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Abstract— Low-energy battery-less passive RFID (Radio Frequency

Identification) tags will be an integral part of the upcoming loT
(Internet of Things) revolution. Applications for such tag-systems
include medical applications, inventory management, security, lo-
calization, household application, etc. Currently, there is a growing
demand for passive RFID-based diaper moisture sensors in the
market. The target populations for such technology include infants,
disabled individuals, and senior citizens. The goal of the moisture
sensor is to eliminate the risks related to infection and other issues
caused by the failure to remove a wet diaper in a timely manner.
Desired characteristics of such a sensor include low cost, easy
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range, as well as being comfortable to the wearer. We propose a passive UHF (Ultra High Frequency, 902-928 MHz) RFID-
based diaper moisture sensor that is low-cost, user-friendly, reusable, washable, environment-friendly and comes with
an extended on-body read range of 3.6 meters with baby diapers and 4.4 meters with adult diapers. The external reader
unit is connected to the internet or a local network, and will automatically notify the parents or caregivers as soon as the

presence of moisture is detected.

Index Terms— Diaper moisture sensor, loT (Internet of Things), passive RFID (Radio Frequency ldentification), UHF (Ultra

High Frequency) RFID tags

[. INTRODUCTION

ASSIVE RFID (Radio Frequency Identification) systems
have evolved at an unprecedented rate in the past decade.
State-of-the-art tags can operate at significantly lower power
levels. For example, the Monza R6 chip (2017) [1] has a read
sensitivity of up to -22.1 dBm, while the Monza-2 (2006) [2]
chip has a read sensitivity of -11.5 dBm. In other words, the
Monza R6 chip requires 11.5 times less power compared to
what is needed to drive a Monza-2 chip. Such an evolution in
only eleven years is truly extraordinary. The lower activation
energy of modern tag chips has extended the read range. The
increased read range opens the door for new passive RFID-
based sensors that are practical for many IoT (Internet of
Things) applications. In this paper, we propose a moisture
sensor using Monza R6-based passive RFID tags [3].
Caregivers or parents who attend seniors or babies, have
to manually check for the presence of urine in diapers.
Currently, almost all diapers come with pH-activated yellow
stripes that turn blue when the diaper is wet. However, the
caregiver has to check multiple times for a change in color.
Patients with bowel incontinence need to have their diaper
changed immediately after it is soiled. The longer a patient
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is exposed to a soiled diaper, the higher the risk of skin
breakdown, potentially leading to life-threatening infections
[4]. In a facility where multiple seniors/babies are attended by
a single caregiver, the proposed moisture sensor will provide
instant notification of wetness in the diaper, saving time for
the caregiver. Smart diapers can automatically store urination
data, and the physicians can use this to gain important insight
regarding the health of the user. Moreover, the risks of diaper-
related infections will be greatly reduced.

In the proposed sensor technology, a flexible, reusable, and
battery-free RFID tag is attached to the front side of the diaper.
An external RFID reader/interrogator antenna energizes and
monitors the tag. As soon as there is a presence of urine, the
tag on the diaper will reflect little or no interrogation energy,
resulting in a sharp decline in RSSI (Received Signal Strength
Indicator). As a result, an alarm will be generated, requesting
a diaper-change (Fig. 1). With a single interrogator antenna,
it is possible to serve multiple users.

Commercially available RFID tag antennas are generally
miniaturized meandered folded-dipole structures, with an om-
nidirectional radiation pattern. This is true for free-space
(relative permittivity, €43, = 1). However, in the presence
of a material with higher electrical permittivity (e.g., €water
= 80), a large portion of the radiated power is absorbed,
leading to poor radiation efficiency. On the same note, about
60% of the human body consists of water [5]. In a recent
work [6], we observed that textile-based folded dipole RFID
antennas drastically lose radiation efficiency in the proximity
of the human body. As a result, the read range of the passive
tag is significantly decreased. We have successfully exploited
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Fig. 1: The battery-less moisture sensor is attached to a diaper
on an infant, disabled individual, or senior citizen. The RFID
reader antenna externally energizes the tag circuitry. If the
sensor detects wetness, a notification is sent to the parents or
caregivers in charge.

