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Abstract—A wireless sensing system for the evaluation of the
complex dielectric permittivity of solvent liquids is presented. Two
sensing tags are proposed for testing of the samples. The first tag
is based on a cavity resonator and the second makes use of the ep-
silon-near-zero effect. Both circuits are designed over the planar
substrate-integrated-waveguide (SIW) technology, and operate at
4 GHz. A quartz capillary tube is used for the liquid measurements
where only a small amount of sample volume is required. With the
addition of planar antennas at the input and output of the sensors,
the complete system is implemented for wireless sensing of the ma-
terials following the RF identification scheme. The cavity perturba-
tion technique for SIW structures is applied for the dielectric liquid
characterization. The proposed sensing tags and system have high
potentials for low-cost wireless measurements and real-time mon-
itoring applications.

Index Terms—Dielectric measurements, microwave sensors, RF
identification (RFID) tags.

I. INTRODUCTION

HE USE of microwaves for the characterization of ma-
terials have been evolved rapidly over the last years [1],
[2]. Several applications, including medical, pharmaceutical, in-
dustrial, food, and hydrological, among others, are interested
in using microwaves for the measurement of the properties of
materials due to the use of low-profile sensors, low power-con-
sumption devices, accuracy in the analysis methods, and real-
time testing [1]-[7]. Most of the microwave sensors have been
designed for the measurement of complex dielectric permittivity
of materials as it offers information of the sample-under-test
(SUT) properties, such as moisture contents, microwave absorp-
tion, density, temperature, among others [1]-[6]. The most used
method for dielectric characterization of materials is based on
resonant techniques, due to its high accuracy and high sensi-
tivity [5], [6].
In [3], Sarabandi and Li use a microstrip ring resonator
operating at 1.25 GHz to analyze the complex dielectric permit-
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tivity of different sand samples for the evaluation of moisture
contents in each. A cylindrical cavity resonator operating at
2.45 GHz is used and reported in [4] to measure the dependence
between temperature and dielectric permittivity of water and
ethyl alcohol samples. In [5], Saeed et al. report the analysis of
dielectric properties of several liquid solvents by using a sub-
strate-integrated-waveguide (SIW) cavity resonator, showing
the advantages of the new sensor in terms of lower dimensions
and higher accuracy when compared with conventional cavities
and planar resonators. The cavity perturbation technique (CPT)
for the characterization of dielectric measurements using SIW
cavity resonators is presented by Lobato-Morales et al. in [6].
A new type of dielectric-permittivity sensor exploiting the
epsilon-near-zero (ENZ) effect is proposed by Alu and Engheta
in [7]; and the experimental demonstration using an SIW ENZ
sensor is reported in [8], achieving even higher sensitivity and
smaller dimensions compared with the aforementioned circuits.

As observed, the trend in smaller and more accurate mi-
crowave sensors is evolving fast; thus, there have been recent
efforts in realizing wireless and portable dielectric-sensing
circuits, many of them based on the RF identification (RFID)
scheme. Basically, an RFID system provides wireless data
capturing where an interrogator circuit is used to scan and
identify tagged objects based on the information from the RFID
tag. In [9], Preradovic et al. present an RFID system based on a
chipless planar tag and spectral analysis in which data bits are
represented by the coupling (or not) of microstrip resonators
operating at different frequencies. The capability of including
sensors over a planar RFID tag is demonstrated in [10], where
capacitive and resistive elements are added to a single resonator
and manipulated, producing variations in resonant frequency
and quality factors in the spectral analysis around 2.7 GHz. In
[11], Amin and Karmakar propose a coplanar humidity sensor
operating at 1 GHz for integration into an RFID tag. In [12],
an RFID tag for water-level detection based on microstrip res-
onators is proposed, performing a spectral analysis from 2.5 to
4 GHz. A method based on time-domain analysis is presented
by Girbau et al. in [13], where a temperature sensor is integrated
into an RFID tag illuminated by wideband frequency pulses.
The aforementioned RFID tags are developed over the planar
technology without the use of batteries [9]-[13], decreasing
costs and complexity of fabrication and maintenance of the
circuits.

