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ABSTRACT

Backscatter tag based sensing has received a lot of attention
recently due to the battery-free, low-cost and widespread use of
backscatter tags, e.g., RFIDs. Despite that, they suffer from an ex-
tensive, costly, and time-consuming redesign effort when there are
changes in application requirements, such as changes in sensing
targets or working frequency bands.

This paper introduces a reconfigurable sensing framework, which
enables us to easily reconfigure the design parameters of chipless
backscatter tags for sensing different targets or working with differ-
ent frequency bands, without the need of onerous design effort. To
realize this vision, we capture the relationship between the appli-
cation requirements and the sensing tag’s design parameters. This
relationship enables us to fast and efficiently reconfigure/change
an existing sensing tag design for meeting new application require-
ments. Real-world experiments show that, by using our reconfig-
urable framework to flexibly redesign a tag’s parameters, the sens-
ing tag achieves more than 92.1% accuracy for sensing four different
applications and working on four different frequency bands.

1 INTRODUCTION

Backscatter tag based sensing, which attaches a backscatter tag
to a target and leverages distorted backscatter signals for sensing
the target’s attribute, has received a lot of attention recently due
to the battery-free, low-cost and widespread use of backscatter
tags, e.g., RFIDs. Many appealing applications are enabled by the
backscatter tag based sensing, such as the material sensing [44],
the soil moisture sensing [17, 25], the environment light intensity
and temperature sensing [35, 39], the liquid identification [16, 18],
the solid identification [18, 50], and the human input sensing [13].

Although existing backscatter tag based sensing systems achieved
great success, they suffer from an extensive design effort which is
costly and time-consuming. The reason is twofold. First, the design
of a backscatter sensing tag requires not only expert experience on
the microstrip circuit design, but also a long-time test process. Sec-
ond, an existing designed sensing tag may only work on a specific
application or a given frequency band. If the sensing application
or the signal frequency band changes, one has to start from zero
to redesign a new backscatter sensing tag to meet the new applica-
tion requirement. For example, LiveTag [13] is a dedicated Wi-Fi
backscatter tag designed for sensing discrete finger touch only. If
one wants to use the LiveTag for other sensing applications (e.g., soil
moisture sensing), one would need to completely redesign the tag
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from scratch, which however requires time-consuming simulation,
fabrication and testing. For instance, most RFID-based backscatter
sensing systems only work for a specific application and require
careful tag selection, tag deployment, and feature extraction, e.g.,
GreenTag [41], which is a dedicated soil moisture sensing system
and only works with RFID.

Ideally, we want a reconfigurable sensing system/framework
that can support generalized sensing for different applications and
different frequency bands. Many applications would benefit from
generalized sensing. Specifically, one can simply reconfigure the
design parameters of the tag designed for alcohol concentration
sensing and then print the tag with new parameters for soil moisture
sensing. Also, one can reconfigure design parameters of a tag that
works in the Wi-Fi band to make it work with other IoT devices
in a different frequency band, such as LoRA and RFID devices in
900 MHz, for outdoor, long-range sensing applications.

In this paper, we propose a reconfigurable sensing framework,
which enables us to easily reconfigure the design parameters of
chipless, backscatter tag for sensing different targets or working
on different frequency bands, without the need for onerous de-
sign effort. Fig. 1 illustrates the overview and applications of the
chipless backscatter tag based reconfigurable sensing framework.
The Sensing Tag (i.e., S-Tag) is comprised of two antennas and a
passive microstrip resonator circuit without any chip (i.e., chipless),
and works with a pair of RF transceivers. The key sensing com-
ponent of the S-Tag is a Defected Ground Structure (DGS) based
resonator circuit [11], which is an etched slot on the metal ground.
When an S-Tag is attached to a target, it takes the target as a part
of the DGS resonator. Different targets’ attributes make the DGS
resonator produce different frequency responses, which in turn are
utilized for identifying different target attributes, e.g., soil moisture
levels. To illustrate this principle, Fig. 2(a) shows simulation results,
where the two red lines represent two distinguishable frequency
responses in the 2.4 GHz band (i.e., the gray area) for sensing two
soil moisture levels.

To achieve generalized sensing, we aim to enable the sensing of
a new target (e.g., the alcohol concentration) without changing RF
transceivers since the replacement of them is costly for large-scale
applications. The challenge, however, is that one cannot distinguish
frequency response curves of the new target in the same frequency
band without changing RF transceivers, e.g., the blue dotted lines
as illustrated in Fig. 2(a). To solve the challenge, we aim to replace
the sensing tag since the chipless and printable tags are low-cost
and much cheaper than RF transceivers. Specifically, we reconfig-
ure (i.e., change) the design parameters of the original sensing tag,
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Figure 1: System overview and application examples of our
backscatter tag based sensing framework.

so that the frequency response curves of the new target will be
distinguishable for identifying the alcohol concentration as shown
in Fig. 2(b). To achieve this, the resonant frequency of the resonator
should be changed, since frequency response values vary largely
near the resonant frequency, which is helpful for sensing/detection.
A simple method to change the resonant frequency is to change the
DGS resonator’s geometric size, since (i) the resonant frequency is
determined by the DGS size, and (ii) the DGS is a fully passive print-
able circuit, making it easy to modify. To choose a proper DGS size,
most existing methods [30, 47] exhaustively search for all possible
size values, which not only is time-consuming and computation
costly, but also requires expert experience on circuit design. Thus,
existing methods are difficult to fast and cost-efficiently re-design
a sensing tag that can satisfy a given working frequency band and
sensing target.

To address the challenge, we introduce a reconfigurable tag de-
sign framework that takes the application requirements (i.e., the
target permittivity and the working frequency band) as inputs,
and calculates the optimal DGS size values quickly and efficiently
for a new sensing application. To realize this vision, we build two
relationship models to capture (i) the effect of different target per-
mittivity values on the resonant frequency when the sensing target
touches the DGS resonator, and (ii) the relationship between the
equivalent circuit components and the DGS size. Given the sensing
target and the frequency band, the first model can estimate equiv-
alent circuit parameters of the DGS resonator. Then, the second
model takes these equivalent circuit parameters as inputs and finds
the optimal DGS size parameters. As a result, we can accelerate the
design of the DGS resonator and make the tag’s frequency response
match with the new targets and the new frequency bands, avoiding
a cumbersome and complicated redesign of the whole sensing tag.

Finally, we combat self-interference and multipath interference,
which not only limit the tag’s working range but also distort the
tag’s backscatter signal and result in a failure in communication
and sensing. We employ beam-forming at the transceiver side to
narrow down the radiation region to suppress self-interference and
multipath interference. To do so, the transceivers first estimate the
direction of the passive S-Tag and then align their beams with the
S-Tag. As a result, it boosts the tag’s backscatter signal and also
reduces self-interference and multipath interference.

