where curvature (K) is
determined using the radius (R), where K = 1/R.
From this definition, we can classify curvatures
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involved in the dipole system to depict the changes
as a sum of bent short dipoles.

Fig. 3. Radius of curvature of a wire.

Considering the scenario described by the
summation of partially bent short dipoles, it is
easily noticed that the current distribution would
change drastically as we navigate from one short
dipole to the next.

Wire current [dBA] Surface current [4BA/m]

w8 Raflatac Bent Dipole a7

|jI;j§ - Loaded Meander Tag j§§|
811 - o » 147
= e
Alien Squiggle Tag

Dipole
Fig. 4. Current distribution of commercial RFID
tags as compared to the typical dipole antenna.

To further explore this condition, Fig.4 depicts
the current distribution for three commercially
available passive UHF RFID tags as compared to
the typical dipole illustrated in Fig. 2, and derived
in Equations 1-8.

From Fig. 4, we notice that bends do typically
change the current distribution, since they tend to
be the radiation echo sites. However, we notice
that the linear or log in Fig. 4 (due to dB measure)
current distribution patterns for the dipole antenna
is best used for the purpose of a generalized
theory. In order to model the current distribution,
we first depict the scenario under which a curved
tag (curved dipole tag antenna) will exist in Fig. 5.

The tag curvature along the radius of curvature
(which is equal to the radius of the circle) involves
complex manipulations of angles due to the bent
short dipoles. In order to properly describe the
curvature, we must introduce the angles 6;, a;,
and f5; as depicted in Fig. 5. These angles are used
to depict the study of each dipole with respect to
the original short dipole. Note that the use of the
summation of short dipoles is similar to that used
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P(r, 8, ¢)

Radius of Curv.ature (Radius of Circle), R
Center Feed Point K=L/R

Sum of partially
bentshort

dipoles curved tag

Fig. 5. Geometrical setup of a typical passive UHF
RFID tag undergoing z-axial curvature.

in the segmentation process in the methods of
moments. From Fig. 5, we can further analyze the
triangular nature of the first § angle by utilizing
geometrical calculus as depicted in Fig. 6.

P(r, 8, ¢}

i
Fig. 6. Geometrical analysis of the far-field pattern
angle, S.

From Figure 6, we notice that the first § angle
can be defined by Equation 9, which describes the
far-field pattern angle as a subsection of the
deployment angle (6), and the length of each
segment during the segmentation process (1). Note
that this derivation would be similar to the analysis
using computational methods. The results of these
computational electromagnetic (CEM) methods
will be depicted in subsequent sections.

B =tan " {0t ©)

ri—lcos6;
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Comparing the results obtained in Equation 9
through analysis with Figs. 5 and 6, we notice that
the deployment angle of each segment in the
curved tag problem can be defined as described in
Equation 10, where a is the differential angle
between the (i)th segment and the (i + 1)th
segment as depicted in Fig. 5.

9{ = 91"—1 — Qg+ Pi-1. (10)

Using the electric far-field derivation in
Equations 6 and 7, we can substitute Equation 10
to arrive at the partial solution for the curvature
problem. Equations 11 and 12 present the
modified field equations that describe the
curvature effects on the geometrical nature of the
tag antenna.

Eg ~ jn ;‘;iie-fkr sin 6! (11)
E.~E,=0. (12)

From Equations 11 and 12, we see that the
field equations are complete in terms of the
curvature of the system. However, notice that the
system still emphasizes a linear current
distribution for the entire curved body. This
current distribution is non-conformal to the
concept of multiple bent short dipoles, and must
be modified to depict the current distribution of a
set of segments as depicted in Fig. 5. In order to
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Fig. 7. Current distribution of tag antenna
depending on the number of segments and length.
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do so, we first review the current distribution of a
single dipole element as compared to multiple
dipole elements. Fig. 7 shows the -current
distribution of the single element as compared to
the same length dipole with multiple elements.

From Fig. 7, we notice that the current I
needs to be modified such that it varies linearly
based on the segment number. Here we also see
that the current is the same at the either end due to
symmetry, and that the current at the end points
always approach zero. From this conceptual
diagram, Equations 11 and 12 can be effectively
modified to resemble Equation 13 and 14, where
the current modification as well as the segment
length (li) adjustments are considered.

Eg ~ jn%e‘jkr sin 6} (13)

From Equation 13, we can see that the
complexities that exist due to curvature in the far-
field can be effectively modeled using geometrical
analysis as well as modifications to the current
distributions. In the following section, these
modifications are used to describe the relevance to
propagation, as well as impedance mismatches,
gain variations and operational frequency shifting.