this phenomenon in the design of a moisture sensor. Since
we place the tags on the outer side of the diaper, the chip
circuitry does not get damaged. The proposed system is very
cost-effective and environmentally-friendly. To the best of
our knowledge, the proposed moisture sensing technology is
novel and provides a 4.4 m reading/working range. This is
the highest among other passive RFID-based moisture sensors
available in the literature [7]. The proposed sensor not only
has the longest read range among UHF (Ultra High Frequency)
RFID smart diapers but by the introduction of a reference tag,
it also can detect ambiguities arising from user movement or
external blockages.

In this work, we simulate and experimentally validate the
diaper sensing technology. Human urine has an electrical
conductivity ranging from 0.1 to 3.4 S/m with a mean value
of 2.2 Si/m [8]. The electrical conductivity of seawater is 4
Si/m (source: HFSS), and the relative permittivity (or dielectric
constant) of urine [8] is close to that of seawater (81, source:
HFSS). Therefore, we chose seawater for simulating moisture.
The moisture sensor experiments mentioned in this work
are designed to operate in the ISM band (902-918 MHz)
in the US, and the simulations are performed at 913 MHz.
The paper is organized as follows: section II discusses the
relevant wireless moisture sensors, section III shows full-
wave electromagnetic simulations of the proposed sensor,
section IV demonstrates the experimental setup in free-space
and on-body scenarios, section V presents and discusses the
results out of the simulations and experiments, and section
VI summarizes the proposed sensor technique along with its
limitations and potential future improvements. In this paper,
the terms “reader” and “interrogator” are used interchangeably.

[I. RELATED WORK

Depending on the power source at the user end, wireless
moisture sensors can be divided into three categories: active,
semi-passive, and passive. Active and semi-passive sensors
require a local power source at the sensor end, while passive
sensors function without a local power source. Active and
semi-passive sensors are bulky, costly, and often infeasible

for applications where the sensor is disposable. While passive
sensors are light and cheap, they suffer from limited read
ranges. Previously, a few HF (high frequency) passive RFID
moisture sensors [9, 10] have been proposed. Those sensors
have 26.3 cm and 12 cm read ranges, respectively. Sen et
al. developed a hydrogel-based UHF (Ultra High Frequency)
passive RFID diaper wetness sensor [7] with a read range of
Im. The sensor is a bow-tie antenna consisting of metal and
hydrogel that gets increased in size when exposed to urine.
The increased antenna size leads to increased backscattered
power by the tag. This is the first proposed UHF-based diaper
moisture sensor. Chen et al. constructed a textile-based RFID
moisture sensor [11] that senses the RSSI (Received Signal
Strength Indicator) difference between a reference tag and
a tag exposed to moisture. The textile moisture sensor tag
[11] takes 5 minutes for a “slight” bending, and 1 hour to
form a semicircle. It might be challenging to incorporate this
technology into diaper moisture sensing applications.

Commercially available passive RFID-based sensors [12]
can detect liquid level. However, they have not been used
for smart diaper applications. The IC (integrated circuit) can
track antenna detuning due to the proximity of liquid. The
limitation of only chip detuning-based sensing is that the input
impedance of the chip is a function of the received power
[13]. As a result, the distance between the reader and the tag
needs to be fixed [14]. Passive RFID-based glass water level
indicators [15] can detect the level of liquid beverage in a glass
or a container [16]. Similarly, RFID tag antenna-based liquid
level detectors have been developed using a similar RSSI
tracking method for medical transfusion applications [17].
Tanaka et al. developed a flexible battery-powered sensor [18]
urinary incontinence sensor with a 5 m read range. However,
the design is bulky and takes more than five minutes to provide
a sensing decision. Active [19] and semi-passive [20] smart
diapers are also available in the literature.