We built five prototypes of S-Tag to demonstrate the generaliza-
tion ability of our framework in both the application dimension
and the frequency dimension. For the application dimension, we
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(a) In 2.4 GHz band, the S-Tag can sense
soil moisture, but cannot sense alcohol
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(b) The reconfigured S-Tag can sense al-
cohol concentration in 2.4 GHz band.

Figure 2: Illustration of “reconfigurable”.

show the sensing of four kinds of targets, i.e., soil moisture sens-
ing, alcohol concentration detection, salt solution concentration
detection, and sweat detection on skin. For the frequency dimen-
sion, we show the sensing in four frequency bands, i.e., 900 MHz,
2.4 GHz, 5.8 GHz and 2-5 GHz. We implement the S-Tag based
sensing system with three types of devices, i.e., WARP radios, USRP
radios and commercial Wi-Fi cards. Real-world experiments show
that, by using the reconfigurable tag design framework and flexibly
reconfiguring the size parameters of the S-Tag, we achieve more
than 92.1% sensing accuracy for all four applications and all four
frequency bands. Finally, we conduct an HFSS based simulation
experiment to illustrate the effectiveness of our framework. The
results show that the more complex the simulation task (e.g., more
complex model, wider sweep range, more fine-grained search step),
the more time our framework saves. Compared to the traditional
HFSS search method, our framework achieves a time saving of 2~3
orders of magnitude under three different search granularities, i.e.,
coarse granularity, medium granularity, and fine granularity.
This paper makes the following contributions:

e We introduce the first reconfigurable sensing framework,
which enables us to easily reconfigure design parameters
of chipless backscatter tags for different applications and
frequency bands. This framework greatly reduces the design
complexity and time consumption.

We explore the relationship among the target attribute, resul-
tant circuit parameters, and the resonant frequency, which
is the basis of chipless, backscatter tag based sensing and
can benefit the future sensing work.

Comprehensive real-world experiments demonstrate the ef-
fectiveness of the proposed framework.

2 RELATED WORK

Our work is broadly related to two research areas: wireless sens-
ing and chipless sensing.

2.1 Wireless Sensing

Wi-Fi-based Sensing. Wi-Fi sensing enables a large number
of IoT applications, including location detection and target mate-
rial sensing [17, 22, 27, 42]. The basic idea of Wi-Fi sensing can
be divided into two types: penetrating-based sensing [17, 18] and
reflection-based sensing [50]. Penetrating-based sensing proposal
exploits the impact of the target material on the line-of-sight chan-
nel between the transmitter and the receiver. This sensing method



requires the size of the sensing target to be larger than the sig-
nal wavelength, in order to avoid signal diffraction on the surface
of the object. If the sensing target is small, this sensing method
will fail. This would limit the number of types that can be sensed.
Compared to the Wi-Fi sensing, S-Tag detects the permittivity and
conductivity of a sensing target, and is not limited by the target
size. Therefore, S-Tag can enable a large number of sensing appli-
cations. Moreover, unlike the Wi-Fi sensing principles, S-Tag can
be designed to transduce the impact of the target material on the
wireless channel by reconfiguring the design parameters of S-Tag.
The reflection-based sensing method [50] exploits the impact of
target surface type/material on the Wi-Fi signal. This method can
distinguish solid materials with different surface roughness but
can not detect different materials with the same surface roughness
such as different liquids. Different from the sensing principle, S-Tag
identifies different target’s property by attaching the sensing target
on S-Tag’s resonator component. The sensing target type of the
S-Tag is complementary to that of this system.

Low-power backscatter sensing. The low power backscatter
IoT sensor is comprised of three main components: the backscatter-
based communication module (e.g., WiFi/LoRA backscatter [32, 51]),
the micro-controller unit and the active sensor module. They are
usually designed to achieve ultra low power in chips and communi-

cation modules, which, however, still relies on energy-harvesting [6].

Unfortunately, current energy harvesting efficiency [36, 52] can
not support continuously sensing.

RFID-based sensing. RFID-based sensing [40, 43, 44] attracts a
lot of attention due to the battery-free, low-cost and widely deploy-
ment of RFID tags. Existing RFID based sensing systems mainly
focus on material sensing [49] and touch sensing [34]. Basically,
they exploit the impact of the target on the impedance changes
of RFID tag’s antenna. However, changes on the tag’s antenna
impedance would degrade the tag’s working range, which limits
its real-world applications. RFID-tatoo [40] exploits the resonant
frequency of the RFID antenna to detect the human speech infor-
mation. Another work [19] senses moisture changes by adding a
capacitor sensor to an RFID tag.

Different from RFID tags, the sensing structure of S-Tag does
not affect its communication ability because S-Tag uses a dedicated
resonator for sensing and retains the antenna for communication.
In addition, redesigning RFID tags for different frequency bands
may be another possible solution. However, the redesign involves
hardware layout optimization and impedance matching problems,
which are still costly, time-consuming and require expert experi-
ence. In contrast, our reconfigurable sensing framework makes the
redesign of the S-Tag simple and fast.

2.2 Chipless Sensing

Chipless sensing has been proposed for sensing soil moisture [7,
19], air humidity [8, 31] or the liquid concentration [29, 46] by
designing chipless UHF tag with special resonator circuit struc-
ture. For example, the work [7] explores the feasibility of using
a monopole probe to sense soil moisture. A few literature [8, 31]
leverages resonator-based chipless tag to sense air humidity. How-
ever, these approaches require an ultra-wide frequency band of
about 1 GHz (e.g., 6—7 GHz). In addition, several literature [15, 21]
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leverage resonator-based chipless sensor to sense soil moisture.
However, these systems require 670 MHz (i.e., 0.98-1.65 GHz) fre-
quency band for sensing and rely on Radar devices or the vector
network analyzers as readers [8, 31]. Unfortunately, current most of
IoT devices has limited working frequency band and cannot support
these chipless sensing proposals, thereby limiting their real-world
applications. In addition to target sensing, chipless sensing has
been used for sensing finger touch interactions via a pair of Wi-Fi
devices [13]. This work can detect “touching” or “not touching” and
does not focus on the target sensing.

In summary, existing chipless sensing tags lack generalization
ability and are costly to be deployed in practice. In contrast, our
S-Tag can be fast redesigned for different applications and differ-
ent frequency bands by using the proposed reconfigurable design
framework. Further, it can also reach a relatively long working
range with the beam-forming function.

3 SYSTEM DESIGN
3.1 Sensing Principle

To enable S-Tag’s sensing ability, the key design is the resonator
circuit, i.e., a fully passive metal surface printed on a substrate.
When a sensing target is attached to the resonator circuit, the tar-
get becomes a part of the circuit. Different target attributes (such
as soil moisture levels, the salt solution concentration, the alcohol
concentration and the human sweat on skin) will add different
permittivity and/or conductivity values to the resonator circuit,
resulting in changes of the S-Tag’s frequency response. Thus, one
can sense a target’s attributes by using the frequency response fea-
ture. Next, we introduce S-Tag’s structure and explain the sensing
principle through equivalent circuit analysis.

