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Abstract

The field of chipless RFID is growing due to the cost effectiveness, simplicity, and versatility

of the technology. Typically, chipless RFID tags utilize a single type of resonator in their

design and are designed for a singular application. These design practices are limiting both in
terms of versatility and practicality. This work builds on previous work and proposes a new
application-adaptable tag design methodology. This methodology revolves around the use of
combinations of multiple types of resonators in backscatter-based frequency-coded tag designs
for the purpose of enhancing versatility and utility of chipless RFID technology. From this novel
design methodology, an original tag design presented previously that achieves a high bit density
of 27.54 bits/cm? is further analyzed and optimized for two applications. Furthermore, this paper
presents a method for associating tag response characteristics to tag geometry and develops

new tag metrics that can be used to more effectively compare the merits of sensing-based tags.
Measurements of manufactured tags are also presented, and associated measurement challenges
are discussed.

Index Terms
bit density; Chipless RFID; spiral resonators; application adaptability

[. Introduction

As chipless RFID technology has developed, so has its realm of applications. Chipless
RFID is a subset of the RFID field in which the tags neither have a power source nor an

IC. Instead, the “stored” information is inherent to the geometrical structure of the tag.

For frequency coded tags, the structure produces a specific spectral response (e.g., radar
cross section (RCS) or complex reflection coefficient (S11) vs. frequency) to which a binary
code is assigned. This binary code can be assigned in a variety of ways depending on the
application and tag design specifications [1, 2]. Typical applications of chipless RFID are
identification and sensing [2, 3]. For identification-based tags, a binary code is assigned to
the tag response and it is desirable for this code to be as long as possible so that more
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IDs can be generated and assigned. At the same time, it is desirable for these tags to be
space-efficient (i.e., have a small form-factor) so that they can have practical utilities. Bit
density, defined as the number of bits in the binary code per centimeter squared of tag area,
is a metric often used for ID-based tags to describe how well a tag balances the need for
code length and space efficiency [3]. For sensing-based tags, the trend has been to utilize
changes of a single resonance in the tag response to sense a physical parameter such as
temperature, strain, or humidity [4-6]. Since only a single resonance is used, typically a
binary code is not assigned to the responses of these tags. Therefore, measurand sensitivity,
which is how significantly the measured parameter changes as a function of the parameter
being monitored (e.g., what voltage change occurs as a function of temperature for a
temperature sensor), is sometimes used for sensing-based tags.

A common feature between ID- and sensing-based tags is that they are typically designed
with a specific application in mind. In a few cases, a sensing bit is added to an ID-based
tag, or ID bits are added to a sensing tag. However, in both of these cases this is done to
enhance tag performance for the original application [7, 8]. This combination of application
specificity and lack of resonator diversity are limiting in terms of versatility and practicality.
For example, if there exists a certain requirement in the size (area) of a tag, then a design
can only contain a limited number of a particular type of a resonator before the area is full.
Therefore, the tag can only achieve a limited bit density. To mitigate this, the tag can be
designed to operate at higher frequencies, at which smaller resonators can be incorporated.
However, with this approach the design reaches a point where the resonators become very
small and difficult or costly to manufacture, while also the tag characteristic response
becomes more difficult to measure. This approach to tag design causes customizability of
the response with a singular type of resonator and a specified tag area is limited. Thus,

the applications for which the tag can be used are limited. Alternatively, by combining
multiple types of resonators, greater response variation, higher bit densities, and in turn
greater application diversity (i.e., use in multiple applications, such as both ID and sensing
applications) can be achieved. These advantages will be illustrated throughout this paper.

Another commonality between ID- and sensing-based chipless RFID tags, is measurement
difficulty. In many cases, the RCS of the tag is measured. This is done because RCS is
distance independent while Sy is distance dependent. However, RCS measurement can be
difficult to make and often requires the use of calibration targets, which makes it difficult
to measure the RCS outside a controlled laboratory setting [9-11]. Another measurement
challenge in the area of chipless RFID is orientation sensitivity [12, 13]. These issues

then lead to limited read range and difficulty localizing tags. To overcome these issues,
some different measurement methods such as using an ultra-wideband (UWB) pulse for
interrogation and different reader antennas have been proposed [14, 15]. Post processing
techniques, to extract tag signatures from measured responses, have also been proposed

to help overcome these measurement challenges [16, 17]. Another approach has been to
design tags differently to increase the tag response signal in relation to the response of

the background (i.e., environment). Primary examples of these different types of tags are
depolarizing tags and harmonic tags [18, 19]. Additional solutions have been proposed in
the area of traditional RFID. Some of these solutions include using phase and amplitude
information with specialized algorithms to perform 2d tag localization, characterizing
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multipath to reduce RF distance error, and metrically characterizing the effect of the
environment on the RFID system [20-22]. These methods could also potentially be applied
to the area of chipless RFID to help solve the previously mentioned measurement issues.
Overall, though, there is still more work to be done to understand these measurement
challenges, how they affect chipless RFID sensing capabilities, and how to overcome them.
In this work, we explore these measurement challenges, especially the effects of orientation
and distance dependence.