A summary of existing approaches to wireless moisture
sensing techniques is given in Table I.

[1l. SIMULATION
A. Free-Space Simulation

The radiation efficiency of an antenna is dictated by the
conductive and dielectric losses incurred by the antenna [21].
Radiation efficiency,

Moot = M)

rad + P R T+ P D

where .44, Prad, Pr, and Pp are radiation efficiency, radi-
ated power, ohmic loss, and dielectric loss, respectively. We
simulate a Monza E64 Viper tag antenna (that is optimized
to be used with Monza R6 RFID tag chips) (Fig. 2) using
HFSS (High-Frequency Structure Simulator) in both dry and
wet states to understand and validate the effects of moisture on
the radiation efficiency. The antenna is a partially meandered
folded dipole, matched to the chip impedance in the UHF
band (902-928 MHz). The size of the antenna is 105 mm
x 6 mm x 0.1 mm. In both cases of the simulation, the
tag antenna is fed with a lumped port. In the dry state, the
antenna has an omnidirectional radiation pattern (Fig. 3) with
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Fig. 2: (top) A Monza E64 Viper tag antenna in free-space
(courtesy: Impinj). (bottom) The tag antenna in the presence
of a seawater slab. The antenna is placed 5 mm above the slab.

a maximum gain of 2.13 dB at 913 MHz. Since the antenna
material is designed as a perfect electrical conductor and there
is no dielectric loss, the radiation efficiency of the antenna in
the ‘dry’ state is ~ 100%. We place a 150 mm x 150 mm
x 10 mm hypothetical slab of seawater, 5 mm below the tag
antenna. The volume of the seawater slab is 225 mL which
is lower than bladder capacity (300-550 mL) of an adult [22].
Fig. 4 shows that the radiation efficiency of the tag antenna
is 1.3% for 1 mm spacing, and 3% for 5 mm spacing. It
takes about 100 mm spacing between the tag antenna and the
seawater slab for the antenna to recover its free-space radiation
efficiency. We find that the average distance between moisture
and the sensor tag (or the thickness of the water-resistant outer
layer of the diaper) is less than 5 mm. We repeat the simulation
by reducing the volume of the seawater slab to 100 mL.

Due to the higher relative permittivity of seawater, the
electric fields are strongly coupled with the water slab, com-
pared to air. The water slab introduces dielectric loss to the
antenna. As a result, the radiation efficiency of the antenna
drops significantly. In Fig. 4 we present the simulated radiation
efficiency as a function of the distance (h) between the antenna
and the seawater slab. As the separation increases, the antenna
begins to recover its free-space efficiency. Compared to adults,
children have a smaller bladder capacity. The capacity is 10
mL in neonates and 48-60 mL in a 9-month-old. In the third
year, the bladder significantly grows to 123-150 mL [23]. To
show the effect of urine volume on the sensing capabilities
of the proposed sensor, we simulate the radiation efficiency
at varying seawater volumes, at 2 mm and 5 mm separations
from the tag antenna. The thickness of the slab is fixed at 10
mm. The volume is varied by changing the length of each
edge from 10 mm to 150 mm, at 10 mm steps. This way
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Fig. 3: Simulated gain patterns of tag antenna at dry and
wet conditions in free-space. The volume of the seawater slab
is 250 mL (W = 150 mm), and the separation between the
antenna and the slab is 5 mm. The radii of the polar plot
indicate gain in dBi.
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Fig. 4: Simulated radiation efficiency vs distance from water
slab (225 mL) at 913 MHz.