Resonator. The resonator circuit can be realized by various ge-
ometrical structures such as the defected ground structure res-
onator [11], the microstrip ring resonators [12] and the spiral planar
resonator [10]. We employ the square C-shaped DGS resonator as
the passive sensor, since it is simple and easy to design. Compared
to other shapes, the square C-shaped DGS has only two geometric
parameters including its length and width. Fig. 3(a) shows the 3D
structure of the DGS resonator. The transmission line is located
in the middle of the top layer, and the square C-shaped DGS is
located in the middle of the ground layer where the length a and
the width w are two adjustable design parameters. Empirically,
the DGS resonator is equivalent to a parallel resonant circuit (i.e.,
R1, L, Ce) [47], as shown in Fig. 3(b). To sense the target, the DGS
resonator acts as the sensing component, therefore the RLC cir-
cuit has a sensing port. According to the circuit theory [33], the
frequency response can be computed as:

27,
—(27f)2L% + jAr fL(1 + Zy) + 2Zx + 1

H(f) = 8 ®
where, f is the signal frequency, L represents the inductance of
the transmission line. Zy represents the ground slot structure’s
impedance, which can be written as:
1 + 1

1 - ,
7]_2”ch ]277.'fC1
where Ry, L¢, Ce, are the equivalent resistor, inductor and capacitor
of DGS resonator respectively. The transmission line, DGS and the
ground plane form a capacitor C;. When the imaginary part of
the impedance Zy in Eq. (2) achieves zero, the circuit achieves the
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(a) The 3-D structure of the passive resonator.

Figure 3: The resonator geometric structure and the its equivalent circuit.

resonant state. Thus, the resonant frequency fj can be written as:
1

fo= 27JLe(Cr + Co)

Resonator + Target. When a sensing target contacts the DGS cir-

(©)]

cuit, the target becomes a new circuit (its impedance denoted as
Z; [14]) and connects in parallel with the DGS circuit, as shown
in Fig. 3(c). The impedance Z; is related to the target permittivity
¢ [14]. We denote the impedance of the new DGS circuit as ZJ,.
Thus, the frequency response of a target with permittivity ¢ is:

27!,

H () = |—(27rf)2L2 +janfL(1 +Z;C)+ZZ,’C+1|’ @
where Z. can be computed as:
Z,.= X - ©)

R%"’m"’jz”fcc""z% +j27rfC1'

Now, the S-Tag has a new resonant frequency f;. Specifically,
when the imaginary part of Z}, is equal to zero, we can compute
the new resonant frequency fj, which is the function of the circuit
parameters (L¢, C1, Ce, Zt).

Conclusion: Different targets have different values for permit-
tivity ¢, resulting in different values for frequency response H’(f).
As a result, the frequency response H’(f) can be used for target
sensing. In theory, the phase of H’(f) can also be used for target
sensing. However, capturing the phase change requires precise
synchronization of transceivers, which is not supported by most
existing commercial RF devices (e.g., Wi-Fi, LoRA). In addition, the
phase is susceptible to multipath interference, and it is difficult to
remove the impact of multipath. Therefore, this paper exploits the
amplitude of H’ (f) for sensing.

3.2 Reconfigurable Sensing

We show the motivation for reconfigurable sensing in Fig. 4.
There is a sensing tag working with Wi-Fi transceivers in the
2.4 GHz Wi-Fi band for soil moisture sensing. When the sensing
target changes from soil to alcohol solution, frequency response
curves of alcohol solution (i.e., blue dotted lines) are very close
to each other and hard to distinguish in the Wi-Fi band. Because
Wi-Fi transceivers can only measure the frequency response within
the Wi-Fi band, we aim to make the frequency response curves of
alcohol solution distinguishable in the Wi-Fi band. To do so, the
resonant frequency of the tag should be changed, since frequency
response values vary largely near the resonant frequency, which
is helpful for sensing/detection. A simple method to change the
resonant frequency is to change the DGS size, since (i) the DGS’s

i+

(b) The equivalent circuit of resonator.
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resonant frequency is determined by the DGS size, and (ii) the DGS
is a fully passive printable circuit, which is easy to modify/change.

Now, the objective of reconfiguration is: Given the working fre-
quency band, and the target permittivity range,' we aim to quickly
and efficiently find the best DGS size so that the frequency responses
for the sensing target are distinguishable in the given frequency band.
Formally, the goal is making the frequency response H' (f) in Eq. (4)
of a target with permittivity range of [}, ] distinguishable in the
given band [f}, f3]. Specifically, note that the resonant frequency
shifts to the left with the increasing of permittivity, so if the res-
onant frequency fj () of permittivity ¢; is slightly higher than
fu (e, fy(e1) = fi) or the resonant frequency f; (ep,) of permit-
tivity ey, is slightly lower than f; (i.e., fy (¢p) < f}), the frequency
response of different permittivity in frequency range [f;, f] can
be distinguishable.

To choose a proper DGS size (i.e., the length a and the width
w), most existing methods [30, 47] calculate frequency responses
exhaustively for all possible parameter combinations. However, this
method is time-consuming and computation costly, i.e., requiring a
significant design effort. Suppose that the length a has P values, the
width w has Q values, and the time cost of each frequency response
calculation of a parameter combination is T, where the average T
is 2 mins?. Then, the computational complexity of searching all
possible parameter combinations is O(P x Q X T).

To determine the optimal DGS size quickly and effectively, we
establish the relationship between the DGS size parameters and
application requirements (e.g., frequency band and target permittiv-
ity range), one can therefore calculate the size parameters directly,
avoiding the extensive search process. Next, we detail the relation-
ship model.

3.2.1 Model the relationship between application requirements
(e.g., target permittivity) and circuit parameters. In order to fast ad-
just the resonant frequency of DGS, we need to solve the new
resonant frequency fj by putting the concrete impedance Z; of
target into Z;. of Eq. (5). However, the exact formula of f; is highly
complicated and thus it is hard to compute for a concrete expression
of fy. To address this problem, we simplify the equivalent circuit of
“Resonator + Target” (shown in Fig. 3(c)) by multiplying coefficient
values and the target permittivity value by each circuit components
Lc, Cq, Ce. Specifically, the new circuit parameters can be written

!The permittivity can be computed from existing functions between the target’s
attribute and its permittivity [38, 45, 48].

2We test the time cost of frequency response calculation of HFSS software using a PC
with CPU of AMD Ryzen7 5800X 8-Core Processor and memory of 32 GB. The average
T is 2 mins over 100 tests.
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as:
L, L - o,
C; = Ci-ep ©)
C, = Cc-¢e-1,

where, a represents the effect of target on inductor, f represents the
effect of target on the capacitor Cy, and ¢ is the target permittivity.

