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Abstract— The in situ wireless sensing of dielectric properties
for organic aqueous solutions with a wide range of relative per-
mittivities is presented. The use of an ultra-high frequency passive
label antenna design attached to either clear borosilicate glass
bottle or Petri plate is proposed, which allows for the unobtrusive,
safe monitoring of the liquid solutions. The meandered dipole
antenna (with a parasitic loop matching component) frequency
is highly reliant on the chosen container as well as on the liquid
present within, and adjusts with shifting dielectric properties.
Tested solutions of high-relative permittivity (such as water) along
with low permittivity, lossy liquids (such as xylene) presented
distinctive frequency characteristics with read distances of up
to 7 m for each type of container tested. The sensor was also
able to detect ‘unknown’ solutions and determine the dielectric
properties by utilizing standard curve analysis with an accuracy
of ±0.834 relative permittivity and ±0.050 S · m−1 conductivity
(compared to a standard dielectric measurement system available
on the market). With the accuracy known, tuning the design
to fit any necessary frequency is possible as a means to detect
specific changes in any one liquid system. This sensor is a possible
candidate for discreet real-time monitoring of liquid storage
containers and an alternative for low-cost bulk liquid dielectric
property identification, which could be implemented in areas
requiring, constant, or remote monitoring as needed.

Index Terms— Antenna, battery-free, passive sensing, radio
frequency identification (RFID), ultra-high frequency (UHF),
wireless sensing.

I. INTRODUCTION

THERE are many industrial chemicals such as butanol and
methanol, which produce dangerous vapors equivalent

to a category 4 hazard, when opened in enclosed spaces
without adequate ventilation [1], [2]. This vapor inhalation
can cause common symptoms such as drowsiness, dizziness
and respiratory irritation, or with continued exposure can
even lead to electrolyte imbalance and kidney failure [1], [2].
Therefore, identifying unknown solutions without the need to
open containers and allow vapor formation could be an advan-
tageous application for RFID sensor technology, as well as the
capability to determine liquid contamination (or purity) within
a closed container autonomously without user interference.
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To address these issues, the sensor proposed here is a
low-cost, low-complexity and unobtrusive design, useful for
real-time monitoring and in situ assessment of liquid solutions
such as seen within chemical research and healthcare.

II. MATERIAL SENSING CHARACTERIZATION

Material characterization via sensing techniques has rapidly
grown within the last decade particularly in the area of low-
cost, accurate material analysis and real-time monitoring of
samples. Also, polar solutions (molecules with permanent
dipole movements) within biomedical applications have been
shown to have complex permittivity matching with biological
tissues (including medical grade solutions) over the frequency
ranges of 300 MHz to 6 GHz [3]. It is known that complex rel-
ative permittivity ε∗ = ε� − jε��, (where ε� is its real part, ε�� is
the imaginary part and tan δ = ε��/ε� is the loss tangent) has a
strong frequency dependence due to molecular dielectric relax-
ation behavior [3]. In biomedical measurements such as Spe-
cific Absorption Rate (SAR), material loss can be expressed
in terms of equivalent conductivity, σ ; where σ = 2π f ε��ε0
with f being frequency and ε0 free space permittivity [3].

The high dependence of these organic solutions on fre-
quency provides a mechanism for dielectric liquid identifi-
cation when using electrically small antenna designs, which
can be easily tuned to a lower frequency range via a high
dielectric backing [4], [5]. However, this frequency shift is
highly dependent on not only the dielectric properties but
also the thickness of the backing. Therefore, it is possible to
normalize solutions to reduce the effect of conductivity and
permittivity for liquid differentiation [6]. This can be seen in
the use of (1) for determining effective permittivity:

εeff = ε0( f0
2/ fover

2) (1)

where f0 was the starting frequency and fover is the result-
ing changed frequency after the addition of the polar solu-
tion [6], [7]. However, this equation is not applicable if
dielectric thickness is not maintained at a constant level,
meaning that thickness variation in the walls of each container
(or reservoir) will skew the results [6], [7].

