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Figure 5 Calculated, simulated, and measured reflection signals for e, =
3.0 and excitation of a rectangular pulse

3. CALCULATION, SIMULATION, AND EXPERIMENT

For verification of the analysis procedure and results, several
probes are simulated in time domain using the time domain EM
simulator, the CST Microwave Studio [5]. A prototype, a = 0.63
mm, b = 15 mm, and L = 75 mm is fabricated. In Figure 3, a
photograph of the fabricated probe is displayed. It can be shown
that the metal top has a hole to fit the inner metal core.

For measurement, a TDR meter, LeCroy SDA 100G using a
rectangular step pulse is used. As a test material, dry sand of
diameter less than 0.5 mm is used. For preparing test sand of
different dielectric constant, moisture content of the sand is ad-
justed for the desired dielectric constant, and for a relation between
moisture content and bulk dielectric constant, the following result
in [3] is used.

6,= —53X10724292X 10 %, — 5.5 X 10 *(¢,)?
+43X107°% () (6)

where 0, is moisture content.

In Figure 4, the calculated reflection waveforms for exciting a
Gaussian pulse of 50 ps rising time are displayed for three different
dielectric constants (g, = 1, 3, 5). For the calculation, propagation
modes of TEM and TM,,, are considered. As is shown, the first
reflections of three materials which occur at the discontinuity (z =
0) between SMA connector and probe are observed at P, = 0.2 ns
(nanosecond, 10~ s). The points of the second reflections are
dependent on the dielectric constants. For the case of &, = 3.0, the
point of the second reflection P, is 1.07 ns. Thus, using (5) yields
bulk dielectric constant of &, = 3.0. It should be noted that the
other reflected signals have negative polarity because the points of
P,, P,, and P5 occur at the metal top. The point of P, occurs at
z = 0 by reflection of the signal which is reflected at the metal top
for e, = 1.0. It can be also seen that ripples in the reflection
waveforms due to the higher mode of TM,,, are observed for each
dielectric constant.

Figure 5 shows calculation, simulation, and measurement of the
probe for e, = 3.0 and excitation of a step pulse. The input step
pulse has 50 ps rising time and amplitude “1.” Using (5), measured
dielectric constant of 3.02 and calculated dielectric constant of
2.96 are obtained, respectively. As is shown, the calculated result
agrees well with the simulation and measurement in terms of
dielectric constant while the amplitude of reflected signal is
slightly different from the measurement. Ripples in the reflected
step pulses are also observed due to propagation of higher modes
and the ripples make the reflection point of each waveform less

1640 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 51, No. 7, July 2009

clear than that in Figure 4. Thus, it is necessary to reduce higher
modes propagating in the probe for better time resolution of the
probe in TDR applications using excitation of a step pulse. In
addition, it should be noted that calculation, simulation, and mea-
surement are converging on amplitude “—1.” The reason is that the
input signal is reflected at the metal top and the metal plate at z =
0 as explained in Figure 4.

4. CONCLUSION

A short-ended cylinder probe is analyzed in time domain for TDR
applications to bulk dielectric constant measurement of porous
media. From calculation and measurement, time domain analysis
results agree well with measurement. It is also found that the probe
may have better time resolution by stopping propagation of higher
modes in the probe and then reducing ripples by the higher modes.
It is expected that due to much simpler configuration of the
proposed probe, it can be easily made and widely used for practical
TDR applications. In addition, the proposed probe and analysis
method can be applied to design a short-ended probe for different
TDR applications such as a liquid level sensor.
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Figure 1 Geometry of the double-T printed monopole antenna

1. INTRODUCTION

An antenna is a transducer designed to transmit or receive elec-
tromagnetic waves. It converts electromagnetic waves into electric
current and vice versa [1]. Antenna is a very important part of any
wireless systems. It is the device from which any signal is radiated
into free space. Most antennas usually work in single frequency
band. Antennas, which can work properly in more than one fre-
quency regions, are termed as Multiband antennas [2, 3].

Triband antennas as the name suggests could properly function
in three frequency bands. The frequency regions, where antennas
works as an effective radiator of electromagnetic waves are the
frequency regions, where the antenna reflection coefficient, S, is
below —10 dB. Multiband antennas are generally much more
complex than the single band antennas in their design, structures,
and operations. In this article, we will investigate printed double-T
monopole antenna whose geometry is depicted in Figure 1 which
are very simple in design and fabrication but has excellent perfor-
mance for triband applications.

