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Abstract

Sensors enable us to digitally capture stimuli like moisture, light,
and force. Despite their low cost, reliability, and scalability, the
lack of widespread adoption of IoT has hindered the realization of
true ubiquitous sensing. A likely reason is that the current sensor
platforms are bulky due to the batteries and complex electronics
needed to interface sensors communication systems. In this work,
we present a fully-passive, miniaturized, flexible form factor sensor
interface titled ZenseTag that uses minimal electronics to read and
communicate analog sensor data, directly at radio frequencies (RF).
We exploit the fundamental principle of resonance, where a sen-
sor’s terminal impedance becomes most sensitive to the measured
stimulus at its resonant frequency. This enables ZenseTag to read
out the sensor variation using only energy harvested from wireless
signals. We demonstrate its implementation with a 15x10mm flex-
ible PCB that connects sensors to a printed antenna and passive
RFID ICs, enabling near real-time readout through a performant
GUI-enabled software.

We showcase ZenseTag’s versatility by interfacing commercial
force, soil moisture and photodiode sensors [1-3]. Further, we
motivate dedicated application studies for these sensors.
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1 Introduction

Sensing technologies are crucial for perceiving and actuating our
environment by converting various stimuli, such as light, force, and
humidity, into digital values. For example a farmer can automate
irrigation if sensors can monitor soil-moisture as shown in Fig. 1a,
or an athlete can monitor performance and recovery by measuring
ground-reaction-forces while running as shown in Fig. 1b. Recently,
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they have expanded to measure a wide range of stimuli, including
forces[4], oral health [5], chemical/biological phenomena [6-9],
with growing adoption in applications like user interaction, health
monitoring, and contaminant detection. As novel sensors evolve,
they move us closer to the grand vision of ubiquitous sensing [10]:
sensors embedded into everyday life, enabling continuous, real-
time data collection across diverse domains making systems more
adaptive to human needs with minimal intervention.

However, advancements in sensor capabilities alone are insuffi-
cient to achieve this vision; we need other the components of sens-
ing such as, sensor interfaces and communication systems to evolve
in parallel. Unfortunately, these components have not progressed at
the same pace, and has hindered the widespread adoption of these
sensors. Consider the digital sensor interfaces that use low-power
microcontrollers (MCUs) to digitize sensor outputs and communi-
cate via BLE, LoRa, or ZigBee [11-13]. These solutions still rely on
bulky circuits and ADCs that consume several mWs of power[14],
necessitating the use of batteries to meet power budget. This limits
their use in widely-touted innovative biomedical applications, like
"smart-shoes" that can measure foot-impact forces during athletic
activity [15-19]. Even when form factor isn’t a concern, as illus-
trated in Fig. 1a , batteries present significant environmental risks,
especially as these sensors become more widespread [20-22]. This
reliance on batteries contradicts the deploy-and-forget paradigm
that enhances the appeal of IoT.

Alternatively, analog sensing platforms directly modulate wire-
less signals such as Wi-Fi [23, 24] / BLE [25] and LoRA [26] using
sensor outputs, bypassing digitization. However, many of these
methods face challenges such as unreliable sensor readout, poor
latency and the need for costly hardware modifications. Further-
more, they rely on customized sensors and do not generalize well to
COTS sensors, and often require bulky energy harvesting or inter-
face electronics/PCBs and do not lend themselves well to compact
battery-free passive tags [27]. In summary, both current digital and
analog sensing methodologies fall short of delivering the promise of
ubiquitous sensing. In order to overcome these challenges, we need
a sensing platform that uses minimal electronics, can interface with
existing COTS sensors, is robust to multipath, can be scaled inex-
pensively in the form of miniature, flexible tags, operates passively
and can be integrated into existing communication infrastructure.

One potential radio technology that satisfies the above criteria
is RFID, which uses identity-carrying tags that are small, paper-
like, flexible, and can be read wirelessly using even small form
factor readers [28-30]. However, commercially sold RFID stickers
are limited in functionality, as they can only transmit their digital
identity and lack the capability to read or communicate sensor
outputs that change in response to sensed stimuli. This makes the
interface of commercial sensors with RFID stickers a non-trivial
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(a) Battery-free Soil moisture sensing in Farms (AI-generated image)
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(b) Battery-free wearable shoe-insole based force sensing.

Figure 1: Enabling ubiquitous applications of battery-free sensing
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Figure 2: Versatile sensing with ZenseTag.(a): (i) ZenseTag PCB to
interface with sensors. (ii) Tuning capacitor to move resonance; (iii)
Various sensors interfaced with our platform; (iv) RFID ICs that
are used in ZenseTag (b): (i), (ii) Small and flexible form factor of

ZenseTag; (iii) PCB attached to a COTS RFID antenna.

challenge. Although past works show how RFID can be used to read
forces, temperature, moisture and touch interaction [4, 31-34] using
dedicated and novel sensors for RFID integration, their performance
degrades severely when commercial off the shelf (COTS) sensors
are used instead [35]. Additionally, in the absence of a digitization
mechanism, the sensor readouts modulated atop RFID signals are
highly susceptible to corruption by multipath effects [31, 32, 36],
posing a serious reliability problem. In our work, titled ZenseTag,
we develop a novel RFID-assisted sensing platform that interfaces

COTS sensors (Fig. 2) to inexpensive, flexible RFID stickers.