Organic solution identification and antenna design has been
previously reviewed, and sensors exist to detect these solu-
tions [3], [5], [8]–[11]. However, a single chipped design
capable of identifying both polar and non-polar (no-dipole
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moment, low relative permittivity (εr
� = 2 − 11) and low

loss (tan δ < 0.001)) organic solutions, and spanning a
range of relative permittivities, is not available due to the
large variability in solution dielectric properties. Additionally,
most of the current published designs for any RFID based
dielectric sensing are not only incapable of testing both low
and high dielectric solutions but, also, are all chipless systems
functioning above 1 GHz with most requiring a minimum
frequency span of 500 MHz to differentiate their limited solu-
tion dielectric ranges [3], [5], [8]–[11]. The present approach
attempts to provide such a sensor capable of detecting and
differentiating an assortment of organic liquids with dielectric
constants ranging from 2 to 80 within a single design and
within less than 200 MHz frequency span for research use.

III. METHODS

The basic principle of operation requires the excitation of a
resonant mode within a known container, where the resonant
frequency is dependent on the liquid present within the chosen
container [3], [5]. The sensor is excited wirelessly via a reader
antenna, and a calibrated Voyantic TagformancePro system
[12] detects the resonant frequency. Specifically, the Tagfor-
mancePro system ramps power up to a set max (30dBm) and
stops transmission once a signal is received back to the system
(correlating output to the transmitted power levels); the links
for this type of system are forward power limited.

The proposed antenna label assumes a full chosen container
filled to a known level (100 mL in an 80 mm diameter
borosilicate glass bottle and 20 mL in a 100 mm diameter
borosilicate glass petri dish) rather than a very minute sample
as seen with other systems [3]. Presenting a highly lossy
environment, allowing the polarity of the system to correlate
with the shift in the frequency for a known thickness (fill level)
of the dielectric used. This easy attachment and reading of the
liquid can be affected by a change in the dielectric properties
of the solution in question allowing for identification of the
dielectric properties (once plotted) against known solutions of
the same quantity.

A. Antenna Design
A Higgs-3 Electronic Product Code Class 1 Gen 2 RFID

integrated circuit (IC) (ZC = 23 − j192 � at 920 MHz) [13]
was matched to a copper etched meandered dipole antenna
(Fig. 1), by utilizing a matching resonating loop system.

In any RFID design, the impedance of the antenna (Z A)
must be conjugate matched to ZC . Antenna placement on
any material other than air will require either compensation
or antenna retuning. When compensating for this change in
antenna impedance, shunt scaling [14] can be utilized as an
impedance matching network.

Shunt scaling uses the approach that if a reactance (X p) is
placed in parallel (shunt) with a known antenna impedance
(Z A), then Z A can be expressed as:

ZA = RC · X p
2

RC
2 + (

XC + X p
)2

+ j
X p · [RC

2 + XC · (XC + X p
)]

(
RC

2 + [
XC + X p

]2
) (2)

Fig. 1. Liquid sensing UHF RFID half wave dipole antenna design with a
29 mm diameter and a parasitic loop matching system with three conductor
widths: 1) 0.5 mm for lengths a - c and e - g; 2) 0.4 mm for lengths d, h - k;
and 3) 0.3 mm for l - n.

where RC and XC are respectively the real and imaginary
parts of ZC. Given that ZA = RA + jXA, shunt scaling for
resistance [14] was used to develop a matching loop system
with an alpha scalar (α = RA/RC) of 0.29 when the antenna,
Mylar and petri glass container have a combined impedance
of ZA = 6.74−j131.9 � such that RA = Rtag+ Rglass+ Rmylar
and XA = X tag + Xglass + Xmylar). It was shown in [14] that
when the reactance of the IC is negative (XC < 0), either a
shunt capacitance 0.81 pF or a shunt inductance of 1.3 nH
will satisfy (3) for α = 0.29.

X p = ∓
√

α

1 ± √
α

· XC (3)

A shunt capacitance was chosen due to its linear frequency
dependence. This led to a highly meandered half-wave dipole
and a 1 pF capacitive loop system of about 29 mm in diameter
(Fig. 1). Altogether, the two meandered dipole sides had
lengths of 122 mm (left) and 110 mm (right), more than
enough to account for the needed length for a half-wave dipole
at 920 MHz.