2. PRINTED DOUBLE-T MONOPOLE ANTENNAS:
EXPERIMENTAL AND SIMULATION RESULTS

The length of the resonator I is 4, — w,/2 + w5/2 + ,, resonator
Il is h,, and resonator Il is 7, — w,/2 + w5/2 + [, (refer to Fig.
1). All the resonators were resonating approximately at

N
(e, + 1)/2
I (M

where [ is the length of each resonator. The dimensions of the
printed monopole antenna using FR4 substrate (¢, = 4.4, thick-
ness = 1.6 mm) were chosen as W = 75 mm, L = 50 mm, w, =
w, = 3.2 mm, w, = wy; = 3.5 mm, h, = 14.5 mm, h, = 5 mm,
[, =1, =53mm,/; =1, =7.3 mm. The calculated values for the
three resonances are 2.96 GHz, 4.23 GHz, and 5.01 GHz, respec-
tively, which is quite close to the experimentally obtained reso-
nance frequencies (refer to Fig. 2). Note that this formula has been
verified for various dimensions and substrate parameters of the
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printed double-T monopole antenna using IE3D simulation [4]
results which has not be reproduced here for the sake of brevity. So
this formula can be used for designing printed double-T monopole
antenna for triband applications. Author has not come across any
close form formula for calculating resonance of such antennas in
the literature. Note that /[, = [, and /; = I, thereby there is one
additional resonance for resonator I and resonator III from the left
branch of the antenna, and this enhances the resonance and band-
width (BW) at the same frequency of operation we have calculated
and measured experimentally.

The §,, versus frequency for the fabricated printed monopole
antenna is obtained using Network Analyzer (see Fig. 2). Note that
this printed monopole antenna can work well for triband applica-
tions, viz. 2.95 GHz (S,,: —24.5 dB, BW: 0.52 GHz), 4.18GHz
(8;;: —35.2 dB, BW: 0.68 GHz), 5.05 GHz (S,,: —15.3 dB, BW:
0.26 GHz). The other antenna parameters were quite similar to
other printed monopole antennas reported in [5—8] for various
applications such as wireless local area network, ultra wideband,
etc will not be discussed in detail. Readers could always refer to
the above mentioned papers for similar other antenna parameters.

It has been observed that the E-Plane radiation pattern from the
IE3D simulation is like a doughnut or “8” shaped at 2.95 GHz as
depicted in Figure 3(a) and similar patterns were observed at 4.18
GHz and 5.05 GHz frequency bands which will not be reproduced
here. Because of the unavailability of the antenna pattern measure-
ment facilities as of now, we have used the IE3D simulation
software to generate the antenna radiation patterns. We believe that
the Method of Moments (MoM) based IE3D software gives radi-
ation pattern of antennas fairly accurate [4].

The antenna radiation patterns at the two higher frequencies
were slightly tilted (main beam direction was, respectively, at 0°,
5°, and 10° for radiation pattern at 2.95 GHz, 4.18 GHz, and 5.05
GHz). It is observed that the H-plane radiation patterns are con-
stant for all angles and looks like a circle giving omni directional
radiation pattern of the antenna at 2.95 GHz as shown in Figure
3(b) and also at 4.18 GHz, but little distortion is observed at 5.05
GHz.

The cross-polarization at the higher frequency was observed to
be higher than at the antenna lower operating frequency (The
maximum cross-polarization at 2.95 GHz was less than —20 dB
whereas at 5.05 GHz, it was less than —10 dB). With proper
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Figure 2 S, vs. frequency of fabricated printed double-T monopole
antenna. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]
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Figure 3 (a) E-plane and (b) H-plane radiation patterns at 2.95 GHz.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

impedance matching, the antenna radiating power and radiation
intensity were found to be quite good. The efficiency of the
antenna was found to be above 80%.

3. CONCLUSION

Today’s world is the world of wireless communications. All com-
munications are becoming wireless. Antenna is the device which
sends out signals into free space for wireless communications. By
application of reciprocity theorem, the same antenna could be used
either as receiving or transmitting antennas. In general, most of the
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antennas work in single frequency band. But for multiband anten-
nas, a single can work properly for multiple frequency bands. For
that matter, Triband antennas can radiate and receive electromag-
netic energy in three frequency bands. In this article, we have
investigated printed double-T monopole antennas with the etched
ground plane for triband wireless applications. The main contri-
bution of this article is that we have come up with a close form
formula for calculating the antenna resonance frequencies in all the
three frequency bands which is verified experimentally as well as
using IE3D simulation results. Using this close form formula,
antenna engineers could design the frequency band of interest
directly simplifying their design process to a great extent. Such
printed antennas are compact and has simple fabrication process,
low-cost, and indeed a very versatile candidate for multiband
applications.
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ABSTRACT: In nonresonant broadband measurements, thin samples
do not fill the entire sample holder (a waveguide or coaxial-line sec-
tion). In this circumstance, the measured scattering parameters have to
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