Thus, it is easy to deduce that a linear (horizontal) array of
dihedrons with 90° of angular aperture (with a vertical edge of
flat intersection) placed on a warped surface is a very good
alternative to current commercial catadioptric devices for retro-
directive applications in cars. Obviously, it is also possible to
make the same assertion about invisibility applications, using
dihedrons of 120° if the observer movement is also restricted to
the horizontal plane; even more so in this type of applications,
due to the dispersive characteristics of both types of dihedrons
(90° and 120°), when sight lines are placed outside the horizon-
tal plane.

6. CONCLUSION

This document has shown that inverted cone structures of 90°
and 120° of aperture can be used as retrodirective and invisible
devices with a broad margin of angular aperture (>50°).

It has also been demonstrated that an array of several
inverted cones provides similar behavior, but this structure adds
the advantages of a reduced thickness and the possibility to be
warped without serious loss of performance. Consequently, it
allows shield structures to be formed around any target indepen-
dently of its size and geometry for either kind of applications
(retrodirectivity and invisibility).

In the case of retrodirectivity, it has also been demonstrated
that a laboratory prototype of an array structure of inverted
cones with 90° of angular aperture presents better and more sta-
ble behavior than a commercial device used in vehicles as a
catadioptric element.

Moreover, the novelty of this structural geometry should be
highlighted, which, in the case of retrodirectivity applications,
could be a good alternative to commercial devices based on
similar physical concepts. The structure of inverted cones with
120° of angular aperture could provide a good alternative to cur-
rent technology of shielded paints for invisibility applications,
and could provide a good alternative to obtain better signal dis-
tribution within buildings as a dispersive element for Wi-Fi and
Li-Fi technologies.
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ABSTRACT: This article presents the design and development of a
metamaterial inspired planar microwave sensor for the measurement of
complex permittivity of the solid and liquid sample under test (SUT). A
hexagonal complementary split ring resonator (CSSR) is etched on the
ground plane of a 50 Q microstrip line, which is excited by the electric
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field component normal to the ground plane. The proposed hexagonal
sensor possesses a good sensitivity, and the SUT placed over the CSSR
perturbs the electric field associated with the CSRR giving rise to a
change in the resonance frequency and peak attenuation of the transmis-
sion coefficient under loaded condition. An empirical relation between
sensor resonance characteristics and the complex permittivity of the
SUT is derived to determine the complex permittivity of the SUT. The
designed sensor is fabricated on an FR4 substrate and is experimentally
validated for various standard solid samples and hazardous chemical
liquids. The proposed sensor is working in the frequency range of 5.3—
8.2 GHz and is capable of measuring a number of samples with their
dielectric properties varying over a wide range. © 2016 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 58:2577-2581, 2016; View
this article online at wileyonlinelibrary.com. DOI 10.1002/mop.30106

Key words: complex permittivity; CSRR; planar sensor; metamaterial-
inspired sensor

1. INTRODUCTION

Electrical characterization of materials in RF and Microwave
regimes is desired in many applications covering industrial and
scientific fields [1]. Every material has a unique set of electrical
characteristics, and accurate measurements of these properties can
provide scientists and engineers with valuable information. This
information properly incorporates the materials into its intended
applications for more solid designs and helps to monitor a
manufacturing process for improved quality control. There are
numerous techniques of permittivity measurement, and the choice
of technique usually depends on material, type, frequency applica-
tions etc. Each method has its own merits and limitations. The
microwave methods for materials characterization generally fall
into two categories namely resonant methods and nonresonant
methods. The nonresonant methods are often used to get general
information about electromagnetic properties over a wide frequen-
cy range. The resonant methods, however, provide accurate
knowledge of dielectric properties of low lossy materials at a sin-
gle frequency or several discrete frequency points [2].

Recently, the metamaterial inspired sensors have been pro-
posed as an alternative to the conventional cavity perturbation
technique, which is well suited for sensing applications [3].
Lately, many metamaterial-based sensors with the single split-
ring resonator (SRR) coupled microstrip line for material char-
acterization have been presented [4,5]. However, the sensitivity
of the device based on SRR has not been enough to discriminate
small changes in the permittivity of the sample. In order to alle-
viate this problem, a rectangular complementary split-ring reso-
nator (CSRR) has been proposed for complex permittivity
extraction of liquid samples. The CSRR provides a larger area
of fringing electric field as compared to the SRR that increases
the effective interaction area with the sample and hence
increases the sensitivity of the device [6].