B. Antenna Placement

The antenna label was attached to achieve the optimal
matching with the container(s) chosen [12]. For the petri dish
attachment, the sensor was placed on the underside of the
100 mm diameter borosilicate glass petri dish, Fig. 2 (A).
It is important to note that the borosilicate glass had a 2 mm
thickness and a glass height of 12 mm. A 500 mL borosilicate
glass bottle (80 mm diameter) with a 5 mm glass thickness was
also tested to determine the role of glass and liquid thickness
on the sensor sensitivity, Fig. 2 (A).

The TagformancePro system was arranged as indicated
in Fig. 2 (C) with a calibrated 30 cm space between the
reader antenna and the sensor tag attached to the solution
container. The configuration was set to a ‘transmitted power’
sweep between 750 MHz to 1000 MHz (for the petri dish)
and 800 MHz to 1000 MHz (for the bottle) with 5 MHz
frequency and 0.1 dBm power steps (up to 30 dBm) to identify
any shifts in resonance to allow for effective permittivity
calculation in (1).

C. Simulation

CST software suite is a time domain based electromag-
netic simulator able to model material parameters in three
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Fig. 2. Experimental setup. (A) Top view of antenna sensor placement on
a borosilicate glass petri plate, and diagram of antenna placement of petri
and bottle in side view (from CST simulation software). (B) Read range
and frequency affect with change in volume within bottle. (C) Voyantic
TagformancePro system arrangement with a 30 cm space between the reader
antenna and the sensor on the bottom of either the borosilicate bottle or petri
plate (bottle procedure shown).

dimensions [15]. For CST simulation purposes, the borosil-
icate glass properties were set as 7 for permittivity and
1×10−11S ·m−1 conductivity. Mylar thickness was calculated
as 0.13 mm with a permittivity of 3.6 and conductivity of
0.0004 S · m−1. As previously stated, the petri dish was
modelled with a 100 mm diameter and 2 mm glass thickness
with a liquid layer of 4 mm in height (equivalent to 20 mL
of solution) (Fig. 2 (A)). The glass bottle was modelled
as a cylinder with an 80 mm diameter and 5 mm wall
thickness. For the liquid level equal to 100 mL of solution,
a layer of 25 mm was simulated within the 115mm cylinder
(Fig. 2 (A)). The simulated read distances (using built in CST
capabilities) were calculated at the peak resonant frequency
for each organic liquid tested, the receiver sensitivity was set
at −20 dBm with a chip capacitance and impedance based on
the Higgs-3 SOT IC [13] for the needed resonant frequency.
This simulation sensitivity was chosen as (based on empiral
experimentation) this provided a good working minimum read
distance estimation without over estimation. All the simulated
organic solution dielectric properties were taken from Table I
and Table II. The simulated resonant frequency responses
for each liquid type and estimated read distance are shown
in Fig. 3 (A) for the pertri dish and (B) for the bottle, and
compared to the measured results.

It should be noted that there is no air gap between the
glass and the RFID tag as the tag is directly attached onto
borosilicate glass by very thin (<5 micron) adhesive layer
when measured (this adhesive layer was not included in sim-
ulation as the layer thickness was not electrically significant).
As tag placement variability is possible even on the standard
laboratory bottles and petri dishes utilized here, a future
standard procedure must be defined for sensor placement.

TABLE I

DIELECTRIC PROPERTIES OF THE SIX POLAR LIQUIDS
USED WITHIN THE EXPERIMENT

TABLE II

EXPERIMENTAL EFFECTIVE PERMITTIVITY

FOR A RANGE OF ETHANOL SOLUTIONS

D. Liquids

Six common organic liquids with relative permittivities
ranging from 2 to 80 were chosen for determining the effec-
tiveness of the antenna label sensor as a liquid identification
system. These liquids have been studied within the antenna
sensor field and their dielectric information is readily avail-
able [3], [5]. The six tested liquids were methanol, ethanol,
butanol, acetone, xylene and deionized (DI) water. From exper-
imentation, it was determined that 100 mL of solution in the
500 mL bottle presented the optimal results for differentiating
various liquid chemicals. However any chemical amount up to
500 mL can be utilized for differentiation showing a discreet
effective permittivity for each type of chemical.