To determine the two coefficients @ and f, our idea is fitting
the frequency points over multiple permittivity values obtained
from HFSS simulations. To do so, we formulate the new resonant
frequency f; based on Eq. (6) as:

£ L
0

Zn\/Lc~(x-(C1 ce-f+Cee+c ~£-y)'
where y represents the plate area of the target’s equivalent capacitor
and ¢g - € - y represents the equivalent capacitance formed by the
target itself. Then, we can determine the coefficients @ and § by
fitting f in Eq. (7) with simulated values. Fig. 5(a) gives an example
of fitting Eq. (7) with the simulated resonant frequency points when
permittivity changes. We can see that the red curve matches exactly
with simulated values (i.e., the blue dots) and the goodness of fit
R? is 0.9999. Then, we obtain the coefficients «=0.9~1, $=0.05~0.5,
as well as y=0.007~0.01. This result verifies that the simplified
approximation form (Eq. (6)) is good enough for calculating the
resonant frequency and the equivalent circuit parameters.

Verification of the relationship model. Although the rela-
tionship shown in Eq. (6) comes from our intuitions, we further
verify it through matching the simulated frequency response with
the calculated frequency response from Eq. (4). Fig. 6 shows two
frequency response curves: one is obtained from HFSS simulation
and the other is calculated from Eq. (4). We can see that two curves
match well with each other, indicating that the simplified circuit
parameters are correct, i.e., the relationship model (6) is correct.

™

HFSS simulation
H()

Frequency response (dB)

2 3
Frequency (GHz)

Figure 6: Verify the new circuit parameters in Eq. (6).

Find the circuit parameters. So far, we have built the rela-
tionship between the new resonant frequency f; and the circuit
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parameters. Now, we focus on how to compute the appropriate
equivalent circuit parameters L., Cq, Ce, given the resonant fre-
quency fi in [fj, f,] and the target permittivity in [¢;, &]. To find
< L¢, C1,Cc >, we need to solve the two inequalities as:

1
Zﬂ\/Lc‘!Z‘(Cl -e1-f+Ce-e1+co-€17Y) ﬁl’

1
21\ Le-a-(Cy-ep-+Ce -en+co-£p ) hi
The above two inequalities can be solved by using the searching al-
gorithm, such as the steepest gradient descent and Newton method.
For example, given the target permittivity ¢=5 and the working
frequency band f €[4.9, 5.8] GHz, we obtain the equivalent cir-
cuit parameter that can meet this requirement are L,=0.56~1.4 nH,

C1=0.1~0.7 pF, C.=0.001~0.05 pF. Next, we show how to obtain
the DGS size that can satisfy the three circuit parameters.

®)

<

3.2.2  Model the relationship between circuit parameters and the
DGS size. To determine the relationship between circuit parame-
ters <L, C1, Cc> and the DGS’s length and width <a,w=>, our basic
idea is to match the frequency response from HFSS simulation and
the calculated frequency response from Eq. (1). This task can be
formulated as an optimization problem, i.e., finding the optimal
circuit parameters <L, C1, Cc> so that the difference between the
calculated frequency response and HFSS simulation frequency re-
sponse is minimized. We solve this optimization problem by using
an improved differential evolution algorithm [37]. After obtaining
these meta mapping dataset, we can model the relationship be-
tween each circuit parameter by fitting these meta mapping dataset.
Fig. 5(b), 5(c) and 5(d) show the relationship between three circuit
parameters L., C1, C; and the DGS size <a,w>. It is noted that our
method is applicable to all C-shaped DGS structures. If we change
the material and thickness of the substrate, we can still fast build
this relationship. In Sec. 6, we discuss how to apply this method to
different substrate materials and thicknesses, as well as other types
of resonators.

Find the DGS size. Now, we can determine the DGS length and
width based on Fig. 5(b), Fig. 5(c), Fig. 5(d) according to the circuit
parameters obtained in the last subsection. Specifically, each circuit
parameter corresponds to a surface that depicts the relationship
between the parameter and the DGS size <a,w>, as well as two
high and low boundaries that meet the frequency band criteria. In
Fig. 7, the red and gray planes represent the low boundary and the
high boundary respectively. A set of <a,w> corresponding to the
range of the circuit parameter is formed by the projection area of
the intersection area of the curved surface and the two planes on
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the a-w plane. The three parameters correspond to three different parameter values (i.e. Lc, C1, C¢, R and L) based on the size
point sets, and the intersection of the three point sets is the <a,w> of each set of DGS. T, and T3 are usually less than 5 s.
set, which simultaneously meets the three circuit parameter ranges. ¢ Denote the time consumption as Tgrss. We have Trrss =
Fig. 7(a), 7(b), 7(c) show three <a, w> set — A, B, C corresponding M X N X Px Q % Ty. Ty is the time for simulating “resonator
to Le=0.56~1.37 nH, C1=0.1~0.7 pF, C;=0.001~0.05 pF, respectively. + target”, which usually is slightly more than 2 minutes.
Fig. 7(d) shows the final <a,w> set (i.e., AN B N C) that simultane- o Thus, when M, N,P and Q are large in complex tasks, we
ously meets the value range of three circuit parameters. We ran- have Tgrss > Ts-Tag-
domly pick three <a,w> parameters inside the gray area in Fig. 7(d) To better understand the inner operation, we show the compu-
(Le, <5.7, 1.34>,<5.3, 1>,<5.26, 1.09> (mm)) and verify its correct-  tation process in brief. HFSS uses a numerical technique called the
ness through HFSS simulation. Results show that the resonant Finite Element Method (FEM), where a structure is subdivided into
frequency of the three <a,w> combinations are 5.145 GHz, 5.1 GHz many smaller elements to calculate field solution [9]. Then, HFSS
and 5.315 GHz, which satisfy the constraints of the frequency band employs Finite Difference Time Domain (FDTD)4 [23] to solve the
f €[4.9,5.8] GHz. electric field and magnetic field solutions for each element. To cal-
culate an accurate solution, the two operations, i.e., meshing and
3.3 Time Cost Analysis solving Maxwell’s equations, need multiple iterations. That is why
So far, we have introduced how to build the reconfigurable tag the HFSS is time-consuming. For each DGS size setting, HFSS needs
design framework and how the framework works. Here, we analyze to perform the same iterative solution process. Although the time
the time cost of using the reconfigurable framework to obtain a ~ consumption is relative low (2~4 minutes) for one DGS size setting,
proper DGS size and that of using the HFSS based method under an the total calculation time increases dramatically when the number
ordinary computer hardware configuration®. The DGS resonator of DGS size settings increases. In contrast, our method transforms
model used in this section is shown in Fig. 3(a). the two complicated operations into solving for the intersection of

solutions of two inequalities, thereby reducing the complexity and
time consumption.