This paper discusses a novel application-adaptable tag design methodology which is
founded on methodically combining characteristic responses of serval different resonators. A
preliminary tag design that achieves an extremely high bit density employing this approach
was previously presented in [23] and is analyzed in detail here. Additionally, results of
optimization for different applications using the principles of the design methodology are
presented. Finally, utilizing simulation tools to analyze tag responses, common and new

tag metrics, and measurement results of the designed tag are discussed. Together, these
methodologies, designs, and experiments represent a new way to approach chipless RFID
tag design, while also discussing the challenges and limitations of the technology especially
in terms of measurement. This work serves as a technical extension of [23] and uses some
content in sections 111 to V11 from the thesis [24] with permission.

Il. Application-Adaptable Tag Design Methodology

Combining multiple types of resonators into one tag, provides greater versatility, both

in terms of creating more unique binary codes and optimizing for different applications.
However, in order to do so properly, it is necessary to understand how the resonant
frequencies of tag elements (i.e., resonators) react to changes in their own basic geometries
and the manner by which these resonant tag elements interact with each other. Only in this
way can the tag response can be designed and developed in a controlled and predictable
manner. Design guidelines, such as design curves, equivalent circuits, and mathematical
models of the resonant behavior of these tag elements, become necessary and extremely
beneficial for this process. They provide the tag designer with the necessary guidelines
for designing tags that meet certain requirements, all without relying on trial-and-error
simulation or retrofitting a tag design to a new application for which it may not be well-
suited. Some design guidelines have been reported for singular resonators, but they often
do not describe the interaction between multiple elements of the same resonator type or of
multiple elements of different resonator types [25, 26]. Additionally, some of the design
guidelines generated for microwave filter applications can be applied to chipless RFID tag
design [27].

Besides understanding how tag elements operate and interact, it is necessary to understand
the effect of the tag environment on this operation and these interactions. If the tag does
not have a ground plane, the material the tag is attached to can have a large impact on

the response of the tag. It has been shown that it is beneficial for a tag to have a ground
plane if it is going to be pasted on an object since this will reduce the effect the object has
on the response of the tag [7]. However, manufacturing a tag with a ground plane is not
very conducive to inkjet printing, as many printing papers only have ink adhesion coatings
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on one side (i.e., one can only print on one side of the paper). Despite these limitations,
inkjet printability is still considered an important advantageous feature in tag design as this
facilitates ease of deployment by way of being capable of being manufactured by a low-cost
and quick method [3, 28].

Another important situation to consider is when a tag, without a ground plane, is placed

in front of an electrically conducting surface (i.e., metal). In this situation, the conducting
surface acts like a ground plane to the tag if the tag is sufficiently close it, and changes

the tag response significantly. For example, the intended slot resonators may have their
conductor features act as ring resonators causing different resonances in the frequency
response. This is illustrated in Fig. 1 where the responses of a tag with and without a ground
plane are compared. As can be seen from Fig. 1b, the response is significantly different

for when the tag has a ground plane versus when it does not. If the conducting surface is
large enough compared to the tag, the conducting surface creates an image theory situation
whereby the tag overall response becomes a combination of itself and its image.

Other environmental factors like temperature and humidity also need to be taken into
consideration when determining how to manufacture a tag. As previously mentioned, inkjet-
printing is a very popular manufacturing method for chipless RFID. A popular substrate to
print on is Mitsubishi paper. However, this paper is sensitive to humidity so if the tag were
would change [6]. Consequently, it is necessary to have a complete understanding of the
effects on tag response due to the environment in which the tag is intended to be placed.

By combining this understanding of environmental concerns with that of how tag elements
operate and interact, tags can be effectively engineered to meet certain requirements and
can easily be adapted to fit new applications. This understanding allows, for example, for
a tag with a ground plane to be quickly modified to not have a ground plane so that

it could more easily be manufactured via inkjet printing. In this sense, the tags become
application-adaptable.

These practices can be summarized in a three step tag design methodology:

1 Define tag requirements: size, bit density, manufacturing method, understand
current application and possible future applications.

2. Select resonators and resonator combinations that satisfy these requirements.

3. Utilize the design guidelines to purposefully modify the resonator geometries to
create a desired tag response.

lll. Tag Design

In this section, the design of a tag that was preliminarily discussed in [23] is presented in
the context of the presented design methodology. In doing so, the design considerations not
previously discussed, such as the spiral resonator dependency on the ring resonators and the
response dependency on the location and orientation of spiral resonators, are demonstrated.
Furthermore, justification for the dimensions and types of resonators used are provided,
which is not frequently done in the chipless RFID field. An example of a case where this
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is done is the work in [29]. This tag, which was initially designed and simulated in CST
Microwave Studio®, consists of a ground plane backed TLX-9 substrate disk (¢,=2.5 and
tan5=0.0019) with a diameter of 0.68 cm. Different types of resonators, are combined to
create a spectral signature that lends itself to a high bit density tag design. By adding and
removing resonators and resonator types, the response can be modified to adapt this tag
for various applications. In its most basic configuration, this tag utilizes ring resonator and
circular patch antenna. Spiral resonators can then be added to create responses with more
notches, as initially discussed in [23].