This paper is an extension of the work in [14], where two
types of SIW sensors are proposed for wireless dielectric per-
mittivity measurements of liquids. In this work, the sensors are
incorporated into passive tags for wireless measurements; the
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Fig. 1. Basic concept of the proposed wireless RFID sensing system.

information generated by the tag corresponds to the permittivity
characteristics of the liquid under test (LUT). Description of the
complete system is presented and the liquid characterization is
performed. A low amount of the LUT is required for the mea-
surements and the tag does not make use of any battery, making
it an excellent option for wireless and passive real-time sensing
or monitoring applications.

This paper is organized as follows. Section II presents the
principle of operation of the wireless-sensing system. Section 111
describes the design and coupling of the sensors. A description
of the system is presented in Section IV. The experimental re-
sults and liquid characterization are drawn in Section V. Dis-
cussions of the results are commented upon in Section VI.

II. WIRELESS SENSING PRINCIPLE OF OPERATION

The basic setup of the proposed RFID sensing system is
shown in Fig. 1. The principle of operation is as follows:
the tag is interrogated by the reader by sending a frequency
sweep signal; the receiving (Rx) tag antenna gets the signal
and propagates it towards the sensing circuit, which introduces
a “transmission zero” with a specific resonant frequency and
quality factor ) depending on the tested sample; the processed
signal is directed to the transmitting (TX) tag antenna and sent
back to the reader. For minimization of interference between
the interrogation and the processed signals, a cross polarization
is driven between the pair of antennas carrying the sweep
signal (Tx reader and Rx tag antennas) and the pair of antennas
communicating the processed signal (Tx tag and Rx reader
antennas), as shown in Fig. 1. On the tag, the sensor element is
symmetrically fed with the use of hybrid couplers to produce
an optimal de-coupling of the signal generating a “transmission
zero,” which is easily read in such RFID systems [9], [10], and
can be further analyzed using the CPT.

III. DESIGN OF THE SIW SENSORS

The proposed sensors are based on the SIW technology using
the Rogers RO4003C laminate with dielectric constant &, =
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Fig. 2. Geometry and dimensions of Sensor-A.

3.55 and height » = 0.813 mm. The first sensor (Sensor-A) is
based on an SIW cavity resonator operating in its TE;; funda-
mental mode, and the second sensor (Sensor-B) uses an SIW
ENZ tunnel structure; both of them operate at 4 GHz. They
are symmetrically fed to produce a de-coupling of the signal
in order to generate a “transmission zero,” which is further an-
alyzed using the CPT for SIW.

A. Sensor-A (SIW Cavity Resonator Sensor)

For Sensor-A, dimensions of a TE3; SIW cavity resonator
operating at 4 GHz are well approximated [5], [15] using

_ c 1\ /1)?
f101=2\/€_T (E) +<E> 1

where f191 is the resonant frequency, ¢ is the speed of light in a
vacuum, and a and d are the width and length of the SIW cavity,
respectively. According to (1), the initial cavity dimensions are
a = d = 28 mm. The cavity is closed by metallic posts (vias
to ground) of 0.6-mm diameter separated 0.4 mm between each
other [14].

Microstrip hybrid couplers [15] are designed and used
to symmetrically feed the cavity. The reasons of using this
coupling scheme are: first, to de-couple the signal from the
energy flowing from the input to the output in order to obtain
the “transmission zero,” and second, to strengthen the energy
coupled into the cavity as high losses are introduced to the
signal along its complete way from the Tx reader antenna
through the sensor tag and ending in the Rx reader antenna.

After an optimization process is carried out in simulations
[16], Fig. 2 shows the geometry and final dimensions of
Sensor-A.

In simulations of the lossy structure (dielectric, conductor,
and radiation losses) [16], different energy coupling levels are
calculated by symmetrically varying the length of the coupling
slots /,. Fig. 3 shows the frequency response of Sensor-A for
three values of /,: 2, 6, and 10 mm; and its coupling scheme is
shown in the inset of the figure.

From Fig. 3, it is shown that larger slots produce higher cou-
plings. A tight signal coupling is desired, as the energy along all
the system will suffer high losses. For the coupling of Sensor-A4,
the length of the slots I, = 9.2 mm is chosen. Although the
value I, = 10 mm produces the highest coupling, it is avoided
because of the proximity of the slots with the sample position,
located at the middle of the cavity, as will be mentioned later.