Note that using a high-performance work station may greatly
reduce the time cost of HFSS simulations. However, it will increase
the hardware cost. Even if one uses the high-performance work
station, the time consumed by our framework is still less than
the HFSS based design method because the time for building our
framework will also be reduced. As a summarize, our framework
saves the time consumption for redesigning the S-Tag.

o The main time cost of our framework comes from modeling
the relationship between circuit parameters and the DGS
size, which has two stages: (i) the time overhead t1 mins for
obtaining the mapping dataset through HFSS simulation, (ii)
the time overhead #2 mins for finding the circuit parameters
and (iii) the time overhead T3 of finding the DGS size.

The traditional HFSS method calculates frequency responses
exhaustively for all possible DGS size parameter combina-
tions.

In addition, HFSS based design method needs to simulate
the model of “resonator + target”, while our framework only

3.4 Combating Self-Interference and Multipath

needs to simulate the “resonator model” (without target) Interference
instead to obtain the meta-dataset. Self-interference and multipath reflection interference are two of
o Suppose there are M targets, N frequency bands, the DGS the key challenges in backscatter communication and sensing [13,
length has P possible values, the DGS width has Q possible 51]. They not only limit a tag’s working range but also distort the
values. tag’s backscatter signal, resulting in a failure in communication
e Denote the time consumption of the reconfigurable frame-  and sensing. To address the self-interference and multipath issue,
work as Ts-Tqg, we have Ts_1qg = t1+12+ M X N X T3, our key idea is that: if the transmitter and the receiver can perform
where t1 = PX Q X T1,t2 = P X Q X T,. Tj is the time for beam-forming and point their beams to the passive S-Tag, then it
simulating “resonator” (without target), which usually is not only can reduce the self-interference and multipath interference,

about 1.5 minutes. T; is the time to calculate a set of circuit -
*Finite Difference Time Domain is a state-of-the-art method for solving Maxwell’s
3The PC has a CPU of AMD Ryzen7 5800X 8-Core Processor and memory of 32 GB. equations in complex geometries [20].
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Figure 8: Estimate the direction of tag relative to the transmitter and receiver by comparing the power spectra profiles in two

cases, i.e., without S-Tag and with S-Tag.

as shown in Fig. 8(a), but also can strengthen the incident signal to
the tag and the backscattered signal from the tag, i.e., improving
the tag’s working range.

Conventional beam-forming relies on the receiver to feedback
its channel state information (CSI) to the transmitter and then uses
this CSI to precode the transmission to create beam-forming. The
CSl is obtained by performing channel estimation of the receiver.
However, it is impossible to perform channel estimations between
S-Tag and transceivers, since the passive S-Tag has no battery.

To address this problem, instead of estimating CSI, we estimate
the AoA (Angle of Arrival) and AoD (Angle of Departure) be-
tween the S-Tag and transceivers for beam-forming. Because if
transceivers know the AoA and AoD, they can steer their beams
to S-Tag directly without the need of CSI. To estimate the AcA
and AoD, the key observation is that: when the transmitter’s beam
points at the tag, the power spectrum of AoD profile could have a
peak. Similarly, if there is a signal arriving at the receiver, there is
a peak in the power spectrum of AoA profile. To avoid the effect
of multipath on power spectra of AoA and AoD, we find the true
peaks corresponding to the S-Tag by comparing the two spectra
with S-Tag and without S-Tag. As shown in Fig. 8(b) and 8(c), we
can find that S-Tag is at 0,,,4 = 130° relative to the transmitter and
at 0,,,4 = 55° relative to the receiver.

Specifically, to obtain the power spectrum of AoD profile, the
transmitter steers its beam to scan the space while the receiver
measures the power of received packets. At each angle, the receiver
collects the data packets and calculates the corresponding power
spectrum. To obtain the power spectrum of AoA profile, the re-
ceiver’s antenna array obtain the phase of the received signal and
compute the phase difference between antennas. Afterwards, we
use MUSIC algorithm [26, 28] to obtain the power spectrum of AoA
profile.

To illustrate this method, we conduct an experiment where the
transmitter and the receiver are placed in a line with a separation
of 4 m. The vertical distance between the S-Tag and this line is
2 m. The transmitter steers its beam from 0° to 180° at a step of
5°. For the AoA profile, the receiver performs MUSIC algorithm
with an angle resolution of 1°. Following the procedure shown
above, we can obtain the power spectra in two cases, i.e., without
S-Tag and with S-Tag. Fig. 8(b) and Fig. 8(c) show the power spectra
of AoA and AoD profiles respectively. It shows that S-Tag is at
0s0a = 130° relative to the transmitter and Fig. 8(c) shows that
S-Tag is at 6,,q = 55° relative to the receiver. In Sec. 5.2.1, we
evaluate the performance of the tag’s angle estimation method.
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In summary, when the transceivers align their beams with the S-
Tag, multiple antennas in the transmitter and receiver can produce
narrower beams, which can reduce the multipath interference from
the surrounding objects and suppress the self-interference, and
finally increase the working range.

3.5 Target Sensing

As illustrated in Sec. 3.1, we use the frequency response in a
given band as the feature of a target’s attribute, e.g., the liquid
concentration and soil moisture. However, when S-Tag is deployed
in different locations, the distance between transceivers and S-Tag
will be different, resulting in variations in the frequency response.
This variation breaks the one-to-one mapping between the target
attribute and the frequency response feature, resulting in sensing
errors. To cope with this problem, we borrow the idea in recent
work [41] and use the ratio between a measured channel response
and a reference channel response. The reference channel response
is measured when the tag is shorted® Then, the channel response
ratio is only related to a target’s attribute and independent from
the distance changes. In the following, the channel response ratio
is called as the relative frequency response.

After obtaining the relative frequency response features of a
target’s attributes, we employ a machine learning based method
to identify the target’s attribute. First, we build a database which
maps a target’s attributes (i.e., the label termed as y) to the relative
frequency response feature termed as vector x, which forms the
data sample {[x1, x2, ..., X ], y}. To prevent the over-fitting, more
training data samples are better for producing a more robust clas-
sifier. In this work, we collect 500 data samples for each property
(e.g., the concentration level, the moisture level) for each sensing
target. Second, we train the classifier (such as KNN) using the data-
base and each type of sensing target has its own classifier using its
corresponding dataset. Finally, we identify the target’s attribute by
inputting the measured relative frequency response feature of an
unknown test target into the trained classifier.