The most basic form of this tag design and its RCS vs. frequency response are shown in Fig.
2. The RCS response was generated from a simulation in CST Microwave Studio®, in which
a linearly-polarized plane-wave excitation was used in a monostatic radar configuration to
illuminate the tag and a RCS probe was used to measure the response. The direction of

the polarization is indicated in Fig. 2a. The frequency range of 18-35 GHz was chosen

since it allowed the tag to be small and minimally invasive (if used for embedded sensing
applications).

The tag response in Fig. 2b shows two notches as a function of frequency, namely: one

at ~21 GHz which is associated with the ring resonator element and the second at ~34

GHz which is associated with the circular patch in the center. These notches indicate or

set the startand stop bits for the binary code that will be associated with this tag when

the tag is loaded with spiral resonators. This is especially useful when embedding such a
tag in a material for characterizing its properties. The reason for this is that in materials
characterization applications the response is expected to shift down in frequency, compress,
and distort as a function of the material properties. Thus, having distinct start and stop
response features can help identify which parts of the binary code in the overall response are
due to the tag and which parts are due to the environment [30]. This is illustrated further in
Section V.

In designing the spiral resonators, first the top spiral (see Fig. 3) was designed to have a
resonant frequency close to that of the ring resonator. The resonant frequency of a spiral
resonator is related to the effective inductance and capacitance of the element (i.e., the
longer the spiral is, the higher its effective inductance and capacitance and thus the lower

its resonant frequency) [31]. This principle, along with design guidelines generated for using
spiral resonators in microwave filters in [27], were applied to modify the spiral geometry

in a purposeful manner to achieve the desired response characteristics. However, the design
guidelines in [27] could not be directly applied since their design utilized a different feeding
mechanism. Additionally, the resonators presented in these guidelines in [27] operated at

a lower frequency range and were not used in such a way that orientation and location
relative to another element and the interrogation polarization were of any concern. The

first spiral resonator element that was designed is shown in Fig. 3. This element has a
resonance frequency of 18.5 GHz when it is the only spiral element present. When other
spiral elements are added, the interaction between them causes this first spiral resonance to
shift between those resonances associated with the ring and the circular patch. In general
there are three design considerations to take into account when it comes to integrating spiral
resonators with a ring resonator:
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1 The dependency of the spiral resonators on the ring resonator.
2. The effect of spiral orientation in relation to the reader polarization.
3. The effect of spiral location in relation to the reader polarization.

These three design considerations are detailed further below.

For this tag design, the circular patch can be removed from the tag and the ring resonator
still provides its notch in the response. However, the ring resonator cannot be removed if the
spiral resonators are going to be used in the tag, since the ring is needed to interact with

the spirals. This dependency between the ring resonator and spiral resonators is considered a
constraint of this tag design. This design constraint is illustrated in Figs. 3 and 4. Fig. 3 gives
the schematics of the three different configurations examined to illustrate this point, and Fig.
4 shows the respective tag responses. As previously described, the ring still contributes a
notch to the response when the patch is removed. However, the notch is slightly shifted in
frequency without the patch, indicating the absence of the interaction between the two. For
configurations in Figs. 3a and 3b, there is a resonance associated with the spiral at 18.5 GHz.
For the configuration in Fig. 3c, there is still a notch in the response associated with the
patch, but not one associated with the spiral. This is due to a lack of interaction between the
patch and the spiral at 18.5 GHz which is indicated in the surface current density simulation
in Fig. 5. Fig. 5 shows that there is not a high concentration of surface current on the circular
patch at 18.5 GHz where the spiral should be resonating. In contrast, at 35 GHz where the
patch would normally resonate there is a high concentration of surface current density on the
patch but not on the spiral. Overall, these results shown in Figs. 4 and 5 indicate that the ring
resonator is required for the spiral resonator elements to operate properly.

The other design considerations to be cognizant of include the orientation and location

of the spiral resonators with respect to the polarization of the interrogating wave. In this

tag design, rotating a spiral about its center at a specific location around the ring yields
different responses. Likewise, moving the spiral to different locations around the ring results
in different responses. Fig. 6 shows the effect of spiral orientation on tag response, while
Figs. 7 and 8 show the location of spiral around the ring element and its effect on the tag
response, respectively. For both of these figures, the spiral at the top position (Position 1) is
rotated or relocated around the ring resonator in the tag.

Fig. 6 shows that each of the four orientations produces a different response, which

could lead to different binary codes associated with the response depending on the coding
method used. Fig. 8 shows the three different responses that occur as the spiral element

is moved around the ring resonator element. These differences in response as a function

of orientation and location can be attributed to differences in how the resonator interacts
with the interrogating wave. In all of these cases, the tag is interrogated with a linearly
polarized wave with the electric field along the x-axis (see Fig. 2a). These response
dependencies can make it more challenging to understand how changes in element geometry
affect the response. However, they can also be utilized to create greater response diversity.
Additionally, this spatial sensitivity may be exploited to perform rotation sensing [32]. With
this knowledge of the location and orientation dependency of the spiral element class, the
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spiral elements of the tag were designed so that each spiral would contribute one notch to the
response.