the volume of the seawater slab under the tag antenna varies
from 1 mL to 225 mL. Fig. 5 shows the effect of the seawater
slab volume on the simulated radiation efficiency of the sensor
tag antenna. For a 1 mL slab, the radiation efficiency of the
antenna is 99.9%, and for a 9 mL slab, the radiation efficiency
drops down to 66.7%. These results show that the sensor can
be used for smart diaper applications in neonates. When the
slab volume is 121 mL (lower range of bladder volume in a
9-month-old), the radiation efficiency sharply drops to 4.6%.
As a result, the sensor would be more effective in detecting
moisture in a 9-month-old. Since the radiation efficiency vs
seawater volume curve has consistently negative slopes, the
sensing capabilities would be even better for adults.
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Fig. 5: Simulated radiation efficiency vs seawater slab volume
at 913 MHz. The thickness of the slab is fixed at 10 mm, while
the length of each side is varied from 10 mm to 150 mm at
10 mm steps.
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Fig. 6: Simulation of moisture sensor tag in HFSS on a male
torso model.

B. On-body Simulation

Once the point of diminishing radiation efficiency has been
established, we move to a more practical scenario where the
seawater slab area is smaller (110 mm x 100 mm x 10 mm)
in the wet case and the antenna is placed 34 mm (approximate
distance between the users’ body and the tags) away from a
male human torso model (Fig. 6). The moisture sensing tag
antenna is placed around the lower frontal region of diapers.
That part of the diaper is loosely bound to the body to ensure
user comfort. From lab trials, we observe that the separation
between the antenna and the human body is 34 mm, on
average. A distance larger than 34 mm will even facilitate
the sensor by reducing the effects of body-proximity in the
dry-state. The seawater slab is absent in the dry state. Fig.
7 shows the gain pattern in the azimuth plane (6 = 90°, ¢
variable). Unlike the free-space scenario, both patterns, in this
case, are directional. This is due to the fact that the human
body is present in both cases (dry and wet). As a result, the
backward radiation (6 = 90°, ¢ = 180°) is largely blocked by
the body.
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Fig. 7: Simulated gain pattern at dry and wet conditions on-
body. Seawater slab volume is 110 mL, and separation between
antenna and slab is 5 mm. The radii of the polar plot indicate
gain values in dB. In the ‘wet’ state, the maximum gain drops
significantly.

V. EXPERIMENTAL SETUP

The experimental setup is divided into two categories: (i)
Free-space test, and (ii) On-body test. Each category is divided
into two subcategories, namely “dry” and “wet” states.

A. Single Tag in Free Space

We cut a section of a commercially available adult-diaper
and attach a Monza R6-based commercial RFID tag [3] on the
outer side. A glass is filled with water and the top is covered
with thin and transparent plastic tape. The diaper, with the tag
on top, is placed on the water-filled glass. The plastic cover
prevents the inside of the diaper from absorbing water from
the glass. A circularly polarized reader antenna [24] is placed
Im away from the tag (Fig. 8). The maximum gain of the
antenna is 9 dBi. An Impinj speedway Revolution R420 reader
drives the antenna with 28 dBm input power. Considering
1 dB loss due to the coaxial cable running from the reader
to the antenna and the associated connectors, the maximum
effective isotropically radiated power (EIRP) is 36 dBm [25].
This is the maximum allowable power limit for UHF (902-928
MHz) RFID applications imposed by the Federal Communi-
cations Commission (FCC) in the United States. There are 50
frequency-hopped UHF channels within the band. This is the
‘dry’ state of the free-space experimentation.

After recording the ‘dry’ state readings for a few seconds,
we gently remove the plastic layer from the top of the glass.
We try to leave the tag as much undisturbed as possible while
handling the tape. As soon as we place the diaper on top of
the glass, the inside of the diaper quickly absorbs water. We
call this the “wet” state. Since the outer part of the diaper is
water-resistant, the tag does not come into direct contact with
water. As a result, the tag can be reused.
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B. On-body Read Range Measurement

Reader In free space, the tag attached to a diaper can be read from

antenna a large range (around 7 m line-of-sight). However, to evaluate
its on-body performance, it is important to measure the on-
body read range. To demonstrate the on-body read range of
the sensor, a tag is attached to the outer surface of an adult
diaper and the diaper is worn by a standing human subject,
facing the reader antenna from a distance of 0.5 m. The human
subject moves away from the reader antenna in 0.5 m steps
until the tag is out of range.

