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Design of a Highly Efficient Broadband Class-E Power
Amplifier with a Low Q Series Resonance
Dang-Duy Ninh ∙ Ha-Van Nam ∙ Hyoungjun Kim ∙ Chulhun Seo*

Abstract
This work presents a method used for designing a broadband class-E power amplifier that combines the two techniques of a nonlinear
shunt capacitance and a low quality factor of a series resonator. The nonlinear shunt capacitance theory accurately extracts the value of
class-E components. In addition, the quality factor of the series resonator was considered to obtain a wide bandwidth for the power
amplifiers. The purpose of using this method was to produce a simple topology and a high efficiency, which are two outstanding features
of a class-E power amplifier. The experimental results show that a design was created using from a 130 to 180 MHz frequency with a
bandwidth of 32% and a peak measured power added efficiency of 84.8%. This prototype uses an MRF282SR1 MOSFET transistor at a
3-W output power level. Furthermore, a summary of the experimental results compared with other high-efficiency articles is provided to
validate the advantages of this method.
Key Words: Broadband, Class-E Amplifier, High PAE, Nonlinear Capacitance.

I. INTRODUCTION
Power added efficiency (PAE) was used to validate the performance of the power amplifiers that are required to reduce
power consumption with the purpose of maximizing the battery
life and increasing the system performance. The switch-mode
amplifier structure has been proposed to obtain a high efficiency;
however, each class (class-D, -E, -F, and inverse class-F) of
switch-mode power amplifiers (PA) has different advantages
and disadvantages, which should be carefully considered. The
class-D PAs are popular switch-mode PA for audio and RF
frequencies; however, this class exhibits a poor efficiency at high
frequencies because the parasitic reactance of the device leads to
substantial energy loss. The class-F and inverse class-F PAs
utilize a method that controls the harmonic components when
the device operates in a saturation region to reduce overlapping

between current and voltage waveforms, but the number of
harmonics should be controlled to improve the efficiency. As a
result, the harmonic that controls a circuit becomes complex
and large. The switch-mode class-E PAs with a shunt capacitor
produced by Sokal and Sokal [1] have an efficiency that
theoretically reaches up to 100%. The operation of the linear
shunt capacitance MOSFET class-E PA is completely different
in a theory than it is in practical use. Because the parasitic drainto-source capacitance of the switching device, which significantly contributes to the overall shunt capacitance in the operation, is nonlinear, it is necessary to take into account the
nonlinear characteristics of this capacitance. The analysis and
design of a class-E PA with both a linear and nonlinear shunt
capacitance, which was proposed by Suetsugu and Kazimierczuk [2], included figures and tables that contained the results
of the numerical analysis of a design equation. These results
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were used to determine the values of the nonlinear shunt capacitance, the linear shunt capacitance, the series reactance of
the resonant circuit, and the switch peak voltage; however, in
some cases, it is impossible or inaccurate to calculate these
parameters on the basis of the table and figures. The numerical
analysis of the design equation determined by a program constructed in MATLAB is more exact than the value provided by
the table and figures. For this work, the class-E power amplifier
circuit was analyzed and designed by relying on the composition
of the nonlinear and linear shunt capacitances to satisfy the
zero-voltage switching (ZVS) and the zero-voltage-derivative
switching (ZVDS) conditions, which ensure zero switching loss
and low noise and improve component tolerances [3–5].
The role of a loaded quality factor of a series resonator module in class-E performance was also considered. A high value
for the figure of merit is suitable for narrow bandwidth applications in which the harmonic content of the output is
important. In contrast, low quality factor circuits are appropriate
for applications in which the harmonic suppression of the
output is not important. Typical applications include highefficiency DC/DC converters; a radio-frequency energy supplies
for heating, for the generation of plasmas, arcs, or sparks, and
for communication jamming; or input drivers of a higher power
stage [6]. In designing the class-E, the high quality factor of a
resonant network has a limited frequency response. In some
studies [7–9], the series LC resonator has been substituted by
low pass or band pass matching networks to solve this limitation.
Furthermore, the loaded quality factor of the resonant circuit
has been reduced sufficiently to extend bandwidth operations
and to reduce the sensitivity of amplifier performance to the
values of resonator circuit elements [10]. A trade-off between
bandwidth and the harmonic content of the output depending
on the value of the quality factor is presented in this paper.