Spirals designed after the one at location 1 were designed one at a time to have higher
resonant frequencies in order to add notches to the frequency range between the ring and
the patch resonant frequencies. As part of this iterative design strategy, the four spirals seen
in the four spiral tag configuration in Fig. 9a were designed so that the tag could operate
primarily in K-band (18 — 26.5 GHz) and so each spiral would contribute a notch to the
response. In achieving this, some of the spirals had to be rotated to different orientations to
overcome destructive interference among response characteristics associated with different
tag features.

In moving to the 8-spiral configuration, shown in Fig. 9b, the additional four spirals were
designed to have resonant frequencies between those of the original four spirals and the
start and stop bits, and to add four more notches to the response. The responses of both
configurations shown in Fig. 9 are presented in Fig. 10. As can be seen, adding four
additional spirals affects the magnitude of the notches and the locations of the notches
present in the 4-spiral configuration response. This is due to coupling between the spirals.
However, the locations of the start and stop bits remain the same. The 8-spiral configuration
achieves a higher bit density than the 4-spiral configuration because there are four more
notches in the RCS vs. frequency response, as expected. These two configuration were
featured in [23].

Based on a spatial analysis, up to 12 spirals could potentially be placed around the ring
resonator to further increase the bit density of the tag. However, doing so increases the
complexity of the design process. In order to focus on application-adaptability and chipless
RFID metrics and measurement challenges, the 8-spiral tag is utilized for the remainder of
this work. Section VI discusses tag metrics and shows how the achieved high bit density
compares to that of other tags.

The design methodology presented in Section 11 can be summarized in the context of this
tag, as follows:

1 Requirements identification:
a. Operate at K-band or higher to allow for a small profile tag,

b. Have an extremely high bit density and be able to scale the bit density
to fit the application (i.e., be able to easily have fewer notches in the
response for non-identification applications like embedded materials
characterization).

C. Be able to manufacture the tag as a PCB and utilize the tag for both
identification and materials characterization applications.

2. Resonator selection:

a. The circular patch and ring resonator provide for stable start and
stop bits, which are desirable for embedded materials characterization
applications.
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b. The orientation and location sensitivity of the spirals allow for greater
response diversity, which is desirable for identification applications.

C. Spiral resonators are space efficient allowing for greater bit density.
3. Design guideline utilization to combine resonators in a purposeful manner:
a. Design guidelines from [24] along with an understanding of location

and orientation sensitivity were developed and utilized for this tag.

b. Surface current simulations were used to understand the relationship
between tag features (see Fig. 5 and Section V).

C. Spirals were designed iteratively with increasing notch frequency.

d. The tag was then adapted and tested in the context of different
applications, which is shown in Section IV.

In further improving the practicality of this tag by achieving a balance between
manufacturability and cost, a lower frequency version was designed, which is shown with
its response in Fig. 11. Being larger (diameter of 1.36 cm), this version of the tag could
potentially be inkjet-printed in two separate layers as it would be within the manufacturing
tolerances of a typical desktop inkjet printer or easily fabricated by a PCB manufacturer
[28]. This version of the spiral tag also utilizes a detuning strategy, featured in [8], to make
the response more robust to the removal of spirals which is useful for ID applications.

In doing this, spirals with adjacent resonant frequencies are not placed next to each other
around the ring resonator. This decreases the mutual coupling between the spiral resonators
and allows the response to be more robust to resonator removal. In other words, when one
spiral is removed from the tag structure, the response characteristics associated with the
other tag elements remain relatively unchanged. Section VII shows the measurement of this
version of the tag.

IV. Tag Application Suitability

The 8-spiral tag is well suited for embedded materials characterization applications due to
the numerous notches in its response that allow for 3 different sensing approaches to be
used, and could be used for ID applications. To further illustrate this, the 8-sprial tag from
Fig. 9b was simulated as an embedded sensor in materials with different relative dielectric
constants (g,) (i.e., different permittivities (e,’) and loss factors (e,”)), as shown in Fig.

12. As was illustrated in [30], when a chipless RFID tag is embedded in a material, the
response of the tag shifts, compresses, and distorts as a function of the material properties
in which it is embedded. This can be explained by the tag appearing electrically larger in a
material that has a relative permittivity greater than one. The effect of embedding material’s
permittivity on the tag response is shown in Fig. 12b. If a binary code were to be assigned
to the response, this code would change as a function of the material the tag is embedded in.
Furthermore, the lossier the material, the greater the distortion in its response, changing the
code associated with the tag. This effect is shown in Fig. 12c. This method of utilizing the
code associated with a tag response that consists of multiple notches to determine material
characteristics, provides more reliability when it comes to practical use since it does not rely
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on the accurate measurement of the magnitude or shift of a single resonance. The magnitude
and frequency shift of a single resonance can also be affected by the position of the tag
relative to the reader antenna (illustrated in Fig 21), making it challenging to isolate the
effect of the sensing parameter when looking at a singular resonance [24].

It should be noted that as shown in Fig. 12c, increasing the loss factor (i.e., loss tangent)
removes some of the notches from the overall resonance response, particularly at higher
frequencies (i.e., consistent with increase in R in an RLC circuit resulting in a decrease

in its Q-factor).Therefore, any tag design must be made with this issue in mind (i.e., loss
associated with the material of interest in which a tag may be embedded). Additionally, this
indicates a limitation as to how lossy materials can be used with this tag when attempting to
perform materials characterization.