Finally, to get a standard calibration curve for a permittivity
range of 2 to 80, varying percentages of ethanol to DI water,
as well as xylene to ethanol were used (Figs. 5 to 8). This
allowed for a more accurate representation of how a standard-
ized level change in permittivity affects the solution resonance
frequency and effective permittivity. These standardized DI
solutions were 100%, 75%, 50% and 25% percent ethanol (and
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Fig. 3. Resonant frequency for the tested polar solutions within a borosilicate
glass (A) petri dish and (B) bottle. Simulated and real resonant frequency
readings had a good match for the chemicals tested; however, the read distance
was underestimated for the simulated results compared to the real results. Real
results showed no deviation between repeats with the highest read distances
presenting for air, xylene and acetone in the petri setup and only air and
xylene for the bottle setup (n = 3). Simulated results for water were averaged
between the two observed resonant peaks in bottle (B) simulation only as
all other simulations produced the same single resonance peak with multiple
repeats. C) Simulated farfield directivity cut at phi 90◦ for each liquid tested
at resonance with linear scaling for both petri and bottle settings. Theta 0◦
and 180◦ represent main vertical beam.

the same percentages were used for xylene solutions mixed
with ethanol). The liquid solutions were named as to reflect
the percentage of ethanol in each solution, for example: 25%
ethanol = 25% ethanol to 75% DI water, while 25% xylene =
25% xylene to 75% ethanol. The same naming trend was
utilized for all the solutions. All liquid dielectric properties
were measured at 865 MHz using a SPEAG Dak 3.5 probe [16]
with a Rohde and Schwarz ZVL 6 GHz network analyzer using
the standard manufacturer recommended procedure [15]. The
measured values are given in Table I.

E. Single Frequency

After determining the sensitivity of the presented sensor, the
sensors design can be tuned within any licensed EPC band
to allow for easy UHF RFID liquid identification utilizing a

single RFID reader without the requirement of any research
quality wideband readers (as needed in previous sections). This
would involve a simple adjustment to the dipole lengths. The
design was tuned using parameter sweeps with CST software
to determine the ideal dipole lengths for each frequency tested;
calculated for 867 MHz and 920 MHz for both petri and bottle
(Table IV). The results are given as left and right dipole lengths
based on Fig. 1 overall side lengths.

F. Repeatability

To check the repeatability and accuracy of each liquid
resonant frequency reading, an empty ‘air’ standard was run
between each new replicate for every liquid tested as well as
when switching between the different types of organic liquids.
No noticeable resonant frequency drifts occurred throughout
the experiment as each organic liquid readings were repeated
in triplicate within multiple days. However, as the measure-
ments were completed within a few weeks, it is possible that
a frequency drift could occur with continued use. Therefore,
all readings should be verified by the inclusion and tracking
of an ‘air’ standard for any system utilizing this passive UHF
liquid sensing system.

IV. RESULTS AND DISCUSSION

When measured with the Voyantic system, each organic
liquid demonstrated a distinct resonant frequency in both the
2 mm thick walled petri dish, Fig. 4 (A) and the 500 mL
borosilicate glass 5 mm thick walled bottle, Fig. 4 (B). There
was a wider resonance separation in accordance with the
effective permittivity for the thinner petri plate than the thicker
bottle yet the overall trends remained the same. Empty contain-
ers had the highest resonance frequency whereas ethanol, ace-
tone, and methanol showed a downward shift. Both container
types had more difficulty differentiating between the alco-
hol solutions as these had very similar dielectric properties.
However, as previously seen with the resonant frequencies,
the overall trend in effective permittivity is identical between
the two systems (Table I). Also, it should be noted that testing
volume levels from 100 mL to 500 mL produced at most a
5 MHz resonant frequency shift for each organic liquid tested,
Fig. 2 (B). Specifically, acetone produced a resonant frequency
range from 845 MHz to 850 MHz (Fig. 2 (B)). Butanol and
xylene also had resonant frequency shifts of 5 MHz; butanol
ranged from 860 MHz to 865 MHz while xylene ranged from
880 MHz to 885 MHz (Fig. 2 (B)). Ethanol, methanol and DI
water, however, remained unchanged and produced a constant
resonant frequency from 100 mL to 500 mL volume of liquid
(Fig. 2 (B)). However, it should be noted that with the increase
above 100 mL, there was a change in read range for most of the
organic liquids at their resonant frequency (Fig. 2 (B)). Though
all read distances remained above 1 meter (at a minimum)
throughout all the volumes tested (Fig. 2 (B)). For the petri
dish, 20 mL of solution was used as the standard amount as
this provided optimal repeatable results.