IV. CHARACTERISTICS OF CURVED
TAGS

In order to study the curvature of the tag, we
notice that an explicit simplification is made to the
generalized definition of curvature itself.
Curvature of the typical tag can be described using
K = 1/R, where R is the radius of curvature of the
entire system. It is easily noticeable, that curvature
of the typical passive tag as discussed throughout
this paper would be directly related to the
differential angle between each segment (a;) in
Fig. 5. To understand the simplification that exist,
we must first study the relationship between the
effective tag length (L) and the radius (R), which
can be described using the simple geometry of an
arc on a circle as noted in Equation 15.
Le _ 6

<= —-2mR. (15)
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Substituting R for the curvature (K), we can
rewrite Equation 15 in the form as depicted by
Equation 16.

_ 360LK
T 4m

0 (16)

From Fig. 8, we see that the angle describing
the maxima of the arc for the tag effective length
is actually described by the deployment angle
itself, such that 6 = ;.

Fig. 8. Relationship between tag effective length
(L) and differential deployment angle ().

Assuming that the deployment angle is
constant such that the radius of curvature is
constant (the tag is constantly curved, rather than
dynamically curved), than we note that 6 = a,
since @ = a; = X1 = Aj+n. This assumption
allows us to rewrite 6 as a direct substitution of a
in Equation 16. Substituting the modified Equation
16 into Equation 10, we get Equation 17.

360L.K

Sl b By (A7)

0 =06, —

Finally, substituting Equation 17 into the
expanded Equation 13, we derive the complete
electric far field relationship for the tag curvature
in Equations 18 and 19.

Egp = jn* e e ¥ sin (64 = 225+ By ) (18)

8mr; 4

ETzE(p

=0. (19)

In order to understand the implications of the
modified field equations, we find the average
radiated power in Equation 20 using Equations 18
and 19 [26].
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Declaring the radiated power, we use the
average radiated power of Equation 20 to define
the directivity (D(6;,¢)) in Equation 21. This is
then used to define the radiation and input
resistance, as well as the maximum effective area
in Equations 21 through to 23 respectively [26].

4T Woaa(7r.68{,.0)

D(6], = 21
©7,9) fozn f;r Woaa(r.0],0)r? sin6]d6]de 1)
_ ZfomfgI Wiraa(7,0{ )17 sin6;d6]de Ry
Ry = [Io—1;1? > Rin = sinz(%) (22)
12
Aem = EDmax- (23)

Using these equations, it is clear that the short
dipole moments create changes in both the input
resistance, as well as radiated resistance. The
modification that exists however, do not
significantly change the directivity of the curved
antenna, and therefore will not change the
maximum effective area of the antenna itself. This
proposition is a very interesting conceptual idea
which proposes that the tag would have the same
directivity measure as would, say a typical dipole
under no curvature (K = 0). The theory also
predicts that the effective capture area would not
change drastically, thus the power radiated by the
tag would also remain relatively constant. Since
the radiation resistances change due to curvatures,
it is probable to suggest that the operation of the
tag would be dependent on these changes. For the
typical passive UHF RFID tag, changes in the
input resistance would create a mismatch with the
tag ASIC load, which would detune the
operational frequency of the tag. This act would
effectively hover the typical tag away from its’
operational frequency band of 902 MHz through
to 928 MHz in the US. The effect of tag detuning
is an analysis that is well known in passive tags,
and has been previously discussed in relation to a
metallic environment [4, 13], as well as in a moist
environment [28]. In order to verify the results of
the theory, simulations are conducted in FEKO
5.3, which is a CEM tool utilizing a hybrid
FEM/MoM method. The meshing guidelines used
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here require that the segment radius equals to
10™* m, and that the segment length equals to
A/90 m, which allows for the vastly assumed
regions for the short dipole concepts of < A/50 m.
Fig. 9 presents the test setup used in the
simulation environment. Note that the values of
curvature (K) is varied starting from K =0
(R= ), up to K =4m/A, where the typical
quarter wave dipole becomes a complete loop.

Sum of multiple short dipoles

ASIC with Complex Load —*

(b}

Fig. 9.Test setup of the curvature of a center-fed
dipole: (a) showing the variation of curvature (K);
(b) the tag composed of a summation of
cylindrical parts and a complex load.
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Fig. 10. 3D pattern of the tag gain: (a) during
curvature values of K < 41 /4; (b) at K = 41/ A.