4 IMPLEMENTATION

S-Tag fabrication. S-Tag is comprised of a microstrip resonator
and two antenna as shown in Fig. 9(a). The first prototype is a
simple version of S-Tag, which has a printed DGS resonator and
two detachable antennas, shown in Fig. 9(a)-1. When a use case

5S-Tag is essentially a two-ports bandstop filter. The shorted S-Tag means that the
signal passes through the S-Tag without attenuation.
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requires a longer sensing distance, one can employ antennas with
higher gain. Below picture Fig. 9(a)-1, the S-Tag is encapsulated in
a waterproof case, and only the DGS part is exposed for sensing
the target. This design allows tag to be placed inside the target
for sensing. Fig. 9(a)-2,3,4 show S-Tags that are used for sensing
the solution concentration where the liquid is filled on the DGS
structure. Additionally, we fabricated a S-Tag for skin sweat sens-
ing, which has thee flexible substrate polydimethylsiloxane (abbr.
PDMS [5]), shown in Fig. 9(a)-5. For the flexible S-Tag, the two
conductive layers are made of conductive silver ink rather than
copper. We use the micro-nano printer to print the transmission
line and employ the squeegee technology to fabricate the 2D layout
of DGS structure. One can print the antenna and resonator on the
same PCB and stick S-Tag on the skin for easy use.

RF Transceivers. We test S-Tag with three types of RF transceiv-
ers including Atheros 9580 Wi-Fi cards, USRP radios [2] and WARP
radios [3]. To test the sensing capability of S-Tag with commodity
RF devices at 2.4 GHz and 5.8 GHz, we use two laptops with Atheros
9580 Wi-Fi cards as transceivers, where the PicoScenes software
platform [24] is used to collect CSI readings as the frequency re-
sponse. PicoScenes platform supports fine-grained CSI sampling
across 56 subcarriers in each channel and also supports setting the
transmitting and receiving power, which is easy to use. The three
types of devices are shown in Fig. 9(b). To test the sensing capability
of S-Tag at 900 MHz, we use two USRP N210 devices as transceivers.
To evaluate the performance of S-Tag’s angle estimation and the ef-
fect of beam-forming on the sensing accuracy, we use WARP radios
as the transceiver. The transmitter is two cascaded WARP software
radios configured with 8-antennas array. The receiver is one WARP
board configured with 4-antennas array. All radios are connected
to a PC via Ethernet cables for data collection. We implement data
pre-process and identification algorithm in the PC. The code of
beam scanning implementation is based on this work [1].
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Experimental setup. Fig. 10 shows the default deployment
layout, where the transmitter (Tx) and receiver (Rx) are placed with
a space of 4 m, and both the Tx-tag distance and Rx-Tag distance are
2.8 m. In the experiment of evaluating the working range, we vary
the distance between the transmitter and the tag. The experiments
are conducted in an office room with a size of 7x10 m2, furnished
with several desks and chairs and some other furniture. For liquid
sensing, we drop the liquid on the DGS structure of the tag, allowing
the liquid to make full contact with the DGS resonator. For soil
moisture sensing, we cover the soil completely with the S-Tag’s
DGS structure, so that the DGS is in contact with the soil. For sweat
sensing, we stick the tag on the subject’s forehead, so that the DGS
is in full contact with the skin.

5 EXPERIMENT EVALUATION

In this section, we first conduct experiments to show the gener-
alization of S-Tags in the frequency dimension and the application
dimension in Sec. 5.1, followed by the discussion of the impact of
system parameters in Sec. 5.2. Finally, we evaluate the time effi-
ciency of the proposed reconfigurable framework in Sec. 5.3.

5.1 Generalization Ability

We verify the sensing function of S-Tag and demonstrate its
generalization ability in frequency dimension and application di-
mension. We test four kinds of targets including NaCl solution,
alcohol solution, soil moisture and sweat on skin.

e NaCl solution: The salt solution is a common liquid in our
daily life such as the normal saline and the skin sweat. The
attribute we detected is the conductivity. The conductivity
is positively related to the salt concentration. In our experi-
ment, the tested NaCl concentration are 0.1%, 0.5%, 1%, 6%
and 10%.

Alcohol concentration: Alcohol is another common and
important liquid in medical and chemical fields. The detec-
tion of alcohol concentration is important for many appli-
cations. For example, 75% volume concentration alcohol is
used in medical disinfection, and the industrial alcohol is
95% or 100%. In this experiment, the alcohol concentration
are 70%, 80%, 90% and 100%.

Soil moisture: Soil moisture detection plays an important
role in the smart agriculture. A suitable moisture level not
only improves plant productivity but also saves irrigation
water [4]. In this experiment, the soil moisture levels are 5%,
10%, 15% and 20%.

Sweat on skin: Monitoring the profile of metabolites in
sweat plays an important role in medical care. Detecting
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sweat can monitor human health without damaging human
skin. In this experiment, we detect the sweat on skin under
three movement states of a person.
Frequency bands: The test frequency bands are 900 MHz, 2.4 GHz,
5.8 GHz and 2-5 GHz. The combinations of application and fre-
quency are shown in Table. 1.

Table 1: Generalization in frequency dimension and applica-
tion dimension.

|900 MHz | 2.4 GHz |5.8 GHz | 2-5 GHz

v v
- v

NaCl concentration

v

Soil moisture
Alcohol concentration

Sweat on skin v

5.1.1 Generalization in frequency dimension. In reality, the user
would choose the proper frequency band or RF devices depending
on their application requirements or the availability of RF devices.
For example, to achieve a long working range, the user may choose
low frequency signals such as LoRA at 900 MHz. Also, if the Wi-
Fi devices already exist in the user’s environment, the user may
choose the Wi-Fi signal. Thus, in this subsection, we evaluate the
generalization ability in the frequency dimension. For NaCl solution,
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Figure 13: A flexible S-Tag for sensing sweat on human skin.
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we first design a S-Tag that works with 2.4 GHz Wi-Fi as shown in
Fig. 9(a)-3. Fig. 11(a) shows the relative frequency response feature
measured by commercial Wi-Fi cards. We can see that these relative
frequency response curves of the four concentration levels are
distinguishable in the 2.4 GHz Wi-Fi band. With the concentration
increasing, the amplitude of the frequency response curve gets
higher, since the conductivity of solution rises as the concentration
increasing. Fig. 12(a) shows that the detection accuracy of these
concentration levels are 100%, demonstrating that the designed S-
Tag works well for detecting NaCl solution concentration in 2.4 GHz
band.

Then, we reconfigure this S-Tag to make it work in 900 MHz
by modifying its DGS size as shown in Fig. 9(a)-4. Following the
same experimental setting, we test its frequency response. Fig. 11(b)
shows the relative frequency responses measured by USRP radios.
These relative frequency response features are also distinguishable
in 900 MHz and also show the same trend with the S-Tag in 2.4 GHz.
Fig. 12(b) shows that the sensing accuracy is larger than 92% for
detecting these concentration levels. This result verifies that the
reconfigured S-Tag also works well in 900 MHz frequency band.