Other ways to perform materials characterization with this response are to consider the
resonance frequency of the stop bit or to look at how the distance between two notches
changes. These two methods can provide information about permittivity, but cannot be
used to determine loss factor unless the measurement of the magnitude of the response

can be trusted [33-35]. It should be noted that all of these chipless RFID materials
characterization approaches are less mature than other microwave materials characterization
approaches, such as the open-ended waveguide method and the ring-resonator method [36,
37]. Therefore, less accuracy can be expected from these chipless RFID methods. However,
these methods provide a quick, inexpensive, wireless and a passive way to characterize
dielectric materials and examine how the dielectric properties change over time (i.e.,
temporal changes), and therefore deserve further exploration.

In order to optimize the tag in Fig. 11 for ID applications, the detuning strategy discussed
previously was used. This allows for the response to be robust to the removal of spirals,
which is a desirable feature for ID-based tags since it means that the full possible number
of unique codes can be generated for the tag. Figs. 13a—d show four different configurations
of the tag to demonstrate the tag’s suitability for ID and Figs. 14a—d show the frequency
response in free-space (Fig. 14a) and for three different cases when removing spirals (Figs.
14b—d) for the tag configurations shown in Fig. 13. This removal of spirals is done for the
purpose of creating different RCS vs. frequency responses and therefore different codes and
IDs.

In these cases, the removed spiral numbering refers to the notch frequency order (i.e., the
length of the spiral, with the longest spiral being spiral 1) rather than the location around

the spiral like was done in Fig. 7. By examining the cases in Figs. 14a—d it can be seen that
the response is relatively robust to the removal of a spiral. The resonance associated with the
removed spiral is removed from the response, but the surrounding resonances do not shift
significantly or disappear. This also speaks to the great deal of control over the tag response
that can be achieved with this detuning strategy. This control is extremely advantageous in
that it allows for easy modification of tag designs to fit new applications.
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V. Tag Geometry and Tag Response Association

Based on the preceding discussions, it is clearly evident that when multiple types of element
classes are used in a tag design, the interactions between them are complex and cannot

be described analytically. Even through simulations, it can be difficult to discern which
response characteristics are associated with which tag element. This in turn makes it difficult
to determine which tag element needs to be modified to create a desired tag response.

However, the study of surface current density associated with the irradiated tags can be
useful in this understanding. Surface current density has been used to illustrate how tags
operate, such as in Fig. 5, but it has not been explicitly used to associate tag geometry

with response characteristics [11, 38, 39]. The surface current density can then be viewed

at frequencies where there is a resonance in the response and in doing so the tag element
associated with that resonance can be isolated. Fig 15, features the lower frequency version
of the 8 spiral tag whose model was shown in Fig. 13a, with its free-space frequency
response shown in Fig. 14a. Figs. 15a—f show the surface current density associated with the
spiral elements of the tag at six different frequencies. From these plots, one can associate a
certain tag response characteristic with a specific tag element. For example, Fig. 15a shows
a high surface current density associated with the top spiral tag element. This simulation
result is for 10.2 GHz where there happens to also be a deep notch in the RCS vs. frequency
response that is shown in Fig. 14a. The results also show the sensitivity of other tag elements
to different irradiating frequencies, indicating such analysis to be a useful tool for designing
tags that incorporate multiple types of resonators.

VI. Tag Metrics

A. Current Tag Metrics

Currently, there exist a few popular tag metrics, namely: bit density, coding capacity, and
data capacity that are used to evaluate various tag attributes. Bit density is the number

of bits per centimeter squared of tag area, while coding capacity has multiple reported
definitions. One of these definitions refers to coding capacity as it relates to the number of
total combinations of bits, which mathematically is expressed as [40]:

2° = Total Combination (@)

This equation can be rearranged to get:
C = log(T)/log(2) %)

T in (2) refers to the total number of combinations for codes, and is determined by
multiplying the number of possible positions for each resonance (i.e., multiplying the
number of possible defined positions for the first notch in the response by the number

of possible positions for the second notch in the response and so on). By doing so, this
definition takes into account the multiple positions a notch can take in the frequency
response of the tag, but is dependent on how the code generator determines what constitutes
a different position for a resonance.
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Another definition simply provides the total number of possible combinations [41]. This
definition can be mathematically expressed as:

2" = Coding Capacity (©)
In this equation, n refers to the number of bits in the code.

A third definition used for a case where a frequency shift encoding (FSE) mechanism is
used incorporates the number of resonators, the bandwidth used for the tag response, and
the average bandwidth of the notches in the response to determine the coding capacity, as
following [42]:

(f1Af)* =2 @

In (4), frepresents the bandwidth of the tag response, Afrepresents the frequency difference
between two coding locations in the response, n represents the number of resonances, and

C represents the coding capacity. This definition is dependent on using the FSE mechanism
described in [42] and cannot easily be extended to scenarios where other coding methods are
used.

A fourth definition divides the tag response bandwidth by the number of positions a single
resonance in the spectral response of the tag could take. In this sense, coding capacity is the
maximum possible number of resonances that could be achieved using a single element class
within a certain bandwidth. The context in which this definition was proposed, is a scenario
where an FSE like coding mechanism is again used like was used in the third presented
definition of coding capacity [43].