Finally, to verify the modulated signal resonance (S11),
a loop coupling method with a network analyzer was utilized
for both air readings Figs. 4 (C) and (D). This showed that
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Fig. 4. Transmitted power for the tested polar solutions within A) 2 mm
thick borosilicate glass petri dish and B) 5 mm thick borosilicate glass bottle.
As permittivity increases, a downward shift in resonance occurs as expected.
The three replicates for each chemical had no deviation (n = 3). (C) Petri
and (D) bottle: S11 check for resonance without a modulated signal (in air)
using a 2 cm loop coupled system with a ZVL Rhode & Schwarz network
analyzer.

both the TagformancePro and ZVL Rohde & Schwarz 6 GHz
network analyzer produced the same resonant frequency for
the air standards at 897 MHz (bottle) and 925 MHz (petri).
Overall, the results exhibited the expected trends for increas-
ing permittivity leading to a downward shift in resonance
frequency.

A. Measured Resonance Shifts

The sensor match on the petri dish was achieved at a reso-
nant frequency for air from 920 to 925 MHz with a bandwidth
of about 100 MHz (transmitted power equal to or smaller than
15 dBm) equivalent to read range of 6.1 m when measured
on the TagformancePro reader. For the bottle, the same reso-
nance shift trend was seen. These results were as expected
based on simulations as seen within Figs. 3 (A) and (B).
The measured resonant frequency of the empty bottle also

matched the desired frequency band at 915 to 925 MHz,
resonating at 900 MHz with an acceptable bandwidth of
about 100 MHz.

The loss in sensor sensitivity for the increased glass thick-
ness in the bottle suggests that the material effect of the glass
was overestimated by CST simulation when matched to air
(Figs. 3 (A) and (B)). Due to the circular and parasitic nature of
the antenna design, the electric fields add in phase rather than
cancel leading to increased material penetration by the fields
than modeled. This would also explain why the simulated
read ranges were a fraction of the distances measured by the
TagformancePro reader, Figs. 3 (A) and (B). When looking at
directivity, the sensor design had a unidirectional appearance,
with theta at both 0◦ and 180◦ representing the vertical main
beam directions.

B. Measured Resonance Shifts
The sensor match on the petri dish was achieved at a reso-

nant frequency for air from 920 to 925 MHz with a bandwidth
of about 100 MHz (transmitted power equal to or smaller than
15 dBm) equivalent to read range of 6.1 m when measured on
the TagformancePro reader. For the bottle, the same resonance
shift trend was seen. These results were as expected based
on simulations as seen within Figs. 3 (A) and (B). The
measured resonant frequency of the empty bottle also matched
the desired frequency band at 915 to 925 MHz, resonating at
900 MHz with an acceptable bandwidth of about 100 MHz.

The loss in sensor sensitivity for the increased glass thick-
ness in the bottle suggests that the material effect of the glass
was overestimated by CST simulation when matched to air
(Figs. 3 (A) and (B)). Due to the circular and parasitic nature of
the antenna design, the electric fields add in phase rather than
cancel leading to increased material penetration by the fields
than modeled. This would also explain why the simulated
read ranges were a fraction of the distances measured by the
TagformancePro reader, Figs. 3 (A) and (B).

The resonance frequencies of each organic solution encom-
passed read ranges between 7 to 2 m for the petri dish,
Fig. 3 (A), and 6 to 3 m for the bottle, Fig. 3 (B), dependent
on the chemical used. This suggests that this sensor design is
suited for use on glass containers. Air and xylene provided
the longest read ranges for both glass containers (around 6 m
for both in the bottle, and 6.1 and 6.7 m respectively for
air and xylene in the petri dish). Xylene is a low polar-
ity viscous fluid with a low conductivity (400 pS · m−1)
and relative permittivity (2.6) [17], and able to cause a 35 MHz
downward shift compared to air (permittivity 1 and conduc-
tivity 0.008 pS ·m−1) while increasing the read distance of the
tag, Figs. 4 (A) and 3 (A). Also, for the petri measurement,
acetone showed a read range above 6.5 m.