In this paper, the hexagonal CSRR based metamaterial
inspired planar sensor is proposed for the complex permittivity
characterization of the sample under test (SUT). The proposed
hexagonal CSRR is compared with the rectangular CSRR given
in [5], and it is observed that the hexagonal CSRR based sensor
has better sensitivity as compared with the rectangular one. The
proposed sensor resonating at 8.2 GHz is designed and modeled
using the full wave electromagnetic solver, the CST microwave
Studio. The introduction of the SUT over the CSSR perturbs the
resonant frequency and the peak attenuation in transmission
characteristic of the unloaded sensor. The impact of the real
(¢;) and imaginary () parts of complex permittivity of SUT
on resonant frequency and peak attenuation is observed, and the
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Figure 1 (a) CSRR coupled microstrip line. (b) The equivalent
lumped circuit model for single CSRR coupled with microstrip line.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

obtained numerical data are used to derive empirical relations
for the calculation of complex permittivity. The proposed sensor
is realized on a 0.8 mm FR4 substrate using the standard photo-
lithography technique and is ultimately used for characterization
of various solid and hazardous chemical liquid samples. The
accuracy of the fabricated sensor is verified with data available
in the literature for both solid and liquid samples. For the haz-
ardous liquid samples, the data obtained from the standard probe
method is used as the reference, while for solid samples the ref-
erence values are taken from literature [7]. A good agreement is
observed between the measured complex permittivity values and
the reference data.

2. PRINCIPLE

The working principle of the designed sensor is based on the elec-
tric field perturbation theory. The resonant frequency and quality
factor of the designed sensor changes due to change in effective
capacitance of the designed CSRR due to perturbation in electric
field intensity associated with the CSRR. The metamaterial
inspired sensor and its equivalent electrical lumped circuit model
[8] are shown in Figure 1. The term L represents the line induc-
tance of the microstrip line, C is termed as the coupling capaci-
tance between the microstrip line and the etched CSRR in the
ground plane, L. is the inductance induced across the etched
CSRR, C. is developed capacitance inside the etched CSRR, and
R, represents the resistive part associated with the CSRR. The res-
onant frequency and the quality factor of the CSRR based sensor
can be given as (1) and (2), respectively [5].

1

fr:Zm/LC-i-(CC-i-C) @
R\/(C.+C
o="VIErC) @

VvLc

when a dielectric material under test is placed over the CSRR,
the term L. will be constant because the length of the circular
loop is fixed for designed CSRR, and C is also assumed to be
constant because of the FR4 substrate having fixed dielectric
constant. The capacitance of the CSRR, C. will change moder-
ately with the change in the effective dielectric constant value
of SUT. The C. in term of dielectric constant of SUT is approx-
imately given as
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Figure 2 Simulated model (a) Perspective view of sensor Loaded with sample, (b) bottom view of sensor etched with CSRR, (c) electric Field Distri-
bution of sensor at 8.28 GHz, and (d) geometry of CSRR. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Ce=Co+e&Cyput 3)

where Cy is the capacitance of the CSRR without SUT, and &,
Cwmur s the effective capacitance in the presence of SUT. The
symbol ¢, is the real part of the complex permittivity &, of the
SUT, which is given by

&r :slr 7j,,r (4)

From (1)—(3), it can be concluded that the resonance frequen-
cy and the quality factor of the sensor are the functions of the
complex permittivity of the SUT. The changes in resonant fre-
quency and the quality factor can be mapped to the complex
permittivity of the SUT using an empirical relation, which is
derived in next section.

3. DESIGN AND NUMERICAL SIMULATIONS FOR SOLID AND
HAZARDOUS LIQUID SAMPLES

The proposed sensor model for the solid characterization is
shown in Figure 2(a), which is designed to resonate at 8.2 GHz.
The same model can also be used for the characterization of lig-
uid samples by utilizing a sample holder made of borosilicate
container having a larger cross-sectional area as compared to the

‘ o= tand= ()
= tand= 0,02
T el tand= 0,04
vt ol and= 0,06
- i tand= 0.1

<oo| e fand=0
| mtang=02
== tand=0.04
= 130d=0.06

i e (a5d=0,1

S;1(dB)

15 8

Figure 3 Transmission coefficient of the proposed hexagonal sensor
simulated using CST. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

DOl 10.1002/mop

MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 58, No. 11, November 2016

designed CSRR unit as shown in Figure 2(b). The electric field
distribution of the hexagonal CSRR based sensor is given in Fig-
ure 2(c). The hexagonal CSRR with the optimized dimensions
(g1 =043 mm, ¢ =0.40 mm, g, =043 mm, »=0.58 mm, and
Wcssk =4 mm) is shown in Figure 2(d).