Fig. 1. Class-E power amplifier circuit.

drain-to-source capacitance
, and an external linear capacitance . The total shunt capacitance of the class-E power
amplifier circuit is described by the following equation:
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v
1 S
Vbi

 Ce

(1)
where
is the shunt capacitance at the drain-to-source voltage
0 , and
is the built-in potential of the MOSFET body diode.
The switch voltage is supposed to satisfy the ZVS condition
at the turn-on time. Since the dc component of the voltage
dropping across the choke inductor
is zero, the average
value of the switch voltage is equal to the dc supply voltage
,
which is expressed as follows:
VDS 

1
2



2

0

vS ( )d

(2)

where vS is the drain-to-source voltage when the switch is off,
i.e. 0
, and it can be extracted from the integration of the drain current equation:
vS

(

II. CURCUIT ANALYSIS AND PARAMETERS
Suetsugu and Kazimierczuk [2] presented a set of design
equations for the class-E amplifier composed of both a nonlinear capacitance and a linear capacitance, which can be applied
to real design; however, the results provided by the figures and
tables in his paper are only considered in some discrete specifications. Therefore, instead of relying on his research results,
the MATLAB program was built to solve design equations at
our specifications. Furthermore, this study also illustrates the
relationship between the frequency and the shunt capacitance in
detail.
A circuit of the class-E amplifier is illustrated in Fig. 1, which
shows a DC-supply voltage
, a DC-feed inductor
,a
MOSFET transistor as a switching device, a series resonant
filter RLC, a shunt capacitance consisting of a MOSFET

C j0

Cshunt  Cds  Ce 

0



C jo
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By partly expanding Eq. (2):
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Fig. 3. Completed class-E power amplifier circuit.

MOSFETs, and
is a special value of supply voltage used
to measure the value of
and
. The component values
of the class-E circuit in Fig. 1 can be obtained using the
following equations:
Fig. 2.

versus

with given parameters of

and

R

.

ϕ is the phase difference between a sinusoidal input current
and a sinusoidal load current.
Because Eq. (4) does not have an analysis solution, a nonlinear function of the optimization toolbox of MATLAB was
used to solve this equation. The key function of the MATLAB
program used to solve a system of nonlinear equations is “fsolve”,
for which the inputs are a nonlinear function
and
a starting point
. It will attempt to solve the equation
= 0 from the starting point
. Its output is the
solution of the nonlinear equation
= 0. In this work,
the nonlinear equation used was Eq. (4) with a variable . The
inputs of Eq. (4) are parameters including the supply voltage
, the output power , and the parameters
and
of
MOSFET which are defined by particular specifications. By
sweeping the value of the operating frequency , the results of
the MATLAB program will show the relationship between the
and the operating frequency . The
external capacitance
solution is plotted in Fig. 2, which depicts the dependence of
on the operating frequency
given the supply voltage VDS of 8
V and the output power
of 3 W. Particularly, when the
frequency increases, the ratio will increase corresponding to a
reduction of the external capacitance. At the maximum
frequency, the ratio will be infinite, and the shunt capacitance
is solely composed of the nonlinear parasitic capacitance. Based
on Fig. 2, the ratio at the specific frequency of 155 MHz can
easily be determined. Then, the external capacitance
can be
, as shown
obtained by calculating the junction capacitance
by the following equation:
C j 0  (Coss  Crss ) 1 

2
8VDS
( 2  4) Po

(8)

X  R tan(  0.567)
L

C

RQ

(10)



1
 ( RQ  X )

LRFC  2(

2
4

(9)

 1)

R
f0

(11)
(12)

where Q is the loaded quality factor.
Based on the analysis results, the schematic of the completed
class-E PA circuit is modeled in Fig. 3. In this circuit, the output
and _
matching network is constructed by _
to shape the output voltage and current for minimum power loss;
and _
constitute the input matching network
_
that only has a slight effect on the overall circuit performance.
The voltage current simulation waveforms depicted in Fig. 4
under the optimum operation slightly overlap, which results in a
minimized power dissipation on the transistor. The voltage
across the switching device is presumed to satisfy the ZVS and
ZVDS conditions.
In the design of a broadband class-E PA with a shunt capa-