Data capacity is a third metric that is used less commonly than bit density and coding
capacity. In the cases when it has been used, it has been referred to as the number of bits

in the code [3]. This definition does not take into account the size of the tag as does bit
density. It is, however, still highly dependent on the code generation method used, similar

to the previously-presented bit density and second definition of coding capacity. A fourth
metric that is used infrequently is spectral density. Spectral density or spectral capacity is
considered to be the number of bits in the code per bandwidth used for encoding [29]. All
four of these metrics were designed for measuring the suitability of a tag for ID applications.
They do not indicate the suitability of a tag for sensing applications or how practically
usable the tag is in terms of reader system requirements.

Based on the definition of bit density and the second definition of coding capacity, it

is obvious that these metrics depend on the length of the code associated with a tag

and therefore they are coding method-dependent metrics. Additionally, utilizing bandwidth
before or after the last notch in the response can yield longer codes making these metrics
also dependent on how the coding method is implemented. These facts are often overlooked
when comparing tags and lead to unfair (i.e., not one-to-one) comparisons. Thus, the bit
density and coding capacity from definition 2 for the 8 spiral tag in Fig. 3c are reported in
Table I for the following popular coding methods as well as a coding method developed for
embedded materials characterization:
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Coding method 1 — notches are 1s, removing a notch shortens the code [44].
Coding method 2 — notches are 1s, removing a notch, adds a 0 to the code [12].

Coding method 3 — notches are 1s, elsewhere are 0s [45].

A W NP

Coding method 4 — Frequency Shift Encoding: bit sequences are assigned to each
notch depending on its position state. Position states refer to the user-defined

set of resonant frequencies a notch can have in a response. The assigned bit
sequences are concatenated together [42].

5. Coding method 5 — the response bandwidth is divided into windows based on
the narrowest notch in the response and then 1s and 0s are assigned based
on the portion of the response above and below a threshold in each window.
This produces a code that is very sensitive to shifts in response, a feature that
is desirable when trying to determine dielectric properties (i.e., for materials
characterization) [30].

6. Coding Method 6 — extends FSE to both amplitude and phase data to create a
hybrid coding method [46].

As previously mentioned, these tag metrics are very dependent on the coding method used
and are also dependent on how a tag designer employs the coding method. This point is
illustrated by the extreme variation in the metrics in Table I, where version 1 is the tag in
Fig 9b and version 2 is the tag in Fig 11a. Overall, these variations in metric usage make it
difficult to compare tags based on their reported metrics.

Therefore, the context of the coding method is needed if to make proper comparison among
the tags. Table Il shows how the achieved bit density compares to that of some other tags. As
can be seen, the achieved bit density with the version 1 8-spiral tag is very high and to the
best of the author’s knowledge, it is the highest yet to be reported.

B. Proposed Tag Metrics

The current tag metrics were designed to be used for 1D application tags and are therefore
limited when it comes to describing the performance of sensing tags. These current metrics
also fail to describe the measurability of the tag, which is important for using tags outside
of a controlled laboratory environment. Due to these limitations, three new tag metrics are
proposed.

The first proposed metric is a modification of the bit density metric, namely; notch density.
Notch density is defined as the number of notches in the response per tag area and response
bandwidth used. For the case of the proposed tag, the notch density would be 10/0.36
cm?2/19 GHz. This concisely conveys the coding potential, the size of the tag, and the
bandwidth needed to read the tag and this information together provides insight into the
practicality of the tag. Additionally, this metric removes the coding method dependency and
much of the bias by code assigner (i.e., the dependency of the code on how the assigner
applies the chosen coding method).
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Average Q-factor is another proposed metric that plays into the measurability of a tag. If the
notches are narrow, a certain number of frequency points are need to be used by the reader
system to ensure that the response features are properly captured. If too few frequency points
are used, a notch can be missed leading to bit errors and generation of incorrect codes.

A third possible tag measurement is the maximum RCS value in the tag response bandwidth.
The higher the RCS of the tag is, the easier it is to measure the tag and distinguish its
response from that of the background response. Additionally, the reader system being used
will have a certain level of sensitivity so this metric could tell the user if a tag could be used
with the reader system they have available to them.

Lastly, measurand sensitivity could be used as metric more frequently with sensing-based
chipless RFID tags. Sensitivity can be defined as the extent to which a sensor response
changes as a function of the measurand. This could be used to compare the performance
of sensing tags that are designed to sense the same measurand and could thus be used to
determine which tag is best suited for the application at hand.

Measurement

The lower frequency version of the tag, shown in Fig. 11a with its free-space response
shown in Fig. 11b, was manufactured through a commercial PCB fabrication house.
Additionally, a single spiral configuration, like the one that was previously utilized in section
I11, was manufactured. Both tags were manufactured on Rogers 4350B dielectric material,
which has a permittivity of 3.48 and a loss tangent of 0.0037, for a cost of ~$90 per tag.