In Fig. 9b, we notice that the mathematical
model utilized for the dipole involves a summation
of cylindrical short dipoles, while the center feed
point is an ASIC. In the simulation, the feed point
is designed to be a sinusoidal voltage with a
maximum value of 1V, and the point source is
modeled using a complex load (real and imaginary
parts). The values of the complex load are varied
to achieve the optimal load for matching purposes.
This process is repeated for each tag antenna
design utilized in this paper (Alien Squiggle and
Raflatac Bent Dipole). Fig. 10 depicts the 3D
radiation patter of the curved dipole tag at normal
curvature (close to the regular straight dipole



antenna), and at the extreme curvature (where the
dipole becomes a loop antenna). Since the theory
is designed to handle a dipole antenna (Equations
1 to 3), it is not sufficiently accurate at the
maximum curvatures, and therefore is theoretically
unsuited to accommodate loop like structures.

From Fig. 10, we notice that the tag maintains
a dipole like pattern throughout various types of
curvature, but transforms from an isotropic-x (or -
y) into an isotropic-z as the tag approaches the
maxima curvatures of K = 4w /A. Fig. 11 presents
the results indicating the effect of the curvature at
different frequencies (using a frequency sweep).
Here we notice that curvature (K) of a typical
dipole has an impact on the frequency of operation
of the tag. There is a skewing effect on the optimal
operational frequency that seems to slide off to
higher frequencies as the tag curvatures increase
(K - 4m/2). However, at the maxima curvatures
of K = 4m /4, it is seen (yellow) that the tag offers
very poor values of reflection coefficients (S;4),
which could be related to due to the high voltage
standing wave ratio (VSWR) when contact is
made between each end of the tag.
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Fig. 11. Effect of curvature (K) at different
frequencies.

Fig. 12 presents the effect of curvature on the
optimal value of the imaginary load impedance.
The imaginary load is varied for negative values of
1 through to 1000 Q. From the logarithmic (x-
axis) scale it is noticed that the imaginary part is
well suited (for lowest S;; values) at values of
approximately -50 Q (for all values of curvatures,
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K). Note that throughout this paper, the real part of
the complex load is affixed at 50 Q. Using these
values ([50 —j50] Q) for the analytical
evaluation, Fig. 14 is derived to depict the effect
of curvature on the fundamental RF parameters in
the tag.
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Fig. 12. Effect of curvature (K) on the optimal
value for the imaginary part of the complex
impedance of the load.
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Fig. 13. Effect of curvature (K) on the directivity,
gain, overall efficiency, and transmission
coefficient of a center-fed dipole tag at 915 MHz.

The parameters derived from this analysis are
the gain, directivity, overall efficiency, and
transmission coefficient. Notice that the gain and
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the directivity values are different (not the same)
for tag curvatures above K > 0. This is an
interesting idea when considering the definition of
gain and directivity which often times reflects
their similarities under the assumptions of a
perfect match and no ohmic losses. However, the
finer interest that lie in the differences here are the
fact that the differences are in variation with
respect to the curvature itself. This distorted case
is what is of most interested, and can be easily
described using the harmonized definition of gain
and directivity as detailed in Equation 24.

Gr=Q1-IT1*)-Dr. 24

Using this refined definition, we notice that
the transmission coefficient (|I'|) is in fact
frequency dependent, and as depicted in Fig. 14
plays a crucial role in the manipulation of the tag
overall efficiency, a factor that changes the gain to
be much lower than the directivity of the tag
antenna itself. Fig. 15 compares the results of the
transmission coefficient in Fig. 14 against values
of the reflection coefficients, return loss, and
VSWR. Here we see that as |I'| decreases with the
curvature of a tag, the theory predicts that the
return loss would also increase.
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Fig. 14. Effect of curvature (K) on the reflectance
coefficient, voltage standing wave ratio, and return
loss as compared to the transmission coefficient
for a center-fed dipole tag at 915 MHz.

In understanding the implications of these
results, we must draw attention to the fact that the
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range ratio of the passive tag can be effectively
characterized using Equation 25.

Mo Ja-irme. (25)

Considering the fact that at values of K < w/4
the change in directivity is negligible, we can
generalize that the range ratio is dependent only on
the values of the overall efficiency (e.4) at these
values as described by Equation 26.

!

== Jeca- (26)
It is seen that there exist an exponential

account on the performance degradation of passive

tags after this cutoff point, which contributes

directly (through equation 26) to the readability of

these tags.