Vspec
Vbi

(7)

where
and
are the output capacitance and the
reverse transfer capacitance of the transistor, respectively, which
are often provided in the catalogs by the manufacturers of power

Fig. 4. Drain current and voltage simulation waveforms of class-E power amplifier circuit.
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citance, the value of the optimal shunt capacitance changes at
different frequencies, whereas the external capacitance is constant. Thus, an optimal state is impossible to obtain at every
frequency. In this work, the value of the external capacitor was
selected to approximately satisfy the switching conditions for
the whole band.
III. BROADBAND CLASS-E PAS WITH A
LOW Q RESONANCE
Some studies have investigated the role of quality factor Q in
a resonant circuit and filter networks [11], in a gigahertz operation of a CMOS class-E power amplifier [12], and in a
common design of an output network power amplifier [13]. In
this research, the role of the loaded quality factor has been
investigated and validated for the MOSFET class-E with a
nonlinear shunt capacitance. This work focused on the relationship between the bandwidth and the quality factor as well as
the trade-off between the bandwidth and the harmonic suppression of a series RLC resonant circuit. In a series resonant
circuit, the bandwidth measured between 70.7% amplitude
points of a series resonant circuit in terms of a loaded quality
factor, and the resonant frequency
is described by:
BW 

fc
.
Q

.

(13)

A high quality factor resonant circuit has a narrow bandwidth,
which is different from a low quality factor. This relationship is
expressed in detail in Fig. 5.
The nonlinear shunt capacitance class-E shown in the previous section was optimized for the narrow band design, as the
loaded quality factor of the output resonant circuit is high
enough that the output current would be considered a sine wave;
however, because the loaded quality factor has finite and sufficiently small values with the assumption of harmonic distortion in the output signal, the efficiency increases by several
percentage points [12]. As a result, the range of the value of the
loaded quality factor is from 5 to 10 to obtain a high efficiency
and a linearity at a single frequency [10].
For this work, the operating bandwidth of the MOSFET
class-E power amplifier was attempted to be extended by
decreasing the value of the loaded quality factor to below the
conventional values. In Fig. 6, the simulated output power sweep,
containing fundamental, second, and third harmonics, is plotted
as a function of the loaded quality factor. This result is based on
the conditions of an operating frequency of 155 MHz, a supply
voltage of 8 V, a MRF282SR1 MOSFET, an expected output
power of 3 W (34.7 dBm), and without matching components.
At different values of the low loaded quality factor, the components of the class-E power amplifier were approximately ex146

Fig. 5. The bandwidth as a function of Q for selected

Fig. 6. The output as a function of Q.

tracted from Eqs. (8)–(11). As a result, the fundamental output
power cannot be achieved as expected at a low Q due to the
high harmonics. In addition, the compromise between the bandwidth and the harmonic suppression depends on the specific
application.
The topology of the class-E power amplifier for a wide
bandwidth is similar to that of a single frequency as shown in
Fig. 3; however, a wider bandwidth should be considered for
quality factor of the input and output matching networks. A
matching high-Q termination leads to narrow bandwidths.
IV. CIRCUIT DESIGN AND MEASUREMENT
The proposed class-E power amplifier circuit was designed
using a MRF282SR1 MOSFET transistor. The specifications
of this design contain the output power of 3 W or 34.7 dBm
and a bandwidth of 130 MHz to 180 MHz, which can be
applied for Public and Homelands Security Applications [18].

NINH et al.: DESIGN OF A HIGHLY EFFICIENT BROADBAND CLASS-E POWER AMPLIFIER WITH A LOW Q SERIES RESONANCE

Fig. 7. Photograph of fabricated class-E power amplifier circuit.