It can be seen from Figure 2(c) that the maximum electric
field concentration occurs near the capacitive open loop making
this area highly sensitive for dielectric characterization as shown
in Figure 2(c). Therefore, the solid sample is placed directly
over the hexagonal CSRR where the electric field perturbation
would be maximum. The response of the designed sensor
corresponding to the variation in complex permittivity of SUT
viz. ¢,=4 to 6 and tan =0 to 0.1 in terms of numerically
calculated transmission coefficients is shown in Figure 3.

It is observed from Figure 3 that the change in resonant fre-
quency is more significant with the variation in ¢, in comparison
to tan J variation, whereas tan 6 has a higher impact on the peak
attenuation of Sp; (dB) as compared with &;. In this article, for

—a=0=0.1mm —e-d=0.4mm
0.036 1 _o” d=0.6mm = d=1mm

{ =#—d=4mm —d=5mm
0.030- == (=6mm —e=d=10mm
f‘?
r 0.024-
0.0184
0.012
2 4 6 8 10
8',.

Figure 4 Effect of sample thickness variation on the resonant frequency
of the proposed metamaterial-inspired sensor. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5 Plot of Q_muf(—1) versus tan & at frequency 8.28 GHz.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the simplicity of approach, it has been assumed that the shift in
resonant frequency is due to change in ¢, only while the peak
attenuation of S,; (dB) is mainly affected by tan o variation.

3.1. Numerical Model for the Real Permittivity

To derive a numerical model for the real permittivity, the resonant
frequencies corresponding to &¢,=1 to 10 and sample thickness
d = 0.1 to 10 mm have been recorded. The inverse square of resonant
frequency f.2 with &, for different sample thickness is plotted in
Figure 4. It is observed from Figure 4 that the variation of 2 with
¢/, is linear whereas slope of the straight line is changing with a varia-
tion of the thickness of the material under test. It is interesting to note
that the slope variation is almost constant for the sample thickness
>5 mm. In this article, for simplicity of the approach, the effect of
sample thickness is nullified by taking the all the measured sample
>5 mm thick and, therefore, the height of the liquid container for
SUT is also taken as 6 mm. The plotted data in Figure 4 is fitted using
commercially available software Origin Pro 9.1 to obtain the equation
for &', calculation in terms of resonant frequency for both solid and
liquid characterization and given as

, _£72-0.0119933

T 0.0023433 ©)

3.2. Numerical Model for Loss Tangent
To derive the numerical model for loss tangent calculation, the
peak attenuation of each curve corresponding to ¢,=1 to 10 and

Agilent PNA
Liquids under N5230C
test

Borosilicate

container

Figure 6 Measurement setup of the fabricated device equipped with
borosilicate sample container. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 7 Measured S, (dB) corresponding to various standard solid
and liquid samples. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

tan 0 =0 to 0.1 is recorded in case of liquid samples whereas
¢;=1to 10 and tan 6 =0 to 0.01 is considered in case of the
solid samples. The quality factor corresponding to each S,; (dB)
magnitude is calculated from (6) [7].

S521(dB)
O =00 (1-10°%") ©)
The inverse of quality factor Q! with tan ¢ of the SUT is plot-
ted in Figure 5. It is noted from Figure 5 that the plotted curve
is a straight line with slope dependent on &'. The equation for
tan ¢ in terms of Q! and ¢’ is derived from the curve plotted

mut
in Figure 5, which is given in (7) for liquid samples.

01 +0.0036 (e’i) —0.0324(¢,)—0.0182

mut

0.0358(¢2) —0.2514(¢,) +0.3517

tan 0=

@)

4. MEASUREMENTS AND RESULTS

The proposed hexagonal sensor is fabricated on an FR4 sub-
strate using the microstrip technology and the complete mea-
surement setup for liquid SUT testing using the vector network
analyzer (VNA) is shown in Figure 6. The quality factor and the
resonant frequency are obtained from the measured transmission
coefficients. The sensor is connected with VNA through coaxial