The overall trends between the calculated effective permit-
tivities were identical between both sensor tag applications
with a slight increase in sensitivity within the petri plate
system allowing for a more distinct chemical identification
when only using effective permittivity (Table I). Based on
the results, increased glass thickness seems to decouple the
liquid from the sensor enough to reduce the sensitivity of
the sensor. This is most noticeable between the alcohols as
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Fig. 5. Measurement of ethanol calibration solutions within a 2 mm thick
borosilicate glass petri dish (three replicates each). There was some deviation
within the replicates seen with 100% xylene and 25% xylene; however, the
variance did not change the resonant frequencies just affected the transmitted
power levels. There was a downward shift with increasing permittivity and
less variance between solutions of close conductivity. Only 75% xylene and
100% xylene were indistinguishable from each other, all other solution mixes
had unique resonance points.

there is a much smaller resonance difference between butanol,
ethanol/acetone and methanol within the glass bottle, than for
the petri dish. For example, the tag on butanol resonates at
875 MHz while methanol resonates at 800 MHz within the
petri dish, whereas in the bottle the same solutions resonate
at 860 MHz and 840 MHz respectively, Figs. 3 (A) and (B).
That is a difference of 75 MHz versus 20 MHz for the same
solutions.

C. Standardization of Ethanol Solutions

Ethanol solutions were utilized to achieve a standard curve
for identifying solution properties based on the effective
permittivity and to determine the relationship between the
standard dielectric properties and effective permittivity. The
petri dish set-up was utilized as it exhibited more sensitivity
as seen in Section IV (A). There is a large difference between
the air, 100% ethanol and DI water measurements (Fig. 5);
however, the measurements between 75% ethanol and 25%
ethanol become more difficult to differentiate as the values
clustered around an effective permittivity of 1.3 (Table II).
The resonance frequencies showed sensor tag read distances
between 2 and 4 m with most of the samples giving around
3 m (Fig. 6).

There is an adequate variability between the permittivities
within these close values but the conductivity does not show
such a high variability (Table II and Fig. 7). It should be noted
that conductivity affects resonance; however, it is primarily
dependent on relative permittivity as it cannot affect a change
alone within an acceptable correlation margin. Excluding air,
the highest conductivity variance (with a relative low change
in permittivity) stepwise is seen between DI water and 25%
ethanol with a change of 0.114 S · m−1 causing only 10 MHz
shift, whereas, a conductivity change of 0.053 S·m−1 between
100% and 75% ethanol showed a shift of 35 MHz. For the
same calibration steps, even if conductivity only decreases
by 0.053 S · m−1, the permittivity doubles leading to a more
substantial downward frequency shift.

Fig. 6. Measure resonant frequency for the tested ethanol mixtures within
a borosilicate glass petri dish. The read range showed between 2 m to about
4 m. The highest read distances were seen with ‘air’ at 4.3 m and both 100%
and 75% xylene solutions about 3.8 m.

Fig. 7. XYZ plot of dielectric properties of the ethanol calibration solutions
used within the experiment for the glass petri plate with 20 mL of each
solutions from Table II. Comparison of calculated effective permittivity and
measured standard permittivity and conductivity of solutions. A multivariate
regression was used to determine the relationship between the effective
permittivity and the relative permittivity and conductivity. Both conductivity
(σ ) and relative permittivity (ε�) affect effective permittivity (εeff). The
adjusted R-square value showed a correlation of 0.97 with a high significance
(2.24e-6).

In order to make a complete permittivity curve, xylene was
also mixed with ethanol (rather than DI water) to reduce the
relative permittivity below that of absolute ethanol. Permittiv-
ity ranged from 2.4 to around 16, whereas conductivity varied
from around 0.02 to 0.5 S ·m−1 (Fig. 6). This further indicates
that relative permittivity plays a primary role in frequency
shifts than conductivity alone as 50% ethanol and 25% xylene
both have similar conductivities (0.35 and 0.37 S · m−1,
respectively), yet had a resonant frequency shift of 50 MHz
owing to a relative permittivity difference of more than 30.