2162

’ 5(\
54
o
T length of slots
o 104 —
= 10 Is “vias
_..é > (oo
—_—mm i
= 154
- — tomm i
0 o7 slO IS
20 iz Al
25 . . . , T , . . T
36 338 4.0 4.2 44

Frequency (GHz)

Fig. 3. Simulated frequency response of Sensor-A for different coupling levels.

B. Sensor-B (SIW Tunnel Sensor)

The ENZ tunneling phenomenon, described in [7] and [8], is
used here for the design of Sensor-B. Such an effect can be ob-
tained by coupling a narrow-height waveguide in its TEqq prop-
agation mode. Although the coupling is originally made using
different-height waveguides to produce squeezing of the energy
along the tunnel [7], it is demonstrated that, over the planar SIW
technology, the effect can be obtained using transmission lines
as coupling elements [17], [18].

The tunneling frequency f; of an SIW ENZ structure is cal-
culated from the cutoff frequency of a TE;, propagation mode
SIW waveguide f.19 [7] by

fi=foo = #_
where b corresponds to the width of the SIW tunnel. The length
of the structure is independent on the width and operating fre-
quency. At f;, a very high and constant electric field is gener-
ated inside the SIW waveguide along its length producing the
ENZ effect. Initial width of the tunnel operating at 4 GHz results
b = 20 mm; a tunnel length /; = 8.6 mm is proposed according
to dimensions of the complete circuit. The lateral walls of the
tunnel are formed by metallic posts (vias to ground) of 0.6-mm
diameter spaced 0.4 mm between them.

The ENZ structure is optimized in simulations [16] and con-
nected to hybrid couplers for symmetrically feeding, the same
way as for Sensor-A. The geometry and final dimensions of
Sensor-B are shown in Fig. 4; its coupling scheme can be seen in
the inset of Fig. 5. As stated in [17] and [18], the coupling level
of an SIW ENZ tunnel can be modified by varying the width of
the feeding transmission lines. Fig. 5 shows the simulated fre-
quency response of Sensor-B with lossy materials (dielectric,
conductor, and radiation losses) for three different widths of the
feeding lines w;: 0.2, 1, and 1.8 mm.

It can be appreciated from Fig. 5 that wider feeding lines
generate stronger couplings. Width of the lines w; = 1.8 mm
is chosen for feeding the tunnel, which corresponds to 50-Q
impedance lines.

2)
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Fig. 5. Simulated frequency response of Sensor-B for different coupling levels.

C. Coupling of the Sensors

As the energy in the proposed system is transmitted from the
reader to the air, passes along the passive tag, and is returned
to the air to be captured back by the reader, the processed data
will suffer of high losses; thus, tight couplings of the sensors
are desired for this application in order to maintain clarity in the
processed signal.

The proposed double-symmetrical coupling scheme for the
sensors allows a stronger feeding to the structures compared to
single couplings. For that reason, two microstrip hybrids oper-
ating at 4 GHz are connected at the input and output of the cir-
cuits and optimized to in-phase feed the SIW sensors.

Simulations [16] of the structures with a single-coupling
scheme are carried out for comparison purposes. Lossy mate-
rials (conductor, dielectric, and radiation losses) are used for
the simulations in order to obtain a more realistic scenario.
Fig. 6(a) and (b) shows the different frequency responses of the
sensors for single and double feeding, and different coupling
levels; scheme of the single feeding for the two sensors are
shown in the inset.

It is appreciated, from Fig. 6, that stronger couplings are gen-
erated by the double-feeding scheme. For the cavity sensor, a
maximum coupling of 18.78 dB is achieved with single feeding,
while 24.06 dB are obtained with double feeding. For the tunnel
sensor, maximum couplings of 31.69 and 36.52 dB are gener-
ated with single and double feedings, respectively.
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Fig. 6. Frequency responses with single and double feeding for: (a) Sensor-A
and (b) Sensor-B.

The addition of the hybrids occupies an area of 440 mm? in
each of the sensors; however, enhanced couplings are achieved
increasing the accuracy of the measurements in the system [1],
[3], [S]-[8]. Ports 3 and 4 of the sensors are terminated with
50-€2 loads.