Conclusion: The two S-Tags and experimental results show that
we can detect the concentration of salt solution in different bands
by reconfiguring the size of DGS. In other words, it demonstrates
the generalization capability of S-Tag in the frequency dimension.

5.1.2  Generalization in application dimension. To show the gen-
eralization ability in the application dimension, we show more
applications, i.e., soil moisture sensing, alcohol concentration sens-
ing and detection of sweat on skin.

Soil moisture sensing. To enable this application, we design
a S-Tag for sensing soil moisture as shown in Fig. 9(a)-1. Fig. 11(c)
shows the relative frequency response curves of four soil moisture
levels measured by commercial Wi-Fi card. They are distinguishable
in 2.4 GHz Wi-Fi band. As the soil moisture increasing, the relative
frequency responses get higher. Fig. 12(c) shows that the sensing
accuracy are 100% for these concentration levels, demonstrating
the effectiveness of the S-Tag on detecting soil moisture level.
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Figure 14: S-Tag’s angle estimation results. The median AoD and AoA estimation error are 5° respectively.

Alcohol concentration sensing. To show a case study of al-
cohol concentration detection, we reconfigure the S-Tag in soil
moisture sensing application to make it work in 5.8 GHz Wi-Fi
band, which is shown in Fig. 9(a)-2. The tested alcohol are 70%—
100% with a step of 10%. Fig. 11(d) shows the relative frequency
response of different alcohol concentrations measured by WARP
radios. Fig. 12(d) shows the sensing accuracy of the four levels are
97.5%, 100%, 94.7% and 100% respectively. This result also verifies
the effectiveness of reconfigured S-Tag on detecting the alcohol
concentration.

Detection of sweat on skin. To enable healthy related appli-
cations, the S-Tag should be flexible that can be attached on skin.
Motivated by this requirement, we design a flexible S-Tag using
PDMS material which is shown in Fig. 9(a)-5. The thickness of
PDMS is 500 um, which can be attached on skin.

To show the effectiveness of this S-Tag, we conduct an exper-
iment to detect the sweat on the skin of a person to monitor the
person’s exercise status (such as judging whether there is excessive
exercise). We asked three volunteers to run around the playground
with low speed and high speed respectively and measured the fre-
quency response of their skin after they stay static, run with low
speed and high speed respectively. Fig. 13(a) shows the frequency
response of one volunteer under three states. We can see that the
three states produce three different frequency response features.
We can distinguish the three state in 2-5 GHz band and achieve
99% sensing accuracy, which demonstrates the effectiveness of this
S-Tag on the skin sweat sensing. This result also implies that this
S-Tag can work with UWB devices.

Conclusion: The three S-Tags and experimental results show that
we can enable different sensing applications by using the recon-
figurable tag design framework to modify the size of DGS, demon-
strating the generalization capability of S-Tag in the application
dimension.

5.2 Impact of System Parameters

In this section, we first evaluate the performance of the proposed
tag’s angle estimation method. Then we evaluate the impact of
beamforming parameter on the sensing result (the working range
and the sensing error). The sensing target of this experiment is the
soil moisture. The S-Tag is configured with two high gain antenna
(about 16 dBi). The experiments are conducted under normal room
temperature 25°C and ~50% air humidity. Note that, environmental
factors (e.g., temperature and humidity) have very little influence
on the sensing result since these factors have very little effect on
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the dielectric constant of air (¢4 = 1~1.001), which is not enough
to significantly change the frequency response of the S-Tag.

5.2.1 The performance of tag’s angle estimation. As illustrated
in Sec. 3.4, the transceivers first estimate the tag’s relative angle
to them before beamforming. The performance of tag’s angle esti-
mation determines whether the transmitter and receiver can align
beams with the tag, and also affects the sensing accuracy. To eval-
uate the performance of angle estimation, we place one S-Tag at
7 locations respectively and use the proposed angle estimation
method to estimate the tag’s angle. Both the Tx-Tag and Rx-Tag
distance range from 2 m to 5.38 m. At each location, we perform
angle estimation 20 times.

Fig. 14(a) shows the true locations 1~7 marked as the red squares
from left to right. The Tx and Rx are marked as black squares. The
estimated locations are marked as different types of symbols. We
can see that most of the estimated locations are around their true
locations. When the S-Tag is placed at the leftmost (Loc 1) and
rightmost position (Loc 7), the number of estimated position points
deviating from the true position are more than other locations. As
shown in Fig. 14(b), the maximum AoD estimation error of Loc 1 is
up to 48°, much higher than that of other locations. Similarly, the
maximum AoA estimation error of Loc 7 is up to 35°, much higher
than that of other locations. The large angle estimation errors result
in these outliers. Overall, the angle estimation results for Loc 2, 4,
and 5 are better than other locations. We further examine the overall
performance of angle estimation. The CDF plot of the estimation
error is shown in Fig. 14(c). The median estimation error of AoD
and AoA are 5° respectively. The 90th percentile estimation errors
of AoD and AoA are 18.4° and 13.2° respectively.

The impact of tag’s deployment location on the sensing
error. To examine the impact of tag’s location on the sensing error,
we compute the average frequency response of the S-Tag, and
convert it to the sensing error. The experiment deployment is the
same as Fig. 14(a). The sensing error at 7 locations are shown
in Fig. 14(d). We find that the sensing error results are not well
matched with the angle estimation error results. The possible reason
is the side lobe leakage from the transmitter to the receiver. As
the transmitter steers beam from 0° to 180°, the side lobe at the
receiver’s direction varies. The side lobe signal and the S-Tag’s
reflection signal superposition at the receiver, resulting in different
frequency responses of S-Tag and slightly different sensing errors.
The 10th~90th percentile sensing errors are in 1.5%~3%. This result
indicates that the S-Tag should be deployed at the locations between
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Loc 2 and Loc 6 to ensure accurate beam alignment and lower
sensing error.

5.2.2  Tx beam-forming. Here, we evaluate the effect of beam-
forming on the working range and the impact of the angle of beam-
forming on the sensing error.

The effect of Tx beamforming on the working range. In
this experiment, the deployment layout is the same as the previous
experiment. We vary the Tx-Tag distance from 1 m to 16 m at a
step size of 1 m. Fig. 15 reports the measurement results about
how the sensing error varies with Tx-Tag distance. The gray bars
represent the result without Tx beamforming while the red bars
represent the result with Tx beamforming. We can see that in the
case of without beamforming, the working range that the sensing
error keeps lower than 5% is 4 m. In contrast, in the case of using
beamforming, the working range can reach 10 m, an improvement
of 1.5X. In addition, we find that the sensing error increases with
the increasing of Tx-Tag distance. It is noted that the increase in
sensing error is not related to the ratio method proposed in Sec. 3.5.
The reason is the presence of the inevitable signal leakage from
transmitter’s side lobes to the receiver. With the distance increasing,
the tag’s signal gets weaker and is gradually masked by the side
lobe leakage. Despite that, the distance gain of using beamforming
technique is still high.

