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Abstract. This research proposes a novel, low-cost RFID
tag sensor antenna implemented using commercially avail-
able Kodak photo-paper. The aim of this paper is to inves-
tigate the possibility of stable, RFID centric communication
under varying moisture levels. Variation in the frequency
response of the RFID tag in presence of moisture is used
to detect different moisture levels. Combination of unique
Jjaw shaped contours and T-matching network is used for
impedance matching which results in compact size and min-
imal ink consumption. Proposed tag is 1.4x9.4 cm? in size
and shows optimum results for various moisture levels upto
45 % in FCC band with a bore sight read range of 12.1 m.
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1. Introduction

Internet of things (IoT) is composed of multitude of
smart objects that are connected to the internet via wired
and/or wireless networks [1-4]. These objects need RFID
tags, sensors, actuators, etc. not only to sense the environ-
ment but to communicate with each other as well. With
the growing demands and rapid development of communica-
tion technology, research on integrating sensors with RFID
tags has gained interest [5-8]. Embedding sensor element
in RFID tags reduces the cost of setting up a sensor system
but also paves way for various applications of RFID to be de-
ployed. RFID-based sensors are used in various applications
from food items to seepage detection, and from crops health
monitoring to pharmaceutical tracking. In the food industry,
RFID sensors have been used to detect the moisture level in
shelled peanuts [9]. For seepage detection, RFID sensors
can be embedded in walls. In moist surroundings, the differ-
ence in the backscattered received signal yields degradation
in terms of dielectric losses [10]. Beside other applications,
RFID tags are used in the field of agriculture. Inkjet-printed
RFID tags based on paper substrate can be used for monitor-
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ing soil moisture [11]. RFID sensors are as much usable in
the field of medicine as they are in any other field. Within
the scope of medicinal application, the moisture level of pa-
tient’s wound can be readily monitored using RFID tags [12].
Moisture detection in baby diapers is yet another successful
commercial application that makes use of RFID tags [13].

This paper presents a compact RFID tag equipped with
the capability to act as a moisture sensor that covers the FCC
band of (902-928 MHz) with self-calibrated functionality.
The proposed antenna uses the widely available paper sub-
strate which gives the benefit of flexibility, nature friendly
and one step closer to green electronics. The proposed
antenna structure utilizes T-matching technique for conju-
gate impedance matching with RFIC without the meander-
ing structure thereby reducing the quantity of conductive ink
required for the realization of the tag. The effect of moisture
on the antenna is also analyzed to guage the likelihood of
stable RFID communication under various moisture levels.
The proposed tag is an excellent choice for the IoT especially
for identifying small objects in the smart room [14].

2. Antenna Design

The proposed sensing tag is derived from the combina-
tion of dipole antenna and meander line antenna [15], [16].
The choice of simple antenna provides not only reduction
in size but also leads to lesser conductive ink consumption.
End-tip loading and matching structure over the simple an-
tenna is a common way to transform the path of the surface
current and regulate the input impedance with the purpose of
scaling down and tuning the tag [17]. Based on the previous
ideas, the proposed layout included a method to amend the
shape-factor of end-tip loading to increase the effective aper-
ture of the antenna. Therefore, unique jaw-shaped contours
are added at the end of the structure to increase the effec-
tive aperture of the antenna. The parametric optimization of
antenna aperture is carried out to achieve the maximum ef-
fective aperture in the vicinity of reader, which automatically
increases the gain of the tag. Gain is directly proportional to
the effective aperture, so, the maximum available power at
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Fig. 1. Geometry of RFID moisture sensor.

the antenna terminal Prerminal 1S:

EIRP x A2

gy O (1)

Prerminal =

where A is the wavelength, G,y is the gain of the antenna and
EIRP is the effective isotropic radiated power.

All of the power available at the antenna terminal is not
delivered to the RFID chip. The actual power available to the
RFID chip is significantly less depending upon the antenna
mismatch factor I', which is determined by the impedance
matching between the tag antenna and the RFID chip. Good
impedance match is, therefore, imperative. The mismatch
factor I is defined as:

4R, R,

S 2
| Za + Zc|? @

where Z. = R.+jX_ is the chipimpedance and Z, = R, +jX,
is the antenna impedance.

RFID chips are capacitive, so the antenna needs to be in-
ductive for efficient impedance matching. Maximum power
is transferred under conjugate matching [18], [19], where
the capacitive susceptance of the chip is cancelled by the
inductive reactance of the antenna. After various iteration,
based on this numerical analysis, a compact antenna structure
is achieved that consumes less conductive ink as shown in
Fig. 1 and it’s parameters are shown in Tab. 1. The read-range
of the proposed antenna is given as:

A |EIRP X Ggn X T 3)
Fmax = 5 |———
max 4 Pchip

where rpax is the maximum distance between the reader and
the tag and Pepp is the minimum power required for the chip
to initiate the back scattering principle.