D. Sample Position

Although both sensors operate under different mechanisms
(resonant cavity and tunneling structure), due to their configu-
ration, the maximum electric field E occurs at the center of the
SIW cavity and tunnel. A quartz capillary tube with outer and
inner diameters of 2.5 and 1.5 mm, respectively, is placed per-
pendicularly to the plane of each sensor through its center; thus,
the LUT is interacting with the maximum E-field producing
variations in the frequency responses. With an LUT volume of
1.44 mm? it is possible for the sensors to generate the necessary
frequency variations. Fig. 7 shows the simulated [19] response
of both the structures, using lossless materials, and their electric
Efield distribution.

IV. IMPLEMENTATION OF THE WIRELESS SENSING SYSTEM

Once the sensors are designed, the complete system is imple-
mented with the addition of two antennas to complete the tag
(Rx and Tx tag antennas), and other two (Tx and Rx reader an-
tennas) for transmitting the interrogation signal and receiving
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Fig. 8. Frequency response and geometry of the planar dipole antenna.

the processed signal, as shown in Fig. 1. Operation and testing
of the designed sensors directly connected to a vector network
analyzer (VNA) are reported in [ 14] for six different liquid sam-
ples.

A. Planar Reader Antennas

In the proposed wireless sensing system, the reader is com-
posed by an Agilent N5245A-PNA series VNA connected to
planar antennas (Tx reader and Rx reader antennas in Fig. 1)
in cross polarization for analysis of the processed signal. Two
equal planar closed dipoles are designed based on [20] and
optimized in simulations [19] to obtain maximum radiation
at 4 GHz. The Rogers RO4003C substrate with 2 = 0.813 is
used. The designed dipoles present an experimental bandwidth
of BW 4, = 38.5% and its correspondent simulated and mea-
sured responses are plotted in Fig. 8, along with dimensions
and geometry; their normalized-radiation patterns at 4 GHz in
direct polarization are plotted in Fig. 9. From simulations [19]
of two dipoles separated 3 cm along their z-axis, an isolation
of more than 25 dB is obtained between direct polarization and
cross-polarization.

From Fig. 9, it is noticed that maximum radiation with the
dipoles is achieved in the +y- and +z-axis directions. The
reason why it does not present pure omnidirectional radiation
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(as expected in dipoles) is thought to be due to their planar
feeding lines and ground plane extended in the —y-direction.

B. Sensing Tags

For the design of the tags, the planar dipole antennas are
connected to the input and output ports of each of the sensors,
as shown in Fig. 10; ports 3 and 4 (Figs. 2 and 4) are loaded
with 50-€2 on-chip resistors. 7ag-4 and Tag-B are implemented
with Sensor-A and Sensor-B, respectively. Overall dimensions
of Tag-A are 134 mm x 81 mm, and 130 mm x 77 mm of 7ag-B.
The Rogers RO4003C substrate with & = 0.813 mm is used.
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C. Implementation of the System

Fig. 11 shows a photograph of the implemented setup system
with the reader antennas and 7ag-A. The quartz capillary tube is
placed vertically through the sensing cavity/tunnel. The reader
and tag antennas are vertically aligned along their maximum ra-
diation over the £z-axes and separated a distance d,, as shown
in Fig. 11.

For measurements with the samples, the VNA is connected
to the dipole antennas, which transmit and receive the interro-
gation and processed signals, respectively; a power output of 0
dBm is generated from the VNA for the interrogation sweep.

V. MEASUREMENT AND CHARACTERIZATION OF THE SAMPLES

The LUTs used in the experiment are: 1) acetone; 2) ace-
tonitrile; 3) carbon tetrachloride C'Cly; 4) chlorobenzene;
5) ethanol; 6) isobutanol; 7) isopropyl alcohol; 8) methanol;
and 9) xylene. The samples are tested three times inside a
temperature-controlled room at 22 °C using both tags, and the
measured resonant/tunneling frequencies f, and quality Q)
factors averaged for the studies. Fig. 12 shows the frequency
response of the system using both tags for ethanol, methanol,
the empty quartz tube, and without sample, showing the shift
in f; and Q, at 1-cm separation between the reader and tag
antennas d (Fig. 11).