C. Reference Tag

Since the diaper moisture sensor is based on the received
signal strength (RSSI), moisture might be falsely detected for
different reasons. Some of these reasons are as follows:

i An increase in the distance between the reader and the
sensor tag,
ii A rotation of the sensor tag away from the reader,
iii Introduction of a blockage between the reader and the
sensor tag,
iv Damage to the sensor tag.

Adult diaper on top
of water-filled glass

To address these issues, we introduce another passive RFID
tag, identical to the main tag, that would act as a reference.
By taking sensing decisions based on the comparison of RSSI
from both tags, we can successfully cancel out the false-
positive results. The reference tag, identical to the main tag,

Fig. 8: Free-space moisture sensing setup. A diaper is placed
on top of a glass full of water, Im away from a circularly
polarized high gain reader antenna.

( h can be placed parallel or perpendicular to the main tag (Fig.
Reader . .
antenna 12a, 12d). Fig. 9 demonstrates the setup for the rotation test

§ of the tag set (main tag and reference tag) on top of an

< o adult diaper in free-space for both parallel and perpendicular

= orientations. In the parallel orientation, the tags are placed 41

i mm apart (Fig. 12a). The separation is 15 mm (edge to edge)

i 5 o in the perpendicular orientation. The distance between the tags
:—\ J and the reader antenna is 1 m in both cases. Input power from

' ./ the reader is 28 dBm, and the reader antenna gain is 9 dBi.

= 7 At 0°, the tag set attached to the diaper is directly facing the
reader antenna. We record RSSI for both tags as the tag duo

Tag set Tae set rotates (6°) away from the reader antenna. Since the goal of

at0° e . .

at§° the reference tag is to emulate the RSSI level of the main

Fig. 9: Setup for testing the effects of rotation. The main and  tag as closely as possible, the parallel orientation is the better

reference tags are attached to a piece of adult diaper, facing option. However, if the tags are placed very close, their mutual
the reader antenna from 1 m distance. coupling would be strong (co-polarized tag antennas). On the

other hand, if the tags are perpendicular to each other, the
effect of mutual coupling would be small (cross-polarized tag
g antennas) compared to its parallel counterpart.
K
2 4 D. On-body Test with Reference Tag

-))) (((. Diaper A diaper is placed on the lower abdominal area of a male
Forward link ) :;'rtgor human subject (Fig. 10). Two Monza R6-based commercial
- Faverse link UHF RFID tags [3] are attached to the water-resistant outer

layer of the diaper using transparent adhesive tapes. The two
tags are parallel to each other and stay 44 mm apart from each
- other (edge to edge). The RFID reader antenna is placed at a
2 m distance from the tag set. The FCC in the United States
requires that the minimum distance between the reader and the
human body is 20 cm [26]. The reader antenna directly faces