We outline the following core contributions of ZenseTag:
¢ Improved Analog readout for COTS sensors: We me-
thodically profile the impedance of commercial 2-terminal
COTS sensors at RF (902-928 MHz used by RFID systems),
accounting for parasitic effects to enable Direct-to-RF In-
terfacing of COTS Sensors. Furthermore this interfacing
technique can be extended to any other RF wireless technol-
ogy. More importantly, ZenseTag utilizes the novel concept
of impedance-resonance effect exhibited by two-terminal
commercial sensors modeled as R-L-C circuits at particular
frequencies where they maximally couple the stimulus to the
backscatter signal. We demonstrate for the first time, how
generic sensors that were hitherto posed as a challenge to
work with at RF [35] can be made responsive at the appro-

priate frequencies using simple passive components.
¢ Generality of Sensing: We demonstrated that ZenseTag
works with three commercial sensors, enabling various ap-
plications. This technique can also be applied to any sensor

with terminal impedance variation.

e Robust analog sensing with a Miniaturized, Flexible,
COTS compatible PCB: ZenseTag interfaces the frequency
tuned sensor with two RFID tags using a Twin-Tag Single-
Antenna Sensor Interface, such that one tag is modulated
with the sensor stimuli, while other is isolated. This is done
with just a 15mm x 10mm flexible PCB that connects these
three components: sensor and the two RFID tags, to a sin-
gle printed RFID antenna. The RFID reader then decodes
the analog sensor data by comparing the relative channel
measurements from the two tags.

e Low-latency RFID reader software: We read the tags
using a COTS RFID reader (Impinj Speedway) and an open-
source library, SLLURP [37] that can be implemented on
any general purpose computing platform. Using a PyQT-
designed GUI, we show near real-time sensor readout, as
highlighted in our demo videos for force, soil moisture
and light intensity sensing [1-3].

e Power Consumption: We highlight that the ZenseTag plat-
form consumes no power beyond what the RFID tags use,
operating solely on RF harvesting from a reader without
needing additional energy sources.

We evaluate the merits of ZenseTag by interfacing it with multiple
COTS sensors such as a Capacitive Soil Moisture sensor [38], a
Force Sensitive Resistor (FSR) [39], and a Photodiode [40]. Using
real-world case studies, we summarize the following performance
metrics for our platform :

e We achieve >93% accuracy for 3-level soil moisture classifi-
cation (Dry/Moist/Saturated) and estimate moisture in an
outdoor soil bed using three separate sensors [2].

o ZenseTag accurately measured loads as small as 10g (0.1N)
and was used to implement a real-time human stepping force
sensor, demonstrating low-latency operation [1].

e We demonstrate over 85% accuracy in classifying three dis-
tinct brightness levels with a commercial photodiode and
showcase a passive, real-time binary light-intensity detector
using ZenseTag [3]. Additionally, we built a fully passive
wavelength classifier that can distinguish between Red, Yel-
low, and Blue light.

e ZenseTag achieved a median phase error < 4° degrees,
representing a 8X improvement over previous dual RFID tag
approaches (> 30°) [32] in terms of resilience to multipath-
induced phase errors.
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e Finally, ZenseTag accomplishes the above using an ultra
miniaturized, flexible PCB measuring just 150mm? as shown
in Fig. 2.

2 Related Work

Differential RSSI vs Range
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Figure 3: Prior approaches with colocated dual tags show significant
RSSI variation, even at 1 cm apart due to coupling, worsening with
separation distance. In contrast, ZenseTag maintains a differential
RSSI of <0.5 dB, unaffected by reader-tag distance.

Given the myriad of applications and pervasive deployments
enabled by batteryless and wireless sensors, there has been multiple
related research attempts to ZenseTag. But unlike, ZenseTag, the
past approach fails to interface multiple commercial sensors (like
force, soil moisture and photodiode) with easily available and cheap
RFID stickers. Further, ZenseTag interface also allows simple soft-
ware built atop standard RFID readers to also read the sensor data
in addition to the typical RFID decoding. This section summarizes
these related works, and puts ZenseTag’s contributions in context
with the past explorations.

Digital Sensor Interfaces with RFID Systems: The past works
in this category harvest RF energy to power up extremely low-
power electronics (ADCs, microcontrollers) that can both digitize
and communicate sensor data to a remotely located RFID reader
[11, 12, 41-45] However, there is a fundamental limit to these ap-
proaches, since beyond a point the ADC/microcontroller power
consumption can not be reduced further [13], and hence, most of
these approaches still require more energy to power up than what
is supported by existing energy harvesters. As a consequence, these
approaches use bulkier antennas instead of printed flexible anten-
nas, or larger capacitors to support the higher energy requirement,
and are difficult to miniaturize [11, 12, 46]. Hence, even though
these approaches adopt the same RFID protocol (EPC) and add
digital sensor data transmission over it, the actual prototypes are
larger than the typical RFID stickers. An added problem is also that
of increased latency, these approaches need to collect energy for a
larger amount of time to be able to communicate, which makes the
sensor readout more intermittent. ZenseTag side-steps this problem
by not requiring the dedicated electronics to digitize the sensor data,
and instead communicates the sensor data in the analog domain.