Using Eq. (13), the value of the loaded quality factor is equal to
3.2. Based on the analysis in Section II, the calculations, simulations, and measurements of the component values were
obtained and are shown in Table 1. The optimized values for
accumulating the highest efficiency in the measurements caused
the slight difference from the calculated component values. Fig.
7 presents a photograph of the prototype. The output power was
measured using an Agilent 8565EC spectrum analyzer, which
has a maximum measurement output of 30 dBm. An attenuator
of -39.5 dB was added to the end of the circuit. The peak
output power and PAE were achieved at 34.3 dBm and 84.8%,
respectively, over a bandwidth from 130 MHz to 180 MHz.
The drain and gate voltages were set to 8 V and 3.2 V, respectively. The power attenuation of the measured results occurred due to the relatively high harmonic output signal caused by
the low loaded quality factor Q of the series resonant circuit.
The measured value of Q is also verified by the following
formula:
Q

2 f 0 L
R

(14)

where
is approximately extracted by Eq. (8) with a measured
output power . The calculated, simulated, and measured
values of Q are shown in Table 1. The output power and PAE
Table 1. Component values of class-E circuit in calculation theory,
simulation and measurement
Component
(pF)
(pF)
(nH)
(nH)

Calculation

Simulation

Measurement

1.3
46
38

1.3
46
38

1.5
51
39

450

450

450

_

(nH)

-

15

9

_

(pF)

-

24

33

_

(nH)

-

54

39

_

(pF)

-

3.4

3.4

3.2

3.4

3.3

Fig. 8. Output power and PAE as a function of frequency at
22 dBm.

=

Fig. 9. Output power and PAE as a function of input power at
155 MHz.

=

versus the frequency and input power
are plotted in Fig. 8
and Fig. 9, respectively. The simulated results were obtained
using the results in the previous sections without any optimization; however, during implementation, the design was
optimized to achieve the best performance. Therefore, the
measured results are better than the simulated results. The
experimental results compared with other articles are summarized in Table 2.
V. CONCLUSION
This paper has presented a practical broadband class-E PA
circuit which was designed using the combination of a nonlinear
shunt capacitance and a low quality factor of series resonator.
This method showed a high performance in designing broadband PAs for application at the VHF band. The validated
design was developed using 130–180 MHz with a peak PAE of
84.8% and a peak output power of 34.3 dBm. Two outstanding
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Table 2. Comparative results
Frequency

BW

Pout

Efficiency

PAE

(MHz)

(MHz)

(dBm)

(%)

(%)

1987

130–180

50

37.8

60.0

-

MOSFET

[15]

2001

100–200

100

41.5

70.0

-

MOSFET

[16]

2008

136–174

38

39.0

74.0

-

MOSFET

[17]

2008

135–175

40

38.1

70.0

-

MOSFET

[18]

2010

140–170

30

33.9

-

72.5

GaN HEMT

[19]

2010

134–174

40

37.4

71.0

-

MOSFET

130–180

50

34.3

90.5

84.8

MOSFET

Ref.

Year

[14]

This work

Transistor

GaN HEMT=gallium-nitride high electron mobility transistor.

advantages of the class-E PA with a shunt capacitance, which
are a high efficiency and a simple topology, have been illustrated
in this work.
This work was supported by the Basic Research Laboratory
(BRL) through an NRF grant funded by the MSIP (No.
2015056354).
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Abstract
This paper reports on a study of LiNiZn-ferrite composite as a radiation absorbent material (RAM). The electromagnetic (EM) wave
absorbers are composed of an EM wave absorbing material and a polymeric binder. The surface morphology, chemical composition,
weight percent of the ferrite composite of the toroid sample, magnetic properties, and return loss are investigated using field emission
scanning electron microscopy (FE-SEM), energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS),
thermogravimetric analysis (TGA), vibrating sample magnetometer (VSM), and network analyzer. For preparing the absorbing sheet,
chlorinated polyethylene (CPE) is used as a polymeric binder. The EM wave absorption properties of the prepared samples were studied
at 4 - 8 GHz. We can confirm the effects of the thickness of the samples for absorption properties. An absorption bandwidth of more
than a 10-dB return loss shifts toward a lower frequency range along with an increase in the thickness of the absorber.
Key Words: Electromagnetic Wave Absorber, Ferrite Composite, LiNiZn-Ferrite, Return Loss.