Fig. 10: Diaper wetness sensing test on-body. (human avatar
courtesy: Microsoft PowerPoint)
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TABLE I: Comparison of passive RFID diaper moisture sensors
Sensing Technique Frequency band Advantages Disadvantages Read Range
Temperature rise on the outer surface Bluetooth Low Reusable; Cost ($15); ~100.0 m
of diaper [19] Energy (Active) Higher sensitivity Active device
Urine turns on a self-oscillating circuit High Frequency Low cost; Low read range; 1.5m
[20] (Semi-passive) Low EM Radiation Semi-passive device
Increased separation between a High Frequency Novel diaper material Very low read range 0.12 m
perforated metallic sheet and tag [10] (Passive)
Attenuation in RSSI [9] High Frequency Low cost; Very low read range 0.263 m
(Passive) Simple design
RSSI increase due to increase in Ultra High Low cost; Binary dry/wet 1.0 m
antenna size [7] Frequency Simple design; decision;
(Passive) Robustness Low read range
Reduction of tag radiation efficiency Ultra High Low cost; Binary dry/wet 4.4 m (adult)
(as a result, sharp decline in RSSI) in Frequency Simpler design ; decision; 3.6 m (baby)
the vicinity of body-fluid (Proposed (Passive) Disposable / reusable;
Sensor) Washable;
Extended read range;
- X - TABLE II: Comparison of simulated tag performance
43 Dry diaper ! Wet diaper
1
H Simulation Max Gain Radiation
51 E setup (dBi) Efficiency (%)
]
5 Frdee'Space’ 1.95 100
= ry tag
&2 -59
o Free-space, -10.04 3
wet tag
-67 — Raw i On-body, s 53
= =-Smoothed ! dry tag
: On-body.
R ! ’ -4.9 6
5% 5 10 15 20 wet tag

time (sec)

Fig. 11: RSSI vs time plot for the free-space experimentation.
The distance between the reader and the tag is 1m.

the diaper. We record the RSSI and repeat the experiment by
changing the orientation of the reference tag from parallel to
perpendicular to the main tag. Since the diaper is dry, this is
the ‘dry’ state of the on-body test. In the ‘wet’ state, we add
100 mL of water to the back of the diaper with a bulb syringe
so that the area behind the main tag is wet, but the area behind
the reference tag is dry. The added water is quickly absorbed
by the diaper, while the water-resistant outer layer of the diaper
maintains a strict separation between the tag and moisture.

V. RESULTS AND DISCUSSION

The simulated radiation pattern (at 913 MHz) of the tag
antenna is omnidirectional and symmetric about the azimuth
plane when the antenna is dry and in free-space (Fig. 3).
However, the vicinity of the seawater slab not only disturbs
the symmetry in the gain pattern but also reduces the max-
imum gain. The seawater slab largely blocks the backward
radiation (@ = 180°) and introduces significant dielectric loss.

Maximum gain along the ¢ = 0°, § = 0° direction is 1.95 dBi
in the dry state. The wet state (250 mL seawater slab) gain is
—9.2 dBi. Radiation efficiency is 100% and 3% in dry and wet
states, respectively. In the on-body simulation (Fig. 7), both
patterns are asymmetric about the XY-plane. In the dry state,
the peak gain 5.1 dBi is observed along the ¢ = 0°, 6§ = 90°
direction. On the other hand, peak gain in the wet state drops
to —4.9 dBi. In the on-body case, the maximum gain is higher
in both cases compared to the free-space case. The higher gain
is achieved at the expense of lower radiation efficiency. The
radiation efficiency is defined as the ratio of the maximum gain
to the maximum directivity (Radiation efficiency = Gain (max)
/ Directivity (max)). The radiating beam is highly directive in
the on-body case, and the radiation efficiency is 53% and 6%
in the dry and wet cases, respectively. The wet state on-body
radiation efficiency is higher compared to the free-space case
because we are using a smaller seawater slab (110 mL) in
the on-body case, which results in a lower dielectric loss. The
simulated performance of the tag antenna in different scenarios
is summarized in Table II.

In the free-space experiment, the average RSSI for the dry
diaper is around —51 dB (left region, Fig. 11). In the second
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Fig. 12: (a) A parallel combination of main and reference tags, (b) raw RSSI changing with the horizontal rotation of the
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in free-space, (f) smoothed RSSI in the perpendicular combination.
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Fig. 13: RSSI vs time plot when the on-body reference tag
is parallel to the main tag. In the dry state, the diaper is dry.
During the wet state, the diaper region behind the main tag
absorbs water and the area behind the reference tag remains

dry.