Analog Sensor Interface with RFID Systems: Communicating
sensor data in analog domain reduces the energy constraints im-
posed by the digital counterparts. However, so far, analog sensor
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interfaces have been demonstrated for dedicated sensor stimuli, for
example, contact forces [4], photo-diodes [47], temperature sensors
[33, 48], or touch-based interaction sensors [34, 49-51]. These ap-
proaches are not designed to sense multiple types of stimuli on the
same platform and are optimized for specific stimuli only. Further,
the shown sensor stimuli in these past work require a new dedi-
cated sensor design that is not COTS, which limits their adoption.
It also has been shown that interfacing commercial sensors with
RFID stickers leads to reduced performance [35], with a drastic loss
in sensor readout accuracy. In ZenseTag, we show methods that can
allow interfacing commercial sensors in analog domain with RFID
stickers to a sufficient degree of accuracy. This is achieved by care-
fully profiling the sensor impedance and matching it appropriately
to RFID impedance to enable a maximal coupling between the RFID
and sensor stimuli. Additionally, ZenseTag performs low latency
sensor readout compared to lengthy estimation times [35, 52].
RFID tags as a sensor: Given the difficulties in interfacing exter-
nal sensors, some prior works explore using an RFID tag itself as a
sensor. Herein, the goal is to isolate the RFID channel variations
caused by different stimuli (like moisture, temperature, dielectric),
due to the coupling between the RFID antenna and environment
[31, 32, 36, 53, 54]. Even though some of these approaches use
multiple RFID tags, with a few tags exposed to stimuli and others
don’t, in order to isolate the changes due to a particular stimuli
[31, 36, 52, 55], these approaches are not scalable. Also, these ap-
proaches are not able to isolate one sensor stimuli from the other, for
example, a moisture changing RFID channel can also change from
temperature effects. ZenseTag’s capability to interface dedicated
analog sensors provides a way of generalizing these approaches to
multiple environments, and as well provide sensor stimuli isolation.
That is, these approaches can not generalize across multiple envi-
ronments, that can create different coupling effects. Furthermore,
prior RFID-based sensing solutions often use a dual-tag approach,
where tags are placed in close proximity (< A/2) to mitigate multi-
path effects in dynamic environments. However, this method tends
to suffer from poor readout accuracy due to signal inconsistencies
between the antennas or strong coupling when they are positioned
too closely. As demonstrated in Fig. 3, and Sec. 5, the differential
RSSI comparison between the two methods clearly shows improved
reliability when using a single antenna as in ZenseTag, despite a
loss in range due to loss from the Wilkinson power divider.
Non-RFID platforms: Finally, some recent analog sensor inter-
faces use non RFID platforms such as audio, LoRA, WiFi and light to
communicate sensor data [23, 49, 56—-59]. However, unlike the RFID
platforms, these approaches use bulky rigid PCBs [23, 49, 60, 61]
with multiple discrete electronics, and additional energy harvesters
that only work in well-lit environments or or do not account for the
energy consumed by the sensor interface itself [23]. Additionally,
some backscatter approaches that use JFETs as voltage-impedance
transformers or frequency modulators [49, 62, 63], use USRP based
implementation and are incompatible with commercial RFID read-
ers. Moreover, these systems are optimized for specific operating
conditions to achieve low-power sensing and do not generalize
well to COTS sensors, which often introduce parasitics that disrupt
the fine-tuned setup and deteriorate the accuracy of sensing [49].
In contrast ZenseTag achieves >90% accuracy for all three COTS
sensors Further, as a consequence of being early stage prototypes,
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these platforms require SDRs which requires dedicated software to
be written for real-time demos and latency optimization. On the
other hand, RFID platforms have had decades of research backing
the development of sticker-like tags, which are readable with com-
mercially available RFID readers. Thus ZenseTag offers a sensor
platform compatible with affordable RFID stickers and software for
low-latency sensor readout using commercial RFID readers.

3 Design

In the following section, we will go over the design steps of Zense-
Tag, and explain how ZenseTag is able to interface different COTS
sensors (force, soil moisture and photodiode [1-3]) with easily
available RFID stickers. The key to interface commercially avail-
able sensors with RFID stickers lies in performing ‘Direct-to-RF’
Impedance profiling, which models sensor behaviour directly at Ul-
tra High Frequency (UHF). Next, using this model, ZenseTag makes
a vital discovery: most of the commercial sensors exhibit a resonant
frequency effect, at which they become very sensitive to the partic-
ular stimuli. Furthermore, akin to the resonant frequency tuning of
antennas, the sensors’ resonant frequency can be tuned to match
that of RFID tags. Additionally, ZenseTag creates a novel “Twin-Tag
Single-Antenna Sensor Interface’ using flexible PCBs, which allows
interfacing of the frequency tuned sensor to twin-RFID ICs, both
interfaced to a single antenna to minimize the form-factor. The
flexible PCB ensures that one IC is coupled with the sensor stimuli,
whereas the other is isolated. Finally, a commercial RFID reader
reads the two ICs, and computes their channel difference to de-
modulate the sensor impedance, thus creating a low-latency sensor
readout, which is robust to even dynamic environments. Hence,
ZenseTag’s design can be summarized to three contributions: (1)
Direct-to-RF Impedance profiling, which models sensor behaviour
directly at RF and can directly modulate the backscatter signal. (2)
Leveraging the impedance resonance of COTS sensors and tuning it
to improve their readability at RF. (3) Twin-Tag Single Antenna Sen-
sor Interface enables robust sensor impedance readout by matching
the sensor to two tags and an antenna., and (4) Low-latency sensor
readout via software developed atop a commercial RFID reader.

3.1 Direct to RF Interface: Modelling
commercial sensors at RF frequencies

Many commercial sensors react to changes in the measured stimulus
by altering the voltage or current across their interfacing terminals.
This variation can be modeled as a change in terminal impedance,
which can then be used to modulate one or more parameters of a
wireless signal directly at RF (which we call direct-to-RF interface).
Most of the prior-work treats sensors as pure capacitors [4, 23, 49],
or pure resistors [32, 58, 64]. This is true only at low-frequencies
(LF) [49], or when sensors have a parallel plate structure which
guarantees capacitive behaviour even at RF [4, 65]. However, when
the commercial sensors are interfaced directly to RF, they exhibit
complex impedance as shown in Eq. 1, where Xensor represents
the reactive component of the impedance, wherein Xsensor > 0 if
the sensor impedance is inductive and Xsensor < 0 if capacitive.

Zsensor = Rsensor *+ J * Xsensor (1)

Furthermore, Xsensor is a function of frequency and can vary
vastly. For example, a soil moisture sensor that is capacitive at kHz
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frequencies may behave as an inductor at some MHz frequencies
and may even develop a resistance profile. Our measurements, of
a soil moisture ‘capacitor’ and a force-sensitive ‘resistor’ (Fig. 4),
show that sensor impedance behavior differs significantly between
DC (or LF) and RF. The reason for this deviation from the expected
behaviour at RF frequencies, is the complex construction of sen-
sors. For example, a force-sensitive resistor has an inter-digitated
structure, which can act as inductor coils at certain frequencies,
whereas a soil-moisture capacitor has long, and lossy resistive leads.
These complex impedance behaviors are difficult to quantify with-
out electromagnetic simulations of their actual physical models.
Consequently, it is challenging to account for them when develop-
ing a direct-to-RF sensor interface. In ZenseTag, we demonstrate a
methodical procedure to profile the impedance of any commercial
sensor. The key insight we have to handle these non-idealities, is to
treat the sensors similar to RF antennas. Sensors act as transducers
and couple a particular stimulus to a measurable change in an out-
put parameter such as impedance. This is similar to the behavior of
antennas that in-fact act as transducers of electromagnetic energy.
Thus, at a fundamental level, the transduction principle of both
sensors and antennas are similar.