V. EXPERIMENTAL ANALYSIS
The experimental analysis of curvature effects
on the Alien Squiggle is conducted in free space
(indoor). Fig. 15 depicts the test setup for the
curvature analysis conducted in this section.

b4

Fig. 15. Curvature setup of the Alien Squiggle tag
for a given radius of curvature (ROC).

The analysis is first conducted to derive the
optimal imaginary part of the tag, which is then
compared with the bent dipole tag by Raflatac in
Fig. 16. From this figure, we notice that the
imaginary part of the Alien Squiggle is perfectly
matched (the real part is 50 Q) when the complex
load is approximately ([50 — j508.3]Q). This
value is also much lesser than that required for
perfect matching (under the same conditions) of
the Raflatac bent dipole at 915 MHz. Using the
same simulation environment, Fig. 17 plots the
effect of curvatures on the reflection coefficient
(in dB) from 800 MHz through to 1000 MHz.



Here it is noticeable that there is a trend for the
skew towards higher frequencies and higher
reflection losses as the curvature of the tag
increases. Fig. 18 presents the analysis conducted
in free space using the actual tag.
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Fig. 16. Optimal value for the imaginary part of
the complex load of the Alien Squiggle tag
compared with the Raflatac bent dipole.
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Fig. 17. Effects of curvature on variations of the
reflection coefficient for the perfectly matched (at
915 MHz) Alien Squiggle tag from 800 MHz
through to 1000 MHz.

It is seen that the fitted polynomial curves
(darker lines) show that frequency skewing is less
of a real issue, while losses are much more
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prevalent. The testing was conducted in open lab
space without obstacles, and that a repeatability
test was conducted to determine the extent of the
noise and its’ occurrences, which proved to be
negligible. The global minima of the curves
indicate the tuning of the tag which is compared to
the reflection coefficient plots in Fig. 17, while the
change in transmitted power required is related to
the impedance mis-match due to the constant
curvature of the tag. The test is conducted with
heights of 1m from the ground for both the tag and
reader antenna, and for a separation of Im from
each other. The ripples in the measured curves are
a result of multi-path which is present in the
testing environment.

—K=0 K=10 K=20 K=30
==Poly. (K =0) ==Poly. (K= 10}~ Poly. {K = 20}~ Poly. (K = 30}

Transmitted Power (dBm)

800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)

Fig. 18. Experimental analysis and polynomial
curve fitting of the results for curvatures of the
Alien Squiggle tag from 800-1000 MHz.

VI. EFFECTS OF THE SEGMENTATION
PROCESS IN CEM TOOLS

It is shown that the current profile plays the
most crucial role in the field equations, an
occurrence that is studied in Fig. 7 in general, and
detailed in Fig. 19 numerically.

As the number of segments (#) increases
(lambda/#) in the theory, the normalized current
becomes more sinusoidal in nature, which
contributes to the accuracy of the theory. Increases
in the curvature would definitely increase the
effect that the segments play in the calculation of
the field equations.

Fig. 20 shows that for a damp segmentation
process (with higher segment counts), the
breakdown begins at K > 3m/A, and (from the
previous sections) occurs at K =4m/A. In
addition to these factors, we also predict that
readability and performance is not effected (in
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Fig. 20. Effect of the tag curvature on the segment
currents for damp meshing guidelines (dense
segmentation process).

ideal conditions) until K >m/A for a typical
dipole-like passive UHF RFID tag antenna, where
A is the wave-length referred to the self-resonance
of the antennas, rather than the frequency of
operation of the tag. This is true since it is
common to design passive UHF RFID tags away
from the self resonance of the antenna, and due to
the fact that K is related to the antenna directly.
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VII. CONCLUSION

In this paper, a theoretical framework is
presented to describe the effects of curvature on
the passive RFID tag. Maxwell’s equations are
used to describe the curvature of the typical tag by
using the center-fed dipole as a standard tag
antenna. The equations are derived to present a
general theory describing curvature in passive
UHF RFID tags. Analytical evaluations are
conducted to study the variation of gain,
impedance mismatching, as well as operational
frequency shifting of the passive UHF RFID tag.
Experimental evaluations of curvature in
commercially existing passive UHF RFID tags are
conducted. The results of this study show that
there exist significant impacts on the performance
of the typical RFID tag at curvature values of
K > m/A. Furthermore, it is shown that a
breakdown (non-conformity to typical operation)
occurs at K = 4m/A.
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