I. INTRODUCTION
In recent years, the problems of electromagnetic interference
(EMI) and electromagnetic susceptibility (EMS) have become
more serious due to the wide application of electromagnetic
(EM) wave in the GHz range for mobile phones, local area
networks, radar systems, and so on. The problems are a malfunction of precise electronic equipment and leak of secret
information occurred by a leakage of EM wave. For example,
radar systems create false images in the radar because of false
echoes. The false echoes are caused by reflection of radar beam
from ship’s structures such as a mast. When such reflection
occurs, the false echoes will return from a legitimate radar contact to antenna by indirect paths. Consequently, the false echoes

will make false images appear on the display. Because false
echoes cause navigating hazards, EM wave absorbers should be
used to cover ship’s structures such as a mast [1–5]. At present,
EM wave absorbers fabricated in the form of sheets by mixing
polymer with absorbent powder have become the focus of
current studies, because of their practical and simple preparation
method. To our knowledge, ferrites might be a candidate as an
EM wave absorbing material because of their high specific
resistance, remarkable flexibility in tailoring magnetic properties,
and ease of preparation. In past decades, spinel ferrites were
utilized as the most common absorbing materials in various
forms. Among the EM wave absorbing materials, ferrite was
most studied in experiments and applied in both military and
civil fields because of its large saturation magnetization, anti-
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oxidation, and corrosion resistance [6–9]. In previous studies,
among the spinel ferrites, LiZn-ferrite and NiZn-ferrite have
been used in EM wave absorber materials in VHF and UHF
bands [10–15]. In this study, as an absorbent material, ferrite
composite was composed of lithium, nickel, and zinc. The EM
wave absorption properties of the prepared samples were studied
at 4–8 GHz and were determined at different frequencies and
sample thicknesses.
II. PREPARATION OF FERRITE COMPOSITE SAMPLE
The ferrite composite was synthesized by ceramic route. The
raw materials were lithium carbonate (Li2CO3; Samchun Chemical, Seoul, Korea), nickel(II) oxide (NiO; Samchun), zinc
oxide (ZnO; Samchun), and iron(III) oxide (Fe2O3; Samchun).
The starting powders of Li2CO3, NiO, ZnO, and Fe2O3 were
mixed together. Their cationic molar ratios were adjusted to the
stoichiometric compositions: Li0.375Ni0.375Zn0.25-ferrite. The mixture was calcinated and sintered in a furnace [10–12, 16].
We prepared chlorinated polyethylene (CPE) as a polymeric
binder. The two-roll mill was used to mix the ferrite composite
with CPE. The weight percent ratio of ferrite composite to
polymeric binder was 75:25. The thicknesses of the samples
were 1, 2, 4, 6, and 8 mm. For the investigation of the EM wave
absorption properties, the prepared composite absorbers were
cut into a cylindrical toroid shape with an outer diameter of 20
mm and an inner diameter of 9 mm. Fig. 1 shows the structure
of the proposed EM wave absorber [7–9].
A field emission scanning electron microscopy (FE-SEM;
JSM-6500F, JEOL Ltd., Tokyo, Japan) was equipped with an
energy dispersive X-ray spectroscopy (EDX). FE-SEM was
used to analyze the surface morphology, while an EDX analysis
was performed to analyze elemental constituents on the surface
of sample [17, 18]. X-ray photoelectron spectroscopy (XPS; KAlpha, Thermo Scientific, Waltham, MA, USA) was used to