region, the RSSI falls sharply by about 17 dB as water rushes
into the diaper. During the on-body experiment, the average
RSSI level of the dry tags in both parallel and perpendicular
orientations is —62 dB (Fig. 13 and 14, left regions). With the
introduction of water, the RSSI plummets swiftly. The average
RSSI in the wet state is around —70 dB. With the introduction
of water, the average RSSI drops by at least 9 dB in both
cases, which offers a significantly large range for moisture
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Fig. 14: RSSI vs time plot for the on-body perpendicular
reference tag orientation. The decline in RSSI due to the
presence of moisture is similar to the parallel tag orientation.

detection. The direction of the maximum gain of the tags is
directed towards the reader in the on-body scenario. On the
other hand, in the free-space experiment, the maximum gain
direction is perpendicular to the reader antenna direction. As
a result, the RSSI drop is higher in the free-space wet cases.

In the parallel orientation of the tag set, both tags (main and
reference) show similar back-scattered power levels (RSSI)
as the tags rotate towards the reader (Fig. 12 b-c). In the
perpendicular orientation, the main tag RSSI decreases rapidly
(Fig. 12 e-f) as the tags rotate away from the reader. However,
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Fig. 15: RSSI vs distance between the dry tag on-body and the
reader antenna. The RSSI decreases as the separation between
the tag and the reader antenna increases. The tag becomes
unresponsive if the line-of-sight distance exceeds 4.4 m.

TABLE IIIl: Comparison of coefficient of determination (R?)

Tag R? in R? in
Orientation Dry State (x10 ) Wet State (x10 5)

Parallel -1.3 -86.7

Perpendicular -1.9 -89.7

the reference tag RSSI remains unchanged. This behavior is
related to the radiation patterns of the tags. At 6 = 0°, both
tag antennas have their main lobes facing towards the reader
antenna. But at § = 90°, while the main lobe the reference tag
still faces the reader, one of the nulls (minimum gain position)
of the main tag faces the reader antenna. As a result, the
main tag receives low power that leads to lower RSSI. Clearly,
the parallel orientation of the tags is more suitable for diaper
moisture sensing applications.

To quantify the variability of RSSI as a result of wetness,
we calculate the coefficient of determination or R? [27],

Z(yi — fi)?

where y and f represent the RSSI values of the main and
reference tags, or vice-versa. 3 is the mean of y; values. An
R? value of 1 indicates a perfect match between the two data
sets. In general, as the separation between y; and f; increases,
the R? value becomes increasingly negative. In other words,
the R? value would be highly negative in the wet states. Table
II1 shows the comparison of R? for separate dry and wet states
in both parallel and perpendicular orientations of the tags.

Besides a good range of RSSI, another important perfor-
mance metric of the moisture sensor is the maximum allowable
line-of-sight (LOS) distance (or read range, d):

—S+Pun+Gi+ G, —PLF)
20

where S (dB), P., G,, G; (9 dBi), A (0.333 m), d, and

A .
d= o antilog; ( (3)

PLF (3 dB) are tag sensitivity (dBm), interrogator input power
(dBm), receiver gain (dB), transmitter gain (dB), wavelength
(meters), read-range (meters), and Polarization Loss Factor
(dB) respectively. Total cable and connector loss is approx-
imately 1 dB. To maintain compliance with the FCC limit for
Effective Isotropic Radiated Power (EIRP) [25], a maximum
power of 28 dBm can be fed to the reader antenna. In other
words, the summation of input power (dBm, after considering
cable loss etc.) and transmitter gain (dB) should not exceed 36
dBm. The read range of the proposed sensor is partly dictated
by the thickness of the diaper. From our experiments in a
laboratory environment, we find that the read range of the
proposed moisture sensor is 4.4 m with adult diapers (10 mm
thick) and 3.6 m with baby diapers (8§ mm thick). Fig. 15
shows the decrease in RSSI as the on-body tag moves away
from the reader antenna.