Read range can be improved by optimizing the gain and
impedance matching. Reduction in the operating power and
improved sensitivity of the RFID chip can also enhance the
read range.

(mm) | 1| 2 3 4 5 6 7
A 1] 1 14 | 0.6 1 08 |22
B 4124|251 28 | 158 | 0.8

Tab. 1. Antenna structure dimension.

3. Antenna as Moisture Sensor

Dielectric properties of the material depends on the
interaction between the material and the electromagnetic ra-
diations. Most important dielectric property is the complex
permittivity which is defined as:

& =& —j&" “4)

Complex permittivity reflects the ability of the mate-
rial to couple with electric energy from the electromagnetic
fields. Dielectric constant (&) represents the ability of ma-
terial to store the electromagnetic energy, and the loss factor
(¢””) highlights the ability of the material to convert stored
electromagnetic energy into thermal energy. The ratio of the
imaginary and real part of complex permittivity is known
as loss tangent. Loss tangent determine the electromagnetic
energy lost as heat.

Water is a dipole compound that couples the electro-
magnetic radiations very efficiently. So, as a result both the
dielectric constant and the loss tangent are affected in the
presence of moisture. Many researchers have tried to es-
tablish an empirical relation between moisture content and
the dielectric properties [20-23]. General consensus is that
both the dielectric constant and loss tangent increases with
increased moisture content.

The properties of tag antenna must vary in a predictable
manner with varying moisture levels in order to function as
amoisture sensor. The proposed antenna design shows linear
changes in impedance and frequency response under various
relative moisture (RM), to achieve moisture sensor. RM cor-
responds to different dielectric values at which the tag must be
detectable. This is discussed in detail in the next section.

4. Parametric Analysis

The main challenge in RFID tag design is to match
the impedance of the tag to RFID chip in the desired band.
A low cost NXP UCODE G2iM chip with an impedance
of 21.2 — j199.7Q at 915MHz is integrated within the
structure, therefore a conjugate matched input impedance
of 21.2 +j199.7 Q is required from the proposed antenna at
this frequency. But, the chip impedance does not remain
constant over the FCC band, so antenna must be matched
all over the band to achieve wide bandwidth. T-matching
network and jaw-shaped contours (semi-circles) are utilized
in the proposed tag for impedance matching to achieve wider
bandwidth. The parametric analysis is carried out on the
jaw-shaped contours and matching network to achieve the
required resistance and inductive reactance for the proposed
antenna in FCC band.
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Fig. 6. Effect on return loss due to (a) AS and (b) A6.

Variation of the tag antenna impedance with the jaw
count is shown in Fig. 2(a) and Fig. 2(b). Both the resistance
and reactance of the tag antenna increase with the increase
in jaw count. Optimum results are achieved for jaw count of
four at 915 MHz for the desired chip.

Variation of the impedance with A/ is depicted in
Fig. 3(a) and Fig. 3(b). Both resistance and reactance are
directly proportional to Al (trace width of jaws). Optimum
results are achieved when A7 is 1.0mm. Effect of B3 (ra-
diator width) on the tag antenna impedance is observed in
Fig. 4(a) and Fig. 4(b). Resistance is directly proportional to
B3. However, it is observed that the variation of reactance
is not systematic. When the width is increased from 1.0
to 2.5 mm, reactance increases and then it slightly decreases
on further increasing the width. Best results are realized
for a width of 2.5 mm where the resistance of approximately
22 Q and inductive reactance of 205 Q.

After achieving the antenna impedance close to the chip
impedance, the next step is to exactly match it using match-
ing network to avoid any mismatch losses. Matching net-
work consist of series and shunt stubs. As the length and
width of the stubs can’t be calculated exactly from the smith
chart [24], so variation of length and width of the series and
stunt stub is carried out in order to exactly match the overall
tag impedance with the RFID chip.

The effect of varying series and shunt stubs length on
power transmission coefficient [25] is shown in Fig. 5(a) and
Fig. 5(b). The tag is perfectly matched at BS5 value of 15.8 mm
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Fig. 7. Computed return loss for different moisture sensors.
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Fig. 8. Printed RFID antenna sensor.

RM Impedance Center Frequency | Band Covered
(%) Q) (MHz) (MHz)
0 | 20.06+j205.11 925 902-945
15 20.3+j206 920 898-945
30 21.7+j207 915 892-939
45 22.1+j208 905 884-930
60 23.5+j209.7 900 878-924
75 24.8+j210.2 895 873-918

Tab. 2. Computed antenna parameters at different RM.

and B6 value of 3.1 mm. The effect of varying A5 and A6
on power transmission coefficient is shown in Fig. 6(a) and
Fig. 6(b). Optimum impedance match is achieved for A5
equal to 1.0 mm and A6 equal to 0.8 mm.