analyze the elemental constituents on the surface of the sample
through the detection of electron binding energy. After the tworoll mill was used to mix the ferrite composite with CPE, the
weight percent ratio of ferrite composite to CPE at the sample
was compared with the experimental design using a thermogravimetric analysis (TGA; STA409C, Netzsch, Selb, Germany).
TGA was performed at a heating rate of 10°C/min in nitrogen
[19]. The magnetic properties were evaluated on a vibrating
sample magnetometer (VSM; Lake Shore Cryotronics Inc.,
Westerville, OH, USA) and the magnetic field reached up to 10
kOe.VSM was used to determine the hysteresis curve of the
ferrite composite at room temperature [17, 20, 21]. To prepare
the measurement of the return loss, the toroid samples were
inserted into the coaxial sample holder. The variations in the
return loss versus frequency in the range of 10 MHz to 12 GHz
were investigated using a network analyzer(Agilent E8363B;
Agilent Technologies, Santa Clara, CA, USA) [22–24].
III. RESULTS AND DISCUSSIONS
Fig. 2(a) and (b) show the SEM images of Fe2O3 particles
without heat treatment. Fig. 3(a) and (b) show the SEM images
of LiNiZn-ferrite particles with heat treatment. Figs. 2(b) and
3(b) are the magnified views of SEM images. In Fig. 2(b), the
appearances of particles are irregular fragment shapes and the
surfaces of the particles are rough. In Fig. 3(b), the appearances
of particles are spherical in shape and the surfaces of particles
are smooth when Fig. 3(b) is compared with Fig. 2(b). It is
determined that the lithium oxide, nickel oxide, zinc oxide, and
iron oxide particles were mixed and agglomerated to make
LiNiZn-ferrite particles [24].
The SEM image and EDX spectrum of LiNiZn-ferrite particles are presented in Fig. 4(a) and (b). On the surface of the
particle, the elemental concentrations determined by EDX are
displayed in Table 1. The weight percents of nickel and zinc are
5.22% and 13.06%, respectively. It is determined that the weight
percents of elements are derived from oxide compounds and
heat treatment. It is clear that LiNiZn-ferrite particles consist of
iron, nickel, and zinc elements.
Table 1. Elemental concentrations determined by EDX on the surface
of LiNiZn-ferrite particle

Fig. 1. Structure of proposed EM wave absorber.

Element

Weight %

Atomic %

OK
FeK
NiK

45.51
36.21
5.22

75.22
17.15
2.35

ZnL

13.06

5.28
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(a)

(a)

(b)

(b)

Fig. 2. SEM images of Fe2O3 particles: (a) ×200, (b) ×1,000.

Fig. 3. SEM images of LiNiZn-ferrite particles: (a) ×200, (b) ×1,000.

However, lithium could not be detected by EDX, as the
electrons of lithium are located at a low energy level. The
dispersions of elements are presented in Fig. 5(a)–(e) [17, 18].
XPS is a surface-sensitive quantitative spectroscopic technique that measures the elemental composition at the parts per
thousand ranges, the empirical formula, the chemical state, and
the electronic state of the elements that exist within a material.
A typical XPS spectrum is a plot of the number of electrons
detected (sometimes per unit time; Y-axis, ordinate) versus the
binding energy of the electrons detected (X-axis, abscissa). Each
element produces a characteristic set of XPS peaks at characteristic binding energy values that directly identify each element
that exists in or on the surface of the material being analyzed.
These characteristic spectral peaks correspond to the electron
configuration of the electrons within the atoms, e.g., 1s, 2s, 2p,
3s, etc.
XPS counts electrons ejected from a sample surface when
irradiated by X-rays. A spectrum representing the number of

electrons recorded at a sequence of energies includes both a
contribution from a background signal and resonance peaks
characteristic of the bound states of the electrons in the surface
atoms.
The resonance peaks above the background are the significant
features in an XPS spectrum. For the most part, XPS spectra are
quantified in terms of peak intensities and peak positions. The
peak intensities measure how much of a material is at the
surface, while the peak positions indicate the elemental and
chemical compositions. Other values, such as the full width at
half maximum (FWHM) are useful indicators of chemical state
changes and physical influences. That is, the broadening of a
peak may indicate: a change in the number of chemical bonds
contributing to a peak shape, a change in the sample condition
(X-ray damage), and differential charging of the surface (localized differences in the charge state of the surface). The XPS
spectrum of the elements on the surface of LiNiZn-ferrite is
shown in Fig. 6. On the surface of the sample, the peak posi-
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(a)

(a)

(b)

(b)
Fig. 4. SEM image (a) and EDX spectrum (b) of LiNiZn-ferrite
particles.

tions and the FWHM of the peaks determined by XPS are
displayed in Table 2. In Fig. 7(a), the Li 1s peak position of
lithium is approximately at 55.90 eV and the FWHM of the Li
1s peak is 3.49 eV. The Li 1s peak consists of Li2CO3 and
lithium carbide. In Fig. 7(b), the C 1s peak position of carbon is
approximately at 284.55 eV and the FWHM of the C 1s peak
is 2.04 eV. The C 1s peak consists of O–C = O, carbonate, C–
O–C, C–C, and carbide. In Fig. 7(c), the O 1s peak position of
oxygen is approximately at 529.97 eV and the FWHM of the O
1s peak is 3.99 eV. The O 1s peak consists of C–O–C, O–C =
O, metal CO3, and metal oxide. In Fig. 7(d), the Fe 2p peak
position of iron is approximately at 710.77 eV and the FWHM