Hence, in order to directly profile the sensor impedance at RF, we
can treat them as antennas, and obtain their scattering parameters
(S11 measurement) as shown in Fig. 5. The S;; plot is obtained by
exciting the sensor at a particular RF frequency, and observing the
resultant amplitude/phase change back from the sensor. We use this
S11 measurement to profile the impedance of the sensor, using the
relationship shown in Eq. 2. The sensor impedance profile reveals
several crucial details that guide our design and implementation:
Depending on the sensor impedance profile and the parameter that
varies as a function of stimulus (Rsensor OF Xsensor), We can interface
it in either a series or shunt configuration as in Fig. 6a. Basically
if the sensor resistance is small and varies with stimulus it can be
interfaced in series and in shunt if the value of a parasitic resistance
is very large. On the other hand, if a sensor is reactive dominant,
then it is interfaced in shunt configuration as shown in Fig. 6.

Now that we have profiled the impedance of the sensor at RF,
how do we achieve direct-to-RF interface with the tags? To do that,
we utilize a key insight: The complex reflection coefficient T that is
used to obtain the impedance profile, can also be used to model the
relationship between an incident signal Sj,. and its backscatter: Sps.
The signal returned by the RFID IC, is given simply by Eq. 3. This
relationship shows how variations in the sensor impedance Zsensor
in response to changes in the measured stimulus can be coupled
directly at RF to the backscattered signal, thus modulating its phase
and amplitude. This modulation is then decoded at the reader end.

Zsensor - ZO
I' = Refl. Wave/Input Wave = ————— 2
f P Zsensor + 2o @

Sps =T * Sinc 3)

3.1.1 Frequency Agnosticism of Direct-to-RF-Interface: The
technique direct-to-RF sensor interface where we map changes in
terminal impedance directly to carrier amplitude/ phase is universal
and agnostic to the radio frequency of interest (UHF RFID in this
case). Essentially, since this technique relies simply on the principle
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of impedance modulated backscatter, it can be extended to other
frequencies/wireless technologies such as LoRA, WiFi or Bluetooth.
Having accurately profiled the sensor impedance, we now optimize
the sensor response at the desired frequency.

3.2 Impedance-Resonance Tuning: Enhancing
Sensor Readout at RFID frequency band

In ZenseTag, we communicate the analog variations in the sensor
impedance over RFID backscatter signal. On their own, if interfaced
directly to an analog interface, these commercial sensors might ex-
hibit no change in terminal impedance in response to the stimulus.
To address this challenge, we leverage a key insight of ZenseTag:
even these sensors exhibit an enhanced impedance response at spe-
cific frequencies. Similar to antennas that are most efficient at their
resonant frequencies (or fundamental modes), sensors also exhibit
an enhanced impedance response at its ‘resonant frequency’. Thus,
at these particular frequencies, they are able to maximally couple
changes in stimulus to their terminal impedance, as shown in Fig.
7a. While sensors show enhanced response at their resonant fre-
quencies, these do not necessarily align with the carrier frequency
(902-928 MHz for RFID). In other words, at these resonant frequen-
cies the sensor responsiveness to a change in the stimulus is at its
best. Hence we need to "tune" this sensor impedance-resonance
to near the RFID band for maximum sensitivity and performance.
Drawing on the analogy with antennas, which often require di-
mensional adjustments to operate within the correct frequency
band, the ZenseTag sensor interface similarly requires fine-tuning
to ensure that the sensors function at the desired frequency band.

To show how we can make these fine adjustments in sensor
resonance frequency, we consider the example of a capacitive soil
moisture sensor, whose equivalent RF model is shown in the circuit
Fig. 7. Although a particular capacitance value C; is provided at
DC or low-frequencies, at RF, due to packaging effects, leads etc., an
additional parasitic inductance Lpqr and equivalent series resistance
(ESR) are inherently present. These parasitic components Lp and
Cfrq will resonate with each other at sensor resonance-frequency

(SRF) fr1 and beyond that, the sensor could behave as an inductor
as can be seen from the phase reversal in Fig. 7b. Keeping this in
mind, the design target is to move the SRF to a value slightly outside
the frequency band of interest. Since SRF f; lies very close to the
RFID frequency, we will move this resonant frequency to a value
fnew such that it falls below 900MHz. Antenna designers frequently
leverage the concept of aperture tuning [66] to move the resonance
frequency of antennas, enhancing their sensitivity and radiation
efficiency in a desired band. Similarly, in ZenseTag, we tune the
SRF of the soil moisture sensor to improve its sensitivity in the
UHF RFID band, by simply adding a general tuning capacitor Csyne
and/or inductor Lsype as needed. The mathematical formulation of
the same is shown in equation 4. Placing the moisture sensor in
soil and the addition of water moves the frequency further down
to about 874MHz as shown in Fig. 7b. Although the sensor alone
wasn’t responsive to soil moisture changes at UHF RFID, resonance
tuning improved its sensitivity.

1
frew = E (\/Lparz : Ce{-f) s

Cetf = Crr2 || Chias = Crrz + Chias

4
where

A key advantage of ZenseTag is that its matching and tuning
process is entirely passive, requiring only a single bias capacitor and
no power. In contrast, previous analog sensing approaches, such
as [48, 49], use oscillation circuits to transduce sensor impedance
into analog frequency shifts, which requires additional energy har-
vesters like photodiodes. Moreover, with commercial sensors, the
impedance becomes more complex. To compensate for the higher
reactance, the inductors used in the oscillation circuits [48, 49] must
be larger, increasing the overall size. In comparison, ZenseTag’s
impedance tuning just requires a single surface mountable bias
capacitance that is almost the size of a rice grain.

So far we have shown how the complex impedance of COTS sen-
sors can be analogous to antenna impedance profiling and tuning,
in order for the sensors to create measurable analog phase/ampli-
tude changes at a desired frequency band. We will now describe
how to reliably read these commercial analog sensors in real-time
under the influence of dynamic multipath effects.

3.3 Twin Tag Single Antenna Integration for
Sensor Readout via RFID Reader

To ensure robust passive analog sensing, the analog changes (phase/am-

plitude) introduced by the sensor should be readable even in a
cluttered environment with moving objects and people. Prior ap-
proaches have used a reference tag that is co-located with the sensor
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modulated tag [31, 32, 52], assuming they both experience identical
channels. However, as shown in Figs. 9b,17, the signal that travels
to the two tags may travel different path lengths, thereby accruing
an additional non-deterministic phase/amplitude difference that
corrupts the sensor readout. A better way to solve the differential
sensing problem is to use a Twin-tag Single Antenna PCB, where
both the tags are connected to a single antenna, [34, 67]. However,
they use bulky, rigid, patch antennas that cannot be miniaturized.