The proximity of moisture not only impacts the backscat-
tered power (or RSSI) but also changes the input impedance of
the tag antenna. As a result, the tuning between the chip and
the antenna is disturbed. The detuning also plays a role in the
decline of backscattered power. Nevertheless, many modern
RFID chips (e.g. Monza R6 chip used in the proposed sensor
tags) come with an “Autotune” feature [28] that incorporates
a flexible matching network embedded into the chip so that it
can compensate for any disturbance in the chip-antenna tuning.

Depending on the mode of application, the proposed sensor
is either disposable or reusable and environment-friendly. For
a disposable setup, the sensor tags would be integrated into
the diapers during manufacturing. The retail price of a couple
of tags is around $0.20. As a result, it would be economically
feasible to dispose of the smart diapers after use along with
the tags. However, the tag contains plastic and metals which
would ideally be reused as much as possible to minimize
environmental impact. The tags [3] are covered with PET
(polyethylene terephthalate) substrates, and as a result, the
proposed sensor is washable. In table I, we compare the
performance of a few recent technologies related to passive
RFID-based moisture sensing.

A. RF Exposure and Safety

The National Institute of Standards and Technology (NIST)
considers RFID to be safe in terms of radiation exposure [30].
Nevertheless, we investigate the SAR inside the human body
with the proposed sensor. FCC imposes a limit on maximum
radiation from RF devices by restricting the maximum specific
absorption rate (SAR) in the human body (irrespective of
gender and age). The maximum allowable SAR is 1.6 W/kg
[29]. Any device operating close to the human body with an
SAR value lower than 1.6 W/kg is considered safe by the FCC.

Passive RFID tags operate at very low power levels. More-
over, the tag is completely dependent on the reader antenna for
energy requirements. The reader antenna radiates RF energy
below or equal to the 36 dBi maximum EIRP limit imposed by
FCC [25]. Moreover, the radiated signal incurs path loss before
reaching the passive tags. A portion of the energy captured is
being used to run the internal circuitry of the passive tag chip.
The rest of the power is reflected by the tag antenna.
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Fig. 16: Specific Absorption Rate (SAR) simulation inside the
human body at 913 MHz (dry state). The tag antenna is driven
on the human body model at an input power of 0.21 W. The
maximum simulated SAR is 0.016 W/kg, significantly lower
than the maximum allowable value 1.6 W/kg [29].

The RFID reader must be kept at least 20 cm away from
the user’s body at all times [26]. We simulate this extreme
case to study the maximum possible SAR inside the human
body. Moreover, we assume that no power is dissipated by the
chip circuitry, and the chip feeds all available energy to the tag
antenna. Under these assumptions, if the antenna input power
is 27 dBm, reader antenna gain 9 dBi, receiver (tag antenna)
gain 5 dBi, and the separation between the reader and tag is
20 cm, then the power received by the tag antenna at 913
MHz is 23 dBm or 0.21 W. We drive the tag antenna on a
simulated human body at 0.21 W power level (Fig. 16). The
resultant maximum SAR is 0.016 W/kg. This is significantly
lower (100 times lower) than the maximum allowable SAR
(1.6 W/kg) in the human body.

VI. CONCLUSION

We propose a low-cost, battery-less, disposable/reusable,
washable, and environment-friendly passive RFID-based mois-
ture sensor using commercially available tags. Dry and wet
state performance of the sensor is simulated (at 913 MHz)
and experimentally validated in both free-space and on-body
orientations. The proposed moisture sensor offers a 4.4 m
maximum read range for adult diapers and 3.6 m for baby
diapers. To our knowledge, this is the highest among passive
wireless smart diaper technologies found in the scientific
literature. Using two identical tags (main and reference) in
parallel, we are able to separate incidents leading to RSSI
degradation rather than moisture. The limitation of this paper
is that the proposed sensor can detect only dry or wet states.
Future work would include the detection of different levels of
wetness in a diaper from the percentage variation between the
main and reference tag RSSI. A machine learning technique

will be developed to detect and eliminate false-positive results.
Future work could also involve the testing of this technology
in a medical environment.
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