(c)

(d)

Table 2. Peak positions and FWHM of peaks determined by XPS on
the surface of LiNiZn-ferrite particle
Element

Peak BE

FWHM eV

Li 1s
Zn 2p
O 1s
Ni 2p
Fe 2p
C 1s

55.90
1,020.29
529.97
854.24
710.77
284.55

3.49
3.33
3.99
3.40
5.00
2.04

(e)
Fig. 5. SEM-EDX images of dispersed elements in LiNiZn-ferrite
particle: (a) SEM image, (b) O, (c) Fe, (d) Ni, (e) Zn.
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Fig. 6. XPS spectrum of elements on the surface of LiNiZn-ferrite.

(a)

of the Fe 2p peak is 5.00 eV. The Fe 2p peak consists of Fe2O3.
In Fig. 7(e), the Ni 2p peak position of nickel is approximately at 854.24 eV and the FWHM of the Ni 2p peak is
3.40 eV. The Ni 2p peak consists of NiO. In Fig. 7(f), the Zn
2p peak position of zinc is approximately at 1,020.29 eV and the
FWHM of the Zn 2p peak is 3.33 eV. The Zn 2p peak consists
of ZnO. It is determined that the XPS spectrums of elements
are derived from oxide compounds and heat treatment. It is
clear that LiNiZn-ferrite particles consist of lithium, iron, nickel,
and zinc elements. When an EDX analysis was performed to
analyze the elemental constituents on the surface of the sample,
lithium could not be detected. However, it was possible to con-

(b)

(c)

(d)

(e)

(f)

Fig. 7. XPS spectrums of Li 1s (a), C 1s (b), O 1s (c), Fe 2p (d), Ni 2p (e), and Zn 2p (f) on the surface of LiNiZn-ferrite.
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Fig. 8. TGA curve of LiNiZn-ferrite-CPE composite.

Fig. 9. Hysteresis curve of LiNiZn-ferrite.

firm lithium on the surface of the sample by detecting electron
binding energy at XPS [25, 26].
As a piece of the toroid sample was heated, the variations in
the weight percent of the sample were measured using TGA
equipment. The TGA curve of the LiNiZn-ferrite-CPE composite is shown in Fig. 8. The weight loss percent versus temperature is up to 9% in the range of 200℃ to 420℃. The
weight percent at the residue of the sample is up to 91%.
The corresponding part of the TGA curve shows a steep
increase in the weight loss percent of up to 15% in the range of

420℃ to 500℃. The weight percent at the residue of the sample is up to 76%. The CPE is evaporated by heating up to 500
℃. After 500℃, there is not significant weight loss. In Fig. 8,
the weight percent ratio of LiNiZn-ferrite in the LiNiZnferrite-CPE composite can be expected to be approximately 76
% [19].
The application of a sufficiently large magnetic field causes
the spins within a sample to align with the field. The maximum
value of the magnetization achieved in this state is called the
saturation magnetization (Ms). The Ms is 63.7 emu/g. As the
magnitude of the magnetic field decreased, the spins cease to be
aligned with the field and the total magnetization decreases. In
ferromagnets, a residual magnetic moment remains at zero field.
The value of the magnetization at zero field is called the remanent magnetization (Mr). The Mr is approximately 0.422
emu/g. The ratio of remanent magnetization to saturation magnetization (Mr/Ms) is called the remanence ratio and it varies
from 0 to 1. Mr/Ms is approximately 0.007. The coercive field
(Hc) is the magnitude of the field that must be applied in the
negative direction to bring the magnetization of the sample
back to zero. The coercive field is approximately -0.006 kOe.
The magnetic properties of LiNiZn-ferrite were measured by
VSM. The magnetic field reached up to 10 kOe. The hysteresis
curve of LiNiZn-ferrite is shown in Fig. 9. The shape of the
hysteresis curve is special interest for a soft magnetic material as
an EM wave absorber, which requires a relatively large saturation magnetization and a relatively small coercivity [17, 20,
21].
The purpose of EM wave absorbers is a low reflection over a
wide range of frequency. For certain applications, the EM wave
absorbers should absorb incident plane waves over a wide
frequency range and should be as thin as possible. The variations
in the return loss versus frequency in the range of 10 MHz to 12
GHz were investigated by network analyzer. Fig. 10 and Table 3
show the obtained results in terms of the different limitative
conditions [6, 7]. The positive return loss indicates the reflected
power is small relative to the incident power. When the given
condition of the return loss is over 3 dB and the thickness of the
EM wave absorber is 2 mm, the absorption bandwidth is 5.11–
11.10 GHz. When the thickness of the EM wave absorber is 4