As seen in Fig. 12, the “transmission zero” produced by
the sensors is clearly defined for the analysis. A wideband
frequency response from 3.6 to 4.4 GHz is plotted in Fig. 13
for three different tag distances ds and with no sample; pho-
tographs of the fabricated tags are also shown.

For d, larger than 1 cm (Fig. 13), the generation of resonances
and other peaks outside the region of operation of the system
and the shift in the operating frequency are thought to be due
to standing waves and interference in the signal along its en-
tire path. Since the operating frequency presents variations for
the different tag separations d, position of the reader and the
tag antennas must remain constant when analyzing the different
liquid samples.

The frequency response for each sample is then analyzed in
terms of the f, and () factor by using the CPT for SIW structures

(6], [8]
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with ¢’ and " being real and imaginary parts of the complex
dielectric permittivity; the subscripts r and s indicate the case
whether before perturbation or when perturbed with the sample,
respectively; fo and f, as well as Qg and (), are the operating
frequencies and quality factors before the perturbation and when
perturbed with the LUT, respectively; V. is the volume of the
cavity/tunnel and Vj is volume of the sample; A and B are con-
stants related with the configuration of the circuits, mode of op-
eration, shape and position of the sample inside the sensors. As
the calculation difficulty of A and B is high, they are obtained
experimentally by using standard samples of known dielectric
properties [5], [6].

For the analysis, the capillary tube empty (air) is stated as the
“before perturbation” case, assuming the dielectric air proper-
ties &, = 1 and ¢/ = 0. The liquids 5) ethanol and 8) methanol
are used as the standard samples for calibration of constants A
and B, their dielectric values are taken from [21]: ¢’ = 5.47
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Fig. 13. Measured responses of the system for different d, values and pho-

tographs of: (a) Tug-A and (b) Tag-B.

TABLE I
CHARACTERIZATION OF LUT USING T4G-A4:
V, = 628.29 mm?, V, = 1.44 mm?

fs dy=1cm* fs d,=2cm'
LuT (GHz) 0O & &" (GHz) 0O &' &"
| 39903 5470 1467 333 | 39634 3107 1569 4.04
2 39842 5348 1954 355 | 39594 2412 1885 6.52
3 4.0050 46.64 298 498 | 39802 3361 249 339
4 39946 3494 1124 871 | 39740 21.09 735 8.10
5 40012 4420 599 559 139755 2582 617 579
6 4.0022 3737 520 774 139770 2696 499 535
7 40012 3631 599 8.15 { 39755 2390 6.17 6.62
8 3.9913 32.15 1387 10.01 | 39663 19.14 1340 9.39
9 4.0036 41.61 4.09 633 | 39775 2668 460 546

*fo =4.0075 GHz, Qo = 84.20; 4=17.25,B=1.19
“f0=13.9821 GHz, Q0o =58.71; 4=7.12, B=0.61

and £ = 4.51 for ethanol and ¢’ = 15.35 and " = 13.17 for
methanol; both evaluated at 4 GHz and 22 °C.

Tables I and II tabulate the LUT characterization with the
system using Tag-A4 and Tug-B, respectively, for d,, 1 and 2 cm.

No LUT characterization is carried out for d, = 3 cm due
to the generation of resonances close to the operating frequency
and addition of noise levels (Fig. 13), producing difficulties and
inaccuracy in obtaining f, and (), values.
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TABLE 11
CHARACTERIZATION OF LUT USING T4G-B:
V. = 176.19 mm>, V, = 1.44 mm?

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 62, NO. 9, SEPTEMBER 2014

f d; =1 cm#* fs d;=2cm*
Wit Gy o & & [GH) o & &
T 140502 6865 1340 451 | 40559 2498 1808 705
2 | 40451 6764 1810 588 | 40529 2345 2355 844
3 140582 6708 604 667 | 40624 2619 626 605
4 140519 6462 1183 1025 | 40604 2249 989 942
5 140586 6833 567 495 | 40623 2722 644 528
6 | 40597 6655 466 742 | 40614 2544 BO08  6.66
7 140592 6600 512 821 | 40634 2143 445  10.60
8 | 40487 6356 1478 1190 | 40589 21.16 1262 10.92
9 140600 6755 439 601 | 40627 2862 572 432