As the tag is perfectly designed for normal operating
condition within the FCC band of 902-928 MHz, so the tag
is exhibited under different moisture levels and the results are
depicted in Fig. 7. The result shows that as the moisture level
increases the overall frequency band is shifted to lower value,
whereas, the bandwidth remains almost constant. Table 2
shows the detailed antenna parameters of moisture sensor.

5. Results and Discussion

In order to calculate the process variation effects, five
sample tag antennas are directly printed on Kodak photo-
paper from Fujifilm Dimatix DMP2800 inkjet printer with
silver nano particles based ink (CCI-330 from Cabot Corp.)
for reliability check as shown in Fig. 8. This ink is used
due to its high diffusion rate and supports better conduc-
tion because of its crystalline structure as well as provides
stability against moisture effects to some extent. The effect
of variation in moisture on antenna impedance is measured
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the other. The S-parameters are obtained which are used to
calculate the impedance of the antenna, as in [27].

Figures 10(a) and 10(b) show the measured impedance
plots of the proposed antenna, in which the resistance of the
antenna varies from 15-24 Q with a variation of 10 % and
reactance shows the linear variation of 9 % within the FCC
band of 902-928 MHz. It can be observed that the mea-
sured and computed impedances of the tag are very close to
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Fig. 13. Measurement setup for the readrange of RFID Tag.

each other. The power transmission coefficient is computed
from the measured antenna impedance under different mois-
ture levels. Figure 12(a) shows the measured and computed
power transmission coefficient at different moisture levels,
in which the tag is readable under FCC band at a distance
of 7.5 meters from RFID reader (Impinj R420). The band
shifts from higher to lower frequency under different RM
conditions, yet remains detectable up to 45 % RM and as the
moisture increases the information from the sensor tag is not
fully recoverable.

While interrogating the sensor, the reader’s accompany-
ing software MultiReader displays Received Signal Strength
Indicator (RSSI) and the Electronic Product Code (EPC) of
the tag. The accompanying software has the ability to log the
RSSI values with the change in the moisture variation to a log
file. However, the MultiReader software cannot process these
values to automate the moisture evaluation. For automation,
the RSSI value log file is read via a custom-built software
application hosted on the same computer. The custom-built
software application processes the RSSI values and translate
a change in the same to a corresponding update in moisture
level evaluation automatically.

The measurement of the antenna’s radiation pattern is
carried out inside an anechoic chamber setup using Imaging
Technique [28]. As the antenna under test (AUT) is sym-
metric, it is cut into half and positioned on a rounded corner
metal plate that acts as a ground plane. One end of the SMA
connector penetrates through the rounded corner metal plate
at its center and connects to the AUT input port. The AUT
is connected using CW2400 silver conductive epoxy that is

cured for 4 hrs for achieving maximum conductivity and ad-
hesion. Soft soldering is avoided to connect the AUT to
the SMA connector pin, since it requires heating the filler
metal above 250 °C to achieve proper soldering, but this tem-
perature can seriously damage the printed traces on paper
substrate.

The other end of the SMA connector is attached to the
spectrum analyzer (Agilent HP 8562E) via a coaxial feed
line. The rounded corner metal plate is placed on a assem-
bly capable of rotating the AUT in small increments of 5°
to find the 360° radiation pattern. A continuous wave signal
from signal generator excites the AUT [29] and a PC running
the test automation software which controls the measure-
ment setup as shown in Fig. 11. Figure 12(b) shows the
uniform (omni-directional) normalized computed and mea-
sured 2D radiation patterns. It is observed that the measured
and computed radiation patterns are very close to each other.
The read-range characteristics of the sensor tag in the near
and far-fields are verified using Impinj’s UHF RFID reader
kit. The boresight read-range of the sensor is measured
upto 12.1 meters under room temperature and 7.5 meters is
measured with a moisture sensing functionality upto 45 %
RM. The readrange measurement setup is shown in Fig. 13.
Therefore, the proposed RFID sensor is excellent choice for
IoT applications, where moisture sensing is of prime inter-
est.

6. Conclusion

An RFID tag antenna with incorporated moisture sensor
characteristics is designed, printed and tested. The proposed
tag antenna shows optimum results for various moisture lev-
els up to 45 %. Design optimization is carried out to reduce
the tag antenna size considerably, while minimizing the ink
consumption. Proposed tag antenna covers the FCC band of
902-928 MHz with maximum read range of 12.1 meters. Tag
antenna is developed on the paper substrate which is flexible,
light weight, economical and easily adjustable according to
the object, thus making it well suited for IoT applications.
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