The use of slightly higher permittivity substrate, than that used in the original design, causes
the response of the tag to compress slightly in frequency and for this reason, the simulated
Sq; responses for these tags with a waveguide as the reader antenna are shown in Fig. 16b.
The simulation setup is shown in Fig. 16a. It should also be noted that the cost per tag could
be reduced substantially by utilizing bulk fabrication or by employing inkjet-printing as a
means of manufacturing. To place this in context, with inkjet-printing the cost of materials
per tag would be approximately $0.008 based on using Mitsubishi paper as the substrate and
NBSIJ-FDO02 silver nanoparticle ink.

As previously mentioned, RCS is typically used for chipless RFID simulations due to its
distance independence. However, RCS is challenging to measure in practice and many of the
methods for doing so would not be practical outside of a laboratory setting. For example, the
method described in [9] requires measurements to be made of the S of a reference target,
the S1; of the environment without the tag, and the S1; of the tag. A formula is then used

to calculate the RCS from these measured parameters (i.e., not a direct RCS measurement).
If this method were to be employed for an embedded materials characterization application,
though, the reference target would need to be able to be embedded at the same location

as the tag, then removed and replaced with the tag. For expected applications, such as
embedding in the concrete of a civil structure, this is not feasible. For ID applications,

the main target application is supply-chain management. To utilize this RCS measurement
method in this application would require that the tag adhered to a product be replaced by a
reference target and for additional measurements to be made for each product, which would
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be time consuming, especially in comparison to the measurement techniques used with
passive RFID tags [52]. Thus, RC S measurements are limited in terms of speed, complexity,
and feasibly in some applications. Consequently, Sq1 is used for these simulations and in
subsequent measurements due to its relative simplicity compared to making accurate RCS
measurements. The manufactured tags are shown in Fig. 17. Five copies of each tag were
made and used during measurement to verify the consistency of the manufacturing process.

Measurements were conducted for both of these tag designs using an X-band (8.2-12.4
GHz) waveguide with a modified flange described in [53], which significantly reduced
unwanted reflections from flange edges, and an Anritsu MS4644A VectorStar vector
network analyzer (VNA). The tag was adhered to a piece of absorbing foam using double
stick tape and placed in front of the waveguide at a distance of 0.5 cm. During the
measurements, the waveguide was operated outside of its typical range from 7.5-12.4 GHz
(cutoff frequency is 6.56 GHz) to capture the first notch and 3001 frequency points were
measured. The measurement setup is shown in Fig. 18. In processing the data, the response
of the foam was (coherently) subtracted from the response of the tag. All five copies of
each tag design were measured producing similar results. Thus, the measurement results for
only one of each design are presented for brevity. The processed measurement results in
comparison to their simulated results are shown in Fig. 19. Ovals are used to indicate which
simulated resonance is believed to correspond to which measured resonance.

From Fig. 19a, good agreement between simulation and measurement results are obtained
for the single spiral tag. In Fig. 19b, one notch is missing in the response, however, the
remaining notches are in similar locations to those in the simulation. In the measurement
case, however, the notches are not very deep. This can potentially make it difficult to
practically associate a binary code with the response due to the lack of discernibility of
some of the notches. The differences between the simulation and measurement results
and the low level of some of the notches for the 8-spiral tag was consistent for all five
copies of the 8-spiral tag that were measured. We believe the discrepancy between the
simulated and measured results is primarily caused by manufacturing tolerances (i.e., spiral
resonators are slightly longer or shorter than they should be causing a shift in resonance
frequency or destructive interference leading to a missing notch), misalignment between
the waveguide and tag, or a combination of both. To this end, additional simulations were
conducted in which the overall lengths of three of the spirals (in positions 1, 3 and 5

in Fig. 7) were decreased by 0.076 mm (i.e., the minimum feature size capability of the
PCB manufacturer). These results are shown in Fig. 20. As can be seen, in Fig. 20, the
three notches associated with the three modified spirals have shifted up in frequency. This
confirms that manufacturing inaccuracies could be a source of the disagreement between the
simulation and measurement. Subsequently, simulations were conducted in which the tag
was translated and rotated with respect to the waveguide. Fig. 21 shows simulation results
for two cases (i.e., the case for which the tag is translated in the +x direction and the case
for which the tag is rotated about the x-axis) to illustrate the effect that misalignment can
potentially have.

Additional misalignment simulation results are provided in [24]. From these simulations
it was found that X and Y translation tend to change the magnitude of the response
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while rotation about the X, Y, and Z axes tends to cause shifts in notches and changes in
response shape. This indicates that misalignment could indeed also be playing a role in the
disagreement between the simulation and measurement results. Furthermore, [24] provides
additional measurement results for ID and embedded materials characterization applications.

Conclusion

In this paper, a novel application-adaptable tag design methodology was presented along
with new analysis of a tag that combines multiple types of resonators. The efficacy of
this methodology, using the presented spiral tag was illustrated for both embedded and
ID applications. Furthermore, a method for associating tag response characteristics with
individual tag elements was presented, and new tag metrics were defined and used to
describe the usefulness of tag design. Extensive numerical simulations were conducted
to study the various features of such tag designs and the results were compared with
experiments using similarly manufactured tags.

It was shown that by combining multiple types of resonators, and having an understanding
of how tag elements interact with each other and how the environment affects the overall
tag performance, tags with greater versatility, functionality, and application-adaptability can
be designed. Additionally, measurement challenges associated with chipless RFID were
explored. It was seen that small misalignments or manufacturing inaccuracies can cause
large differences in tag response and the limitations of RCS measurement when it comes to
embedded materials characterization and ID applications were discussed.