0.15 8
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Figure 8 Comparison of results measured using the proposed
metamaterial-inspired sensor with the reference values of various stan-
dard samples under test. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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SMA connectors. Prior to the measurement, a short-open-load-
through (SOLT) -calibration is performed using the Agilent
probe kit 85052D. The intermediate frequency bandwidth is set
to 100 Hz, and the number of sweeping points is taken as 1601
for better clarity. Various standard samples, namely, Teflon,
PVC, Plexiglas, and Polyethylene, in the case of solids, and tet-
rahydrofuran, benzene, hexane, ethyl acetate, and n-pentane in
the case of hazardous liquid samples are measured to record the
corresponding resonant frequency (f;) and the quality factor.
These measured data are then used in the derived numerical
model (5) and (7) to get the dielectric constant and loss tangent of
SUT, respectively. The measured results are shown in Figure 7.

The calculated dielectric constant and loss tangent values
from the measured set of resonant frequency (f;) and the quality
factor data are shown graphically in Figure 8. The calculated
data are then compared with the published data [6] in the case
of solid samples and with the data obtained from the conven-
tional coaxial probe in the case of hazardous liquid samples.
The comparison of these measured and reference data are shown
in Figure 8. From this figure, it is observed that a good match is
found between the reference data and the measured values
obtained using the proposed method, which involves the meta-
material based hexagonal CSRR as a sensing element.

5. CONCLUSION

In this article, a metamaterial inspired hexagonal CSRR based
microstrip sensor has been presented for microwave characteri-
zation of dielectric materials. The numerical model has been
developed for estimating the complex permittivity of the SUT in
terms of the resonant frequency and the transmission coefficient.
The measurement has been performed for various standard solid
as well as liquid samples, and it has been found that the mea-
sured results are in close agreement with the published data and
with the dielectric probe kit data at the operating frequency. The
designed sensor provides a viable approach possessing a good
sensitivity for complex permittivity extraction of various solid
and liquid samples in RF and microwave frequency band.
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ABSTRACT: Different gain cells used for Distributed oscillators (DOs)
have been studied through extensive simulations. Measured results for a
cascode DO are also reported, with oscillation frequency of around

10.1 GHz with 4.63 dBm output power at 1.8 V and phase noise of —114
dBc/Hz at 1 MHz offset from the carrier. © 2016 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 58:2581-2587, 2016; View this article
online at wileyonlinelibrary.com. DOI 10.1002/mop.30105

Key words: distributed oscillator; voltage controlled oscillator; copla-
nar waveguide,; body bias, phase noise

1. INTRODUCTION

High frequency performance of devices is often restricted by the
electrode capacitance associated with them. One way of getting
around this limitation is to make these capacitances a part of
tuned circuits or to absorb these into transmission line parame-
ters. Distributed amplifiers (DAs) make use of the latter tech-
nique. The amplifying element (called the gain cell) is split into
multiple parts connected by transmission lines. This technique
has been known for a long time. The term DA was introduced
by Ginzton, Hewlet, Jasberg, and Noe in 1948 [1] for amplifiers
implemented with vacuum tubes. Lately, scaled down CMOS
technologies have acquired the ability to work at microwave fre-
quencies. This is an attractive option because CMOS is a low-
cost, low-power technology.

Different gain cells have been suggested in literature for
DAs and Oscillators (DOs) [2-9] in different processes. However,
there is no proper comparison between DOs using these different
gain cells. A fair comparison requires that all DOs be imple-
mented in the same process. Proper post layout simulations should
be used to compare characteristics of gain cells as well as the per-
formance parameters of Distributed Ocillators using these. A
number of gain cells have been suggested in literature [7-9] to
achieve different desirable characteristics of DAs or distributed
oscillators (DOs). Commonly used gain cell are n-MOSFET [2.,4],
and n-MOSFETSs cascode [5,6,10]. We have also proposed n—p
MOSFET gain cell earlier in Ref. 8 i.e. n-MOSFET common
source (CS) with p-MOSFET passive load. Xin Guan and Cam
Nguyen [7] also suggested the possibility of using CMOS inver-
ters as gain cells and we have also used this in Ref. 9.

Figure 1 shows the three gain cells other than a simple CS
NMOSFET. Figure 1(a) shows the cascode cell, Figure 1(b)
shows a CS NMOSFET with a PMOS load and Figure 1(c)
shows the CMOS inverter used as a gain cell.

2. DESIGN OF GAIN CELLS

Performance of DAs and DOs is decided largely by the gain
cells they use. It is of interest to study the suitability of these
gain cells for different types of applications. While data are
available for these in published literature, it is difficult to do a
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