Table 3. Obtained results in terms of the different limitative conditions for EM wave absorbing properties
Thickness (mm)
1
2
4
6
8

Center frequency
(GHz)
7.86
7.80
7.68
5.17
3.55

Absorption bandwidth (GHz)
3 dB, 50%

5 dB, 68%

7 dB, 80%

10 dB, 90%

15 dB, 97%

20 dB, 99%

7.74–8.01
5.11–11.10
2.33–11.12
1.89–10.76
1.16–10.98

3.62–10.83
2.29–8.80
2.02–7.56

5.04–10.65
3.28–7.70
2.21–6.35

5.36–9.24
3.51–7.46
3.19–5.08

7.60–7.78
4.27–6.35
3.42–3.63

4.95–5.30
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Fig. 10. Return losses of EM wave absorbers composed of LiNiZnferrite.

mm and the given condition of the return loss is over 3 dB, the
absorption bandwidth is 2.33–11.12 GHz. In addition, when
the given condition of the return loss is over 10 dB, the absorption bandwidth is 5.36–9.24 GHz. At the center frequency
(7.68 GHz) of the EM wave absorber having a 4-mm thickness,
the return loss is 16.35 dB. When the thickness of the EM wave
absorber is 6 mm and the given condition of the return loss is
over 3 dB, the absorption bandwidth is 1.89–10.76 GHz. In
addition, when the given condition of the return loss is over 10
dB, the absorption bandwidth is 3.51–7.46 GHz. At the center
frequency (5.17 GHz) of the EM wave absorber having a 6-mm
thickness, the return loss is 28.58 dB. When the thickness of the
EM wave absorber is 8 mm and the given condition of the
return loss is over 3 dB, the absorption bandwidth is 1.16–10.98
GHz. In addition, when the given condition of the return loss is
over 10 dB, the absorption bandwidth is 3.19–5.08 GHz. At the
center frequency (3.55 GHz) of the EM wave absorber having
an 8-mm thickness, the return loss is 16.65 dB. From Table 3, it
can be found that the center frequency of the EM wave absorber shifts to a low frequency when the thickness of the EM
wave absorber increases. A greater than 10 dB return loss is
shown in the 4–8 mm thickness of the EM wave absorber, while
it is not shown in the 1–2 mm thickness of the EM wave
absorber. When the thickness of the EM wave absorber increases from 4 to 8 mm, the absorption bandwidth of a greater
than 10 dB return loss shifts to a low frequency. The 10 dB
return loss can be expressed as a 90% absorption ratio. As EM
wave absorbers prevent false images on the screen of the radar, it
is effective to apply EM wave absorbers having a greater than 10
dB return loss [27].
IV. CONCLUSION
In this study, we carried out experiments to demonstrate the
dependence of thickness on the return loss of LiNiZn-ferrite156

CPE composite. As an absorbent material, ferrite composite was
composed of lithium, nickel, and zinc. LiNiZn-ferrite was
prepared by the calcination and sintering method. We prepared
CPE as a polymeric binder to make toroid samples. In SEM
images of LiNiZn-ferrite particles, the appearances of particles
are spherical in shape and the surfaces of particles are smooth. It
is determined that the lithium oxide, nickel oxide, zinc oxide,
and iron oxide particles were mixed and agglomerated to make
LiNiZn-ferrite particles. EDX and XPS analyses were performed to analyze elemental constituents on the surface of the
sample. It is determined that the EDX and XPS spectra of the
elements are derived from oxide compounds and heat treatment.
It is clear that LiNiZn-ferrite particles consist of lithium, iron,