Future work will include delving into exploiting the polarization dependency of this tag to
perform rotation sensing, developing a greater understanding of the interactions between
resonating elements, performing more measurements, and using this tag as an embedded
materials characterization sensor. Additionally, methods to increase the speed and accuracy
of RCS measurement in practical application settings (i.e., outside of the laboratory) will be
explored so that distance dependence in measurement can be overcome. Overcoming other
measurement challenges, such as read range and tag localization, will also be explored by
examining traditional RFID solutions. In doing so, the chipless RFID field will be explored
in the context of metrological and sensing concepts like uncertainty, stability, sensitivity, and
response time. Furthermore, increasing the bit density by creating a 12-spiral tag is worthy
of pursuit in the future for evaluating potential usefulness of having a greater bit density for
sensing applications. Other potential areas of investigation include examining humidity and
temperature sensitivity and modifying the tag to sense multiple environmental parameters.
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Fig. 1:

Effect of ground plane on slot and ring resonators: a) model of a circular slot resonator tag
with no ground plane, b) model of a ring resonator and patch antenna tag with a ground
plane, and ¢c) comparison of responses for tag with and without ground plane.
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Fig. 2:
Basic Configuration of tag design and its RCS frequency response: a) CST Microwave
Studio® model, b) RCS vs. frequency response.
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Fig. 3:
Tag configurations used in illustrating the necessity of the ring resonator element in this tag
design: a) ring, patch, and spiral configuration, b) ring and spiral configuration, and c) patch

and spiral configuration.
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Fig. 4:

Responses of tags shown in Fig. 3: a) patch, ring, and spiral configuration RCS vs.
frequency response, b) ring and spiral configuration RCS vs. frequency response, and c)
patch and spiral configuration RCS vs. frequency response.
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(b)

Surface current density simulation for configuration shown in Fig. 3c: a) surface current
density at 18.5 GHz, and b) surface current density at 35 GHz.

Fig. 5:
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Fig. 6:
Tag response as a function of spiral orientation: a) orientation 1, b) orientation 2, c)
orientation 3, d) orientation 4, e) Response for different spiral orientations 1 and 2, and

) Response for different spiral orientations 3 and 4.
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Fig. 7:
Spiral location designations.
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RCS vs. frequency response when the spiral is in different locations a) response for locations

1 and 5, b) response for locations 2, 4, 6, and 8, and c) response for locations 3 and 7.
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Fig. 9:
Tag models in CST Microwave Studio®: a) 4-spiral configuration, and b) 8-spiral
configuration.
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Fig. 11:
Lower frequency version of spiral tag: a) CST Microwave Studio® model of tag, and b)

RCS vs. frequency response of tag.
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Fig. 12:

Tag as an embedded materials characterization sensor: a) simulation setup, b) effect of

Page 32

permittivity on response for three embedding materials, and c) effect of material loss on

response for three embedding materials.
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Test of ID application suitability: a) 8-spiral tag, b) tag with spiral 2 removed, c) tag with
spiral 3 removed, and d) tag with spiral 4 removed.
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Frequency scaled 8-spiral tag for ID applications: a) Response for all spirals present, b)
Response for tag when spiral 2 is removed, c) Response for tag when spiral 3 is removed,
and d) Response when spiral 4 is removed.
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Fig. 15:
Surface current density simulation: a) 10.2 GHz surface current density, b) 11.1GHz surface

current density, ¢) 12.4 GHz surface current density, d) 13.9 GHz surface current density, )
15.5 GHz surface current density, and f) 17.4 GHz surface current density.
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Fig. 16:
Simulated Sq; responses of 8-spiral and single spiral fabricated tags: a) simulation setup, and

b) simulated Sy, for the two tags shown in Fig. 17.
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Fig. 17:
Manufactured tags.
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Fig. 18:
Measurement setup.
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Fig. 19:

Measurement results in comparison to simulated results: a) single spiral tag simulated and
measured S;1, and b) 8-spiral tag simulated and measured Sq.
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Fig. 20:

Simulation vs. measurement results showing the effect of modifying three spiral lengths on

the Sq4 response.
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Fig. 21:

Ilustration of effect of misalignment on tag response: a) Effect of translation along x-axis,
and b) Effect of rotation about x-axis.
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TABLE |

8-Spiral tag metrics for different coding methods

Coding Method

Bit Density (bits/cm?) for Version 1

Bit Density (bits/cm?) for Version 2

a A~ W N -

27.54
27.54
55.07
55.07
344.19

6.88
6.88
16.52
16.52
175.54
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TABLE Il

Bit Density for Backscatter-based tags

Resonator Type Coding Method | Bit Density (bits’‘cm?) | Reference
C-Shaped 6 2.86 [46]
Circular Slot 2 4.19 [12]
Square 2 0.56 [47]
C-Shaped 4 28.57 [48]
Square Loops 4 19 [38]
Bow-tie with slots 2 5.76 [49]
Spiral-loaded Dipoles 2 0.7 [50]
Dual-polarized slot 2 9.03 [51]
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