Also, comparing effective permittivity only against mea-
sured conductivities with simple linear regression for all the
ethanol standardization solutions, they produced no significant
differences (p value >0.05 and R2 = 0.168). However, when
conductivity was included in the calculations alongside relative
permittivity, a strong relationship was noted with effective
permittivity, Fig. 7. This led to the creation of an equation for
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Fig. 8. (A) The relationship between effective permittivity and relative
permittivity. No linear relationship exists, but by using an allometric model,
there exist a power relationship where ‘x’ (relative permittivity) is proportional
to ‘y’ (effective permittivity), when ‘x’ is set to a power ‘c’ multiplied by ‘b’
and combined with ‘a’; a significant R2 value of 0.981 is shown. (B) Standard
curve of effective permittivity and relative permittivity against resonant
frequency. Calculated effective permittivity exhibits a clear linear relationship
with resonant frequency (p value < 0.05; R2 = 0.994) while the relationship
between measured relative permittivity and resonant frequency alone is not
significant (p value > 0.05; R2 = 0.825). Included equation corresponds
with a linear regression for effective permittivity to help interpolate unknown
samples.

εeff relating ε� and σ obtained from a multivariate regression
analysis and shown in Fig. 7.

As noted, relative permittivity and conductivity both simul-
taneously affect tag resonance on chemical solutions (as these
values are known to be frequency dependent) especially when
using a single type of sensor design. Thus, effective permit-
tivity could be a better (or equivalent) identifier for chemical
solutions than dielectric constant alone as it normalizes all the
outside factors other than the chemical composition allowing
for a single measurement using a UHF RFID reader only.

D. Interpolation of “Unknowns”

There is a clear differentiation between the standardization
mixtures (Fig. 6) particularly when comparing relative per-
mittivity or effective permittivity against resonant frequency
(Fig. 8). In this instance, relative permittivity with linear
regression produces an R2 value of 0.825 while effective
permittivity gives an R2 value of 0.994 (Fig. 8). This shows
that resonant frequency only has an acceptable correlation with
effective permittivity and not relative permittivity on its own.
All three curve fit equations plotted in Figs. 7 and 8 allow for
the determination of dielectric properties of a solution from
only the calculated effective permittivity without the need for
additional equipment other than a UHF RFID reader.

It is possible to estimate an unknown solution’s dielectric
properties and resonant frequency by using the effective

permittivity standard curve presented in this paper,
(Figs. 7 and 8 (A)). To examine this, all the solutions
in Table I were re-measured due to the increase in ambient
temperature (294.13K to 297.45K) as temperature is known
to affect dielectric properties [18]. This led to a slight shift in
the effective permittivities for solutions in Table I (referred
to as the “unknowns” for comparison reasons). The values
in Table III indicate that the system was affected by the
change in temperature between the two reading sets as
expected. However, the correlation between the standard
dielectric testing system (SPEAG Dak 3.5 probe system)
and the presented sensor design showed high accuracy.
It is expected that dielectric properties would change with
temperature that is why all dielectric measuring equipment
(such as the SPEAG Dak system) available on the market
require a calibration step for temperature.

For example, butanol shows an effective permittivity (εeff)
of 1.131, making the dielectric properties between 75% and
50% xylene (Table II). By utilizing the equations plotted
in Figs. 7 and 8, it is possible to produce a calculated relative
permittivity of 6.55 and calculated conductivity of 0.26 S·m−1.
This is within 0.26 of the measured permittivity (ε�

m) and
0.04 S ·m−1 of the measured conductivity (σm) of the butanol
values measured at 297.45K (Table III). Also, it should be
noted that with the change in temperature, acetone (εeff =
1.253) and ethanol (εeff = 1.238) were distinguishable from
each other. By repeating this for all the other measured liquid
dielectric and resonance values within Table I, it is possible to
determine that the current system (when using only effective
permittivity) has a calculated accuracy of ±0.834 relative per-
mittivity and ±0.050 S ·m−1 conductivity when looking at the
correlation between the standard Dak dielectric measurement
probe system and the presented sensor design.