ZenseTag solves this problem using an IC version of the Wilkin-
son Power Combiner (WPC) as shown in Fig. 10. Basically the
compact WPC ensures that the two IC1 and IC2 are sufficiently
isolated(>25dB) from each other while the reader reads them across

different time slots t1 and 2 [68, 69], as shown in Fig. 8. Essentially
at MAC (Medium Access Control) time slot ¢1, IC1 is in energy
harvesting mode while IC2 is in reflect/talk mode, responding to
the reader’s queries. At time slot ¢2, their modes get switched. Note
that the reader reads these tags in very quick succession (read rates
>1kHz), and hence the channel will not change appreciably be-
tween those time slots. While the reader is able to separate the the
tags using unique EPC codes, sufficient isolation is still necessary
at the hardware level to ensure that the analog phase of the carrier
is not corrupted. This isolation also guarantees that the changes in
sensor phase affects only one tag and the other tag is immune from
it, serving as a reliable reference.

Additionally, RF simulations confirm that the Wilkinson Power
Combiner (WPC) effectively isolates the sensor impedance fluctua-
tions to the specific port it is connected to, reducing any impact on
the antenna’s impedance. The WPC splits an incoming signal into
two equal halves at its output ports (Port 2,3 as shown in Fig. 9a)
or reciprocally combines them at its Antenna connected Port 1.
The signal to Tag 2 undergoes modulation by the sensor whereas
the signal to Tag 1 is backscattered as is and recombined at Port
1, connected to an antenna and then radiated back to the reader,
as shown in Fig. 9a. The signals from the two tags are separated
by the virtue of their unique EPC at the reader. The mathematical
formulation of the same is given in Eq. 5 where the phase difference
A® introduced by the sensor is isolated from the random phase
added by multi-path « by virtue of the subtraction of phases of
the code-separable signals in Sy, (¢). For example the phase change
introduced by the sensor can be recovered as A® given by the differ-
ential phase between the two tags or £Yy;¢r(t). The same concept
can be extended to differential amplitude as well.

Sps (1) = (1) * [my(t) % e B 4 my(1)] + e I*
LXgipp(t) = £(Sps(t) x my(t)) — £(Sps(t) * my(t))

®)
(6)

3.4 Enabling Low Latency analog sensing

Finally, to enable some of the ubiquitous applications of ZenseTag
envisioned in Sec. 1, we develop a performant code that runs on a
host machine connected to a commercial RFID reader. This code
accounts for the pseudo-random channel-hopping of the reader,
and can decode the sensor phase using just a few tag-reads, thereby
enabling low-latency sensing.

Now that we have individually addressed the critical challenges
faced by analog sensing platforms, we will briefly summarize the
steps to build an inexpensive, compact,real-time sensing platform
that can interface with any two-terminal sensor in a robust and
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Figure 9: ZenseTag uses differential analog modulation and Twin-
tag-Single-Antenna interface, whereas with co-located dual tags, the
phase is corrupted by the different AoA between the 2 tags.

completely battery-free manner. In ZenseTag, we design a novel
Twin-Tag Single Antenna PCB that accommodates any commercial
sensor without additional circuitry. It includes a tunable network to
adjust sensor resonance, a Wilkinson power combiner to achieve re-
liable sensing and two RFID tags (sensor-modulated and reference),
all interfaced with a COTS RFID antenna. Next, we implement this
design on a compact, flexible PCB.

4 Implementation

In this section, we show the implementation of the ZenseTag RFID
assisted sensor platform. It consists of three parts which comple-
ment the previously discussed design contribution, (1) A rigid mi-
crostrip PCB used to profile the impedance of sensors (2) A flexible
PCB with RFID IC, sensor pads and surface mount component pads
in the proposed 7 network for tuning the sensor resonant frequency
and (3) A GUI implemented using the open source SLLURP library
[37] to enable real-time sensor readout.

4.1 Sensor Impedance Profiling

In order to achieve Direct-to-RF interface with a commercial sen-
sor its impedance needs to be profiled at 900MHz. Unlike DC/low
frequencies (<10MHz), where LCR meters [70] or sample and hold
circuits [71] are used, higher frequencies exploit a complex, fre-
quency dependent quantity called reflection coefficient I'. A Vector
Network Analyzer (VNA) [72] is used to measure I’ which is related
to the complex sensor impedance (resistive+reactive) as shown
in Eq. 2). The characteristic impedance of the transmission line
Zy is both real and known. Thus, by measuring I' and following
proper calibration and de-embedding steps [73] to eliminate fixture-
induced errors, we can accurately determine the sensor’s resistance
and reactance. The sensor is connected to the transmission line of
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a rigid inexpensive FR-4 PCB as shown in Fig. 11a, and a wired
measurement of T is recorded.

Once we derive the error-corrected sensor impedance and its
resonance frequencies have been identified, we utilize Egs. 7, 8 to
decide on the topology as depicted in Fig. 10. Based on the sensor
resonances, a capacitance is used to tune the sensor close to the
UHF RFID band (902-928 MHz). The concept of sensor impedance
profiling and resonance tuning explained here using a soil moisture
sensor can be generalized to any COTS sensors.

Zsensor - ZO
Zsensor + 2o

7

Tshunt =

Zsensor (8)

Lseries =
Zsensor + 22y

So far we have accurately profiled the sensor impedance, identi-
fied the correct sensor interface topology, and tuned its resonant
frequencies using capacitors. Next, we will cover the flexible PCBs
used to interface the sensor with RFID tags and connect to a COTS
RFID tag antenna.