The impact of angle deviations of Tx beamforming on the
sensing error. In practice, the transmitter’s main beam lobe may
not exactly point to the S-Tag’s antenna due to the tag’s angle esti-
mation error and hardware imperfection. Therefore, we evaluate
the impact of beam’s angle deviation on the sensing error. In this
experiment, one of the tag’s antenna is placed in front of the trans-
mitter’s antenna array (90° direction) and the other is placed in
front of the receiver’s antenna array (90° direction). The Tx-Tag
and Rx-Tag distance are fixed as 2 m and 0.5 m respectively. Fig. 16
reports the sensing error when the Tx beam changes the direction
from 0° to 180°. We can see that the sensing error is lowest when
the beam points to 90° direction, i.e., beam alignment. As the beam
gradually deviating from the direction of tag, the sensing error
increases. We find that a beam deviation of 6° (from 90° to 84°)
results in an increase in the sensing error of ~ 1% (from 2.967% to
3.804%). This indicates that the angle estimation accuracy should
be as high as possible in order to improve the sensing accuracy.

30
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comparison.

5.3 Efficiency of Reconfigurable Framework

To evaluate the efficiency of the proposed reconfigurable frame-
work, we compare it with traditional HFSS based parameter search-
ing method. Specifically, we count the time consumed by the two
methods to perform the same task. The task is to find the optimal
DGS size, so that the target’s resonant frequency is in 2.4~2.48 GHz.
In this experiment, we adjust the length and width of DGS since the
two parameters are the main factors related to the S-Tag’s resonant
frequency.

HFSS setting. The substrate of the DGS model is FR4 and the
thickness is 1.2 mm. The length range of DGS is 5~12 mm, and the
width range of DGS is 0.1~1.5 mm. In HFSS simulation setting, we
set three kinds of DGS size parameter searching granularity, i.e., the
coarse-grained, medium-grained and fine-grained, corresponding
to the large, medium and small step size. For the length parameter,
we set the three step sizes as 1 mm, 0.5 mm and 0.1 mm respectively.
For the width parameter, we set the three step sizes as 0.4 mm,
0.2 mm and 0.1 mm respectively. In traditional HFSS based method,
we optimize the length and width simultaneously and count the run-
ning time of each step setting. In the reconfigurable framework, we
count both the time for the reconfigurable framework construction
and the time for calculating DGS size. The number of the target per-
mittivity are 100 (i.e., M = 100). The frequency sweeping range is
1~10 GHz at a step size of 0.01 GHz. Recall the time cost analysis in
Sec. 3.3, where TS—Tag = POTy + POQT, + MNT3, Tyrss = MNPQT;.
In HFSS setting, the granularity corresponds to the value of P, Q.
The value of P is the ratio between the size range and the step
size. Thus, the finer granularity (i.e., smaller step size) means larger
values of P and Q. In addition, the number of frequency band is 1,
i.e., N = 1. In this experiment, we count the time for simulating
the three granularities in case of one permittivity, and calculate the
total time consumption of 100 permittivity values by multiplying
the time with 100.

Results. Fig. 17 reports the time consumption comparison of our
reconfiguration framework and HFSS based searching method. To
better understand the magnitude difference of time consumption,
we plot log,,(Time) where the unit of Time is second. We can see
that, as the step size becomes smaller, the time consumption of
HFSS based searching method (the blue bars) increases by a factor
of 10 while our method remains almost unchanged. This is because
the reconfigurable framework does not need to perform repeated
simulation operations and the time for calculating DGS size is
extremely short (less than 2 s) which is almost negligible compared



to the HFSS based searching method. Overall, our method reduces
the time consumption by 99.95%, 99.6% and 98.5% in fine-grained,
medium-grained and coarse-grained setting respectively compared
to HFSS based searching method. As a summarize, the proposed
reconfigurable design framework can effectively shorten the design
cycle and reduce the labor cost.

6 DISCUSSION

e Push the circuit design framework to different sub-
strate materials and thickness. The substrate material,
thickness and DGS size together determine the values of
equivalent circuit parameters and the values of «, 8, y in the
approximation models of Eq. (6) (7). Yet, the substrate ma-
terial and thickness do not influence the equivalent circuit
structure. If the material or thickness are changed, we only
need to reset the substrate parameters (e.g., permittivity, loss
tangent, density and thickness) and rebuild the second model
(i.e., the mapping relationship between the DGS size and the
equivalent circuit parameters), which is fast and only need to
be done once. In fact, the changing space of the two variants
is relatively small as the choice of substrate usually depends
on the material cost or the application requirement (i.e., rigid
or flexible substrate). In practical fabrication, the user should
design the thickness of substrate depending on the man-
ufacturer’s material thickness specification. Therefore, in
current reconfigurable tag design framework, the substrate’s
material and thickness are set as two given parameters.
Push the reconfigurable tag design framework to other
chipless resonator forms. In addition, one may wonder
if the reconfigurable tag design framework can be used for
designing other resonators such as the spiral resonator. The
proposed reconfigurable sensing framework can also be ap-
plied to other resonator forms. Actually, the design flow is
the same as the current DGS resonator based S-Tag design
flow. To generalize to other resonators, the key is to modify
the equivalent circuit approximation model in Eq. (6). Based
on the DGS resonator’s approximation model in Eq. (6), one
may formulate a similar approximation model for another
resonator. Other steps are the same as the process shown in
Sec. 3.2. Therefore, our basic idea can be extended to other
resonators based sensing tag design.

Push the working range. The basic version of S-Tag shown
in Fig. 9(a) has limited working range. In order to increase
the working range, S-Tag can be configured with high gain
antennas as illustrated in Sec. 5.2.2. Also, the antenna can be
designed as the patch array antenna and be printed in the
same substrate with the resonator.

7 CONCLUSION

This paper presented a reconfigurable sensing framework, which
enables us to easily reconfigure the design parameters of chipless,
backscatter tags for generalizing to different targets or different
frequency bands. We achieve this by capturing the relationship
between the application requirements and the sensing tag’s design
parameters. By utilizing this relationship, one can fast reconfig-
ure a new sensing tag, avoiding exhaustively parameter search.
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Real-world experiments have demonstrated the effectiveness of
the reconfigurable tag design framework on reducing the design
time, and verified its generalization ability in both the frequency di-
mension and the application dimension. Finally, simulation results
shows that our framework achieves the time saving of 2~3 orders
of magnitude compared to the traditional HFSS based parameter
searching method, which means that our framework improves the
design efficiency at least 100 times, and even more in complex task.
We believe the proposed reconfigurable design framework would
benefit other backscatter based sensing work.
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