It should be noted that acetone values were excluded
for the conductivity calculation of the mean absolute devi-
ation (MAD) as the proposed system cannot differentiation
below a conductivity of 0.096 S ·m−1 as seen with the lack of
differentiation between 75% and 100% xylene standards. The
same was done for permittivity values where methanol was
excluded due to being an outlier but if methanol values were
included then the average deviation would still only be within
±2.2 relative permittivity; this is equivalent to an R2 value
difference of 0.9997 versus 0.986 (respectively) with linear
regression analysis.

E. Single Frequency

As this design is ultimately a dipole antenna, it is easily
tunable to fit any chemical by a simple tuning approach. Also,
due to this design’s sensitivity to minute changes in dielectric
properties, it could potentially be used to detect chemical
contamination within these closed glass systems as in Fig. 5
(ethanol was diluted with DI water). Therefore, it should be
possible to utilize a single UHF frequency by adjusting the
dipole lengths of this design to fit any regional frequency reg-
ulations for UHF antennas. Table IV shows just such changes
needed to match the frequencies within either the ETSI or
FCC EPC Class 1 Gen 2 ISO18000-6C RFID requirements.
In the future this could allow for any chemical to be tested
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TABLE III

DIELECTRIC PROPERTIES OF THE SIX “UNKNOWN” LIQUIDS
USED WITHIN THE EXPERIMENT (297.45K)

TABLE IV

CST SOFTWARE SIMULATED DIPOLE TUNING

for contamination or purity within a closed bottled system as
long as the tested dielectric properties fall within the known
sensing parameters (seen in Sections IV (A) through (C)).

V. CONCLUSION

A concept for liquid chemical identification was proposed
and evaluated based on the shift in the resonant frequency of an
applied UHF RFID chipped tag. There was a good correlation
between the measured results with the presented sensor design
in comparison to a standard dielectric identification system
(SPEAG Dak 3.5 probe system) currently available on the
market. To our best knowledge this is the first chipped passive

UHF RFID sensor design for liquid identification and dielec-
tric measurement capable of being utilized with a minimum of
a 2 meter read range for both low and high permittivity liquid
solutions.

If all values within an identification system are kept stable,
effective permittivity can be calculated from the observed
resonance frequency shift, and used to differentiate between
chemical liquids within both 2 mm and 5 mm borosilicate
glass containers at an accuracy of ±0.834 relative permit-
tivity and ±0.050 S · m−1 conductivity when compared to
a standard dielectric measurement system available on the
market.

When used within a closed bottle system, this design can
differentiate between hazardous chemicals without the need to
open the bottle and experience exposure to hazardous vapors.
Utilizing a single passive sensor design as well as a single
UHF wideband RFID reader (to differentiate all organic liquids
as tested); it is possible to determine the dielectric properties
of liquid solutions (within the parameters of the calibration
curve) without the need of bespoke equipment. It should be
noted that the full range of liquid differentiation is aimed at
laboratory utilization not for the general market as to detect the
full range of dielectric constants (2 to 80 permittivity as shown
here) would be outside of the allowable regional frequency
regulations for EPC class 1 Gen 2 ISO18000-6C RFID. This is
proposed as a cost effective and quick alternative for chemical
identification without the need to invest in expensive dielectric
testing systems in addition to expensive wideband readers.

For more practical use, this design could be easily tuned in
the future to function at a single frequency for any specific
liquid chemical as long as that chemical falls within the 2 to
80 permittivity range as described here. Therefore, this design
could potentially be used to detect contamination within closed
vessels as long as the dielectric changes are above the sensi-
tivity of the described system. This sensor tag would be ideal
for future ‘smart’ storage system integration within research
facilities or hospitals requiring automatic chemical tracking,
easy contamination and/ or chemical identification within
large autonomous storage rooms requiring both hand-off and
continuous readings via an integrated reader antenna. The
tag could also be utilized in a tracking system for closed
liquid containers (such as during manufacturing/shipping of
hazardous chemicals) as the presented design is a compact
antenna label with good read distances on glass (6 meters
in air).

As previously stated, this design is not intended to replace
what is currently available on the market, in terms of dielectric
property measurements, but rather to present a cheap, easy to
manufacture sensor alternative for liquid bulk identification
within known parameters using only a single wideband UHF
RFID reader antenna or for the detection of dielectric changes
(such as contamination) within a liquid by utilizing a tuned
version of this design to fit any ETSI band as needed.
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