*fo=4.0637 GHz, Qo = 72.18; 4=30.33, B=151.62
*fo=4.0653 GHz, Qo =37.19; 4= 60.09, B =4.37
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Fig. 14. Sensitivity of the system: (a) ¢’ of LUT and (b) "’ of LUT.
TABLE III
SENSITIVITY OF THE TAGS
Tag A B
ds Iem 2cm i lcm 2cm
&'s (MHZ/Ag") 126 127 { 1.09 055
&"s [AQ(%)/Ae"] | 6.18  7.18 | 1.00 3.95

Ag' and Ag" are increment in ¢'s and &"s of 1;
AQ(%) is variation of the measured Qs in percentage.

VI. DISCUSSIONS OF RESULTS

Fig. 14 shows the sensitivity of the system for f, and @, with
both tags (Tag-A and Tag-B) for ¢’ and " permittivity parts of
the LUT. Shifts in the resonant/tunneling frequencies ( fo — fs)
and @ factors [(Qo — @Qs)/Qo(%)] are used for the analysis.

From Fig. 14, it is noticed that a higher sensitivity of the
system for ¢/, and ! is obtained using Tag-A. Average sensi-
tivities for both tags are shown in Table III.

From Table I1I, it is noticed that the sensitivity obtained with
Tag-A is higher than that of Tag-B for both £/, and ”/. For the dif-
ferent distances dy (1 and 2 cm), Tug-A shows almost the same
sensitivity for £/ ; while using Tag-B, a sensitivity decrease is
observed for a larger distance. For €7/, an increase in the sensi-
tivity values are obtained for larger distances d; using both tags.

Due to the sensitivity variation for different distances be-
tween the tag and the reader antennas, position of them must
remain constant when analyzing the different samples.

From Tables I and 1II, it is observed that using 7ag-4, the av-
eraged differences between the measured and the reported [21]
permittivity values of ethanol and methanol (standard samples)
are of 9.54% for £’ and 24.03% for ¢” withd, = 1 cm; 12.73%
for £’ and 28.49% for ¢’ with d, = 2 cm. By using Tag-B, the
averaged deviations for the same liquids are 3.72% fore’, 9.67%
for ¢” with d;, = 1 cm; and 17.78%, 17.03% for ¢’ and ", re-

spectively, with dg; = 2 cm. This shows that larger the distance
between the reader and the tag, the higher the error in the LUT
characterization.

The mean &’ and ¢” differences with the samples between
the tags operating at 1 and 2 cm antenna separation, respec-
tively, are 25.8% and 24.4% with Tag-A; 34.3% and 27.7%
using 7ag-B. Differences and error in the characterization are
attributed mainly to influence of noise added to the processed
signal.

Observing the maximum energy levels of the processed sig-
nals in Fig. 13, estimation of the losses along the whole path are
around 20, 25, and 30 dB for both tags at ds = 1,2, and 3 cm,
respectively. The shift in the resonant/tunneling frequencies for
the different distances are attributed to the generation of para-
sitic resonances close to the operation frequency, as noticed for
ds = 3 cm with both tags (Fig. 13).

When no tag is placed, the measured crosstalk levels between
the Tx and Rx reader antennas are below —43 dB.

Although the presented system consists of the wireless mea-
surement of liquids at short distances, even inside the near-
field region of the planar dipoles, it results ideal for processes
requiring continuous monitoring of liquids with a sensing tag
fixed at a specific location, such as industrial, medical, and hy-
drological processes. A possible solution to increase the dis-
tance between the reader and tag is to use antennas with higher
directivity and gain.

VII. CONCLUSION

A wireless sensing system based on the RFID scheme for the
characterization of dielectric permittivity of liquid samples has
been presented. The proposed system makes use of the planar
technology, considerably reducing the costs of fabrication. Two
tags based on different sensors are tested within the system,
showing their performance at different distances between the
reader and tag. The system shows good sensitivity, low number
of elements, and has a high potential for use in real-time testing
and monitoring applications. As observed from measurements,
the system works well for liquids with dielectric permittivity
values lower than 20 evaluated at 4 GHz.
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