4.2 Flexible PCB for Sensor Interface

We will now review the steps involved in making the flexible PCB
that gives ZenseTag its desirable properties. First, we use a com-
mercial RF simulation tool like Advanced Design System (ADS)
[74], to model the components like power divider, antenna, sen-
sor impedance and tuning network ZenseTag at a schematic level.
Following this, we design the layout in Altium, simulate the PCB
and antenna using an Electromagnetics solver [75] and fabricate
at a low cost (25c per PCB). The two versions of ZenseTag PCB
respectively accommodate the SL351202 Rain RFID tag [76] and
Wet-Inlay RFID tag [77] as shown in Fig. 11. We now assemble
simple PCB components such as Wilkinson power combiner, 100
balance resistor, resonance tuning network, and finally attach a
two-terminal sensor, as shown in Fig. 12. A simple 5-step procedure
detailed below :

e Step 1: Peel the RFID in-lay tag(s) off of the COTS RFID tag
carefully using forceps as shown, to expose the in-lay tag
adhesive.

Step 2: Solder the Wilkinson Power Combiner, and the 100Q
resistor as shown.

Step 3: For the IC compatible version, the SL3S1202 RFID
ICs are soldered. Similarly for the wet-inlay ZenseTag, we
use forceps and the adhesive side of the inlay to stick the
two ICs on the footprint provided in the flexible PCB.

Step 4: The assembled PCB is now attached to the exposed
pads of the flexible antenna. Once the electric contact is
established, the flexible ZenseTag is ready to be interfaced
with sensors.

Step 5: The sensor is now soldered to the two pads provided
for sensor interface and finally connect to a COTS RFID
flexible tag antenna.

Once the tags have been fabricated, assembled and the sensor
has been correctly tuned and interfaced with ZenseTag PCB, we
can move onto set up a real-time wireless measurement using the
GUI we developed.
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Figure 11: Different PCBs used in ZenseTag. (a) Simple FR-4 PCB
used for sensor impedance profiling. (b),(c) Show the flexible PCs
used for the two versions of ZenseTag

4.3 GUI for real-time sensor readout

In order to achieve a real time readout of these sensors using Zense-
Tag, we developed a Graphical User Interface (GUI) in Python using
the SLLURP library [37]. The GUI helps us collect, process and
display the processed data in real time as the sensor is being used.
SLLURP library [37] allows us to collect data from a commercial
Impinj reader in a cyclic fashion, scanning through 50 channels,
with 200ms dwell time per channel, resulting in an average data
collection rate of 35Hz. First we process raw phase data streaming
from the reader by unwrapping it and addressing the 7z shifts in
phase introduced by the channel hopping. In order to correct for the
timing discrepancy between the two tag sequences, we compute a
moving average over 3 seconds for each time sequence. We average
a predetermined number of data points and subsequently calculate
the difference between the moving averages of the two sequences.

5 Evaluation

A key contribution of ZenseTag is interfacing commercial sensors
to a passive wireless platform with a form factor similar to RFID
stickers, using flexible PCBs. We evaluate ZenseTag with three
commercial sensors: (1) Soil Moisture Sensor, (2) Force-Sensitive
Resistor, and (3) Photodiode. Additionally, we motivate practical
case studies to demonstrate on the robustness of ZenseTag’s sensor
readout. We will first evaluate ZenseTag with a COTS capacitive
soil moisture sensor.

5.1 Measuring Soil Moisture using COTS
Capacitive Soil Moisture Sensor

To set up this evaluation, we will profile the sensor impedance
and then interface it with ZenseTag’s flexible PCB using the previ-
ously described procedure. Interfacing Process: In order to utilize
the impedance change of the sensor in a Direct-to-RF fashion,
we need to interface directly with the bare sensor without any
attached electronics that come with it. To do this,the COTS sensor
is stripped off of its digital interface (555 timer+bias), and soldered
to the impedance profiling PCB using copper wires. The measure-
ment yields a capacitance of 2.2pF and a large equivalent series
resistance (ESR) of 37Q for the sensor. Next the tag is assembled
in the optimal shunt topology, and then add a 2.7pF capacitance
to tune the resonance and impedance match the commercial soil
moisture sensor at RFID frequency. Using the assembled ZenseTag
interfaced soil moisture sensor we conduct benchmark evaluations
and demonstrate well-motivated practical use-cases.

5.1.1 Benchmarks: Enhanced Phase Response To demonstrate
the importance of impedance profiling and resonance frequency
tuning, we conducted a readout by immersing the sensor in wa-
ter (100% moisture) We conducted both wired (VNA) and wireless
(RFID reader) measurements to observe the sensor’s phase change
between air and water. After impedance profiling and resonance
tuning, the phase change shown by the sensor increased to 15°
compared to < 1° without, or a 15x improvement as shown in
Fig. 14. We also show two videos to capture this evaluation: here
[78] and here [79].

Power Consumption:

To quantify power consumption in reading COTS sensors (inde-
pendent of the energy expended on the ADC), we found the inter-
face circuit (Capacitance — AnalogVoltage) consumes 18mW. In
contrast, ZenseTag only measures impedance changes, minimizing
power loss to parasitic resistance and mismatch.

5.1.2  Case Study 1: Potted Soil- Moisture Classification For the first
use case, we use potted soil in a container and evaluate ZenseTag’s
ability to classify between Dry, Moist, Saturated Soil moisture. The
sensor is placed fully immersed in soil as shown in Fig. 15.

Given the transient, localized and non-deterministic nature of
soil moisture, we prepared three different samples: DRY when
moisture value is <20%, MOIST when moisture levels are between
20% and 70% and SATURATED, when the moisture level >70%.
The precise ground-truth moisture value is obtained by connecting
the same sensor to an Arduino and reading it digitally. Simultane-
ously our data collection software reads and decodes the differential
phase. We also conducted measurements over several data points
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SOLDERED ZENSETAG
Figure 12: Assembly of flexible and COTS friendly ZenseTag. Step 1: Peel sticker-IC off of RFID tags. Step 2: Attach the ICs to flexible ZenseTag
PCB. Step 3: Solder Power Divider and 100Q resistor. Step 4: Attach PCB to a flexible RFID antenna
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Figure 13: Interfacing a commercial soil moisture sensor:- Step 1: Strip off. Step 2: Small contact pads are etched out to expose copper Step 3:

Solder these small leads to rigid impedance profiling PCB.
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Figure 14: Wired and wireless evaluation of soil moisture interfaced
ZenseTag immersed in water, with and without sensor impedance-
resonance tuning.

and verified the reliability and repeatability of these readings over
a long duration. The video demonstrating our experiment can be
viewed here [2]. Using the ground truth data obtained from Sen-
sor+Arduino, and the wireless data obtained from samples,we are
able to reliably classify between the 3 different moisture levels, even
when the sensor is re-inserted in different soil samples prepared
independently. The generated confusion matrix (Figs. 15¢ and 15d.
) shows an accuracy 93%

5.1.3  Case Study 2: Outdoor soil moisture sensing with multiple sen-
sors : We test the sensor in an outdoor environment, by deploying
multiple sensors in a patch of soil. In this study, we deployed three
ZenseTags equipped with soil moisture sensors into a patch of land
as shown in Fig. 15b. We show through this case study that soil
moisture is indeed a very localized phenomenon and hence sparse
deployments of these sensors cannot capture true moisture in a
localized fashion. The measurement is demonstrated in a recorded
video [80]. The video showcasing the experimental setup can also
be found here [81].

ZenseTag’s ability to measure soil moisture in a granular, local-
ized fashion and its low cost can enable large deployments of such
sensors in agricultural farms without the toxic contamination of
batteries, or the hassle of laying power cables.

5.2 Measuring Force using COTS FSR

We will now evaluate ZenseTag interfaced with a commercial Force
Sensitive Resistor (FSR). We follow a similar interfacing procedure
as with soil moisture sensor, except choosing an FSR variant with
short leads, to avoid unwanted series resistance.

5.2.1 Interfacing Process: Impedance profiling of a commercial FSR
reveals that it (Fig. 4), behaves like a 37nH inductor. We identify and
tune its resonance frequency (from 1GHz to 830MHz) using a 1pF
capacitor, and connect the FSR in a shunt configuration. as shown
in Fig. 16. Using this FSR interfaced ZenseTag, we benchmark its
baseline performance.

5.2.2  Benchmarks: Measuring known weights We measure different
known weights ranging from 10g to 50g by placing them on the FSR
sensor and measuring the differential phase. The results are shown
in Fig. 16. From the figure, it is evident that for a 50g change in
the load, ZenseTag is able to produce a phase change of about 30
degrees, repeatable across multiple trials. Further, we also show
that this differential phase can be measured in real time as we press
on the sensor several times with our finger. We recorded a demo
video of the same [1].

5.2.3 Benchmark: Quantifying multipath resilience: A key hurdle
under dynamic channel conditions is the corruption of differential
phase by multipath, so as a baseline, we must extract uncorrupted
phase information even with people and objects moving around the
sensor. Prior methods to remedy multipath effects in RFID assisted
sensing[31, 32, 35] have used the concept of dual-tags or colocated
tags. As detailed in Sec. 2,. 3 we assert that using a compact Wilkin-
son power combiner is the correct way to remedy multipath effects.
In order to evaluate the resilience of ZenseTag sensing platform to
dynamic changes in the wireless channel, we conduct an evaluation
by keeping the reader and ZenseTag colocated tags fixed as people
walk around in Fig. 17. We then compute the phase difference A¢
measured between both the tags, which in this case have no sen-
sor attached. We compare our approach to the other differential
approach of co-locating tags. Notably, the median phase difference
for ZenseTag is a fixed offset of approx 4° between the two tags
which is a 10x better improvement over co-located tag approach
(with phase error > 40°)

5.2.4  Case Study: Measuring Human stepping force: Having vali-
dated the resilience of ZenseTag to movements around the platform,
we evaluate the real-time response of a FSR interfaced ZenseTag,
under human stepping impact shown in Fig. 17. We measure the dif-
ferential phase as a human steps on and off the stepper. To prove the
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real-time operation of this sensor, we recorded a demo video [82].
Differential phase changes repeatably between the same values
(accounting for the imperfectness of human stepping) over mul-
tiple steps. This case study can motivate interesting applications
involving humans playing musical instruments such as piano or
drums using a battery-free touch-pad. Furthermore FSR-interfaced
ZenseTag system can enablenovel healthcare applications by quanti-
tatively capturing human contact dynamics, such as stepping force
during athletic activity. In sports analytics, this can enable wireless
and battery-free performance assessment. By measuring precise
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human contact during stepping exercises, coaches and trainers
can gain valuable insights into athletes’ efficiency, technique, and
biomechanics, informing targeted training regimes, aiding injury
prevention, and optimizing performance.
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Figure 18: Stepping Exercise using ZenseTag
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5.3 Measuring LUX using COTS Photodiode

Light intensity in lux, often measured using photodiodes, is crucial
for automating indoor lighting [83, 84], garages [85], and envi-
ronments with sensitive fauna [86]. Photodiodes are also used in
agriculture [87], spectroscopy [88], and industrial automation [89]
as color classifiers. Motivated by these applications, we built a
photodiode-interfaced ZenseTag and will evaluate its performance
as a lux meter and demonstrate a wavelength classifier use-case.

Interfacing Process: Following the procedure in Sec. 3, the
impedance of a photodiode was profiled at RF. As shown in Fig.
20 - step 1, at 915MHz, the photodiode exhibits a capacitance of
0.8 pF, offering optimal phase sensitivity in a series configuration.
Given that photodiodes are junction devices with low resistance,
it behaves almost as an ideal capacitor at RF, without a resonance
frequency near the RFID band. Based on the measured impedance
profile ZenseTag lux sensor was designed with the photodiode in
series, and the experiment is setup as shown in Fig. 20.
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Figure 19: ZenseTag Light sensor wireless results

5.3.1 Benchmark: Measuring Light Intensity using Photodiode Us-
ing the setup, we collected differential phase values for varying
lux intensities till 400 lux as shown in Fig: 19a. Using three data
campaigns conducted at different times, we observe that the phase
values are consistent. The sensor response saturates after a lux
value of 400. This measurement was taken exposing the sensor to
yellow light of varying lux intensity. To ensure minor lux fluctu-
ations are measured, we conducted the measurements in a dark
room. Additionally to demonstrate the sensor’s repeatability and
reliability, measurements were taken over a long duration at three
different lux levels: BRIGHT (400 lux), MEDIUM (180 lux), and
DARK (0 lux). As shown in Figs. 19b & 19c, we can classify bright
and medium with accuracy around 95%, while dark can be classified
with 80% accuracy.

Live Demo of real-time light intensity sensing: To demon-
strate real-time light intensity sensing, we recorded a demo video
where the photodiode interfaced ZenseTag was alternately exposed
to room light and darkness, showing repeatable performance. The
video showing the demonstration can be viewed here [3].
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Figure 20: Measuring Lux with ZenseTag. Step 1: Perform impedance
profiling of photodiode. Step 2: Connect the photodiode to ZenseTag
in the correct topology. Step 3: Setup wireless Lux measurement

5.3.2  Case study: Classifying Colors An interesting observation is
that the COTS photodiode used here shows a peak sensitivity to
Orange light (1= 600nm) which is a warm tone. In this case-study
we demonstrate photodiode interfaced ZenseTag based wavelength
classifier. We evaluated the sensor tag, using lights of three wave-
lengths - Red, Yellow and Blue. The experiment was carried out
in a dark room as shown in Fig. 21a and the differential phase
was measured for the ZenseTag light sensor. From the plot in Fig.
21b, we notice a clear monotonic relationship between differential
phase and wavelength. Despite lacking high granularity photodiode
ZenseTag is still able to reliably classify R-Y-B colours. We envision
these sensors in industrial color classifiers for various applications,
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such as monitoring water quality via spectral signatures, ensuring
manufactured goods conform to color standards, and facilitating
color-based sorting systems in warehouses.
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(b) Differential Phase response of ZenseTag for different wavelengths
Figure 21: ZenseTag Setup for wavelength classifier

6 Limitations and Future Work

6.1 Reader cost and size

An obvious challenge with RFID assisted analog sensing is the
necessity of a sizeable, non-portable and expensive reader that
can perform the communicate with the tags and decode sensor
data. However there have been several hand-held and wrist-worn
RFID readers that are both affordable and portable [28-30]. We
envision that ZenseTag will enable compact sensing tags to become
commonplace with increased adoption of such RFID readers.

6.2 Range of operation

RFID tags have range limitations as they depend entirely on har-
vested energy [90-93]. With the existing prototype, ZenseTag’s the
worst case readout range is about 50cm depending on the interfaced
sensor. While this is lower than the previously reported 1m readout
range for a customized designed force-sensor RFID interface [94]
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and COTS sensor interface[35], for many of the applications envi-
sioned here the range is sufficient, especially with the availability
of newer more portable RFID readers [28, 30, 95].

The loss in range can be accounted to the additional 3 dB loss
because of Wilkinson divider, and its impedance mismatch with the
RFID tag antenna. This range can be augmented using inductor and
capacitor based matching networks as shown in Fig. 22. In order
to quantify this range loss, we measured the matched tag with a
comparable commercial tag, whose antenna we used. As shown in
Fig. 23, we can operate ZenseTag upto 1.25 m range compared to
commercial tag. However, a notable point is that, for a commercial
RFID tag to be used as a sensor, prior works occupy 2x the form-
factor of ZenseTag as they need an additional "reference” tag[31, 32,
35, 52] to function. Given this, if the antenna in our design (which
takes up the most space relative to the PCB) is increased by more
than 2x, its efficiency—and consequently the operating range—will
improve significantly [96-98]. The range degradation of ZenseTag
compared to commercial tags cannot be fully assessed without
considering the form factor. We recommend future research on
improved digital twin simulations of the RFID reader-antenna-tag
system for holistic analysis and potential solutions[99].
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Figure 22: Improved sensing range with passive matching circuits
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Figure 23: Range degradation due to power divider in ZenseTag com-
pared to a commercial tag. Note that for reliable differential sensing,
prior approaches need at least 2X the form factor of ZenseTag.

6.3 Granularity of Sensor Operation

We acknowledge that our work shows a somewhat coarse-level
sensing especially for the photodiode tag. This is primarily con-
strained by the sensitivity (peak at A=600nm) and performance of
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the diode itself in response office light. However a different photo-
diode that has better response under white light could improve the
granularity of sensing.

6.4 Robustness to Metal Blockage

In our experiments, the RFID reader and the sensor interface do
not assume a metal blocker in between. If there is a metal blocker,
the RFID readout will be difficult since there will be no direct path.
This limits certain applications, since ideally photodiode backed
ZenseTag sensor can be used for parking spot detection in garages,
however this will assume a car blocking the photodiode, and hence
as of now these applications are not possible. However, further in-
vestigation into RFID readouts with metal blockages can potentially
alleviate this problem in the future.

6.5 Interfacing Non-Impedance Sensors

The core underlying principle behind the working of ZenseTag is to
exploit the impedance change produced by a sensor in response to a
stimulus. But its not mandatory that all available sensor produce this
effect for us to read it wirelessly. For example, there are gas-sensors
[100], that work on a different principle, they have an arc-reactor,
that selectively combusts a few gases internal to it. Hence, these
sensors are active by default and consume much higher power.
Additional examples ionizing radiation sensors[101],piezoelectric
structural health monitors etc[102] Although there is ongoing re-
search even here in the sensing community to discover lower power
alternatives. Such sensor interfaces with natively active sensors are
not possible today with ZenseTag.

6.6 Challenges with Wet-Inlays

The wet-inlay version of ZenseTag is fabricated using the procedure
described in Sec. 4 which involves heating the PCB solder compo-
nents such as Wilkinson Power Combiner and a 1002 resistor. This
tends to heat-related deformation of the PCB which tends to bend
it slightly. Consequently, sticking the wet-inlay RFID tags to this
PCB is very challenging and requires a significant amount of effort.
In the future, this could be addressed by making the entire PCB
and assembly through additive manufacturing process such that
no heating would be required.

7 Conclusion

In this work, we have presented ZenseTag, a compact, battery-free,
wireless sensing platform that can interface commercially available
sensors to inexpensive, flexible commercial RFID stickers. Through
innovative approaches such as direct-RF interface, sensor resonance
tuning and twin-tag-single-antenna interface, ZenseTag achieves
superior reliability and accuracy in differential analog sensing of
stimuli such as soil moisture, light intensity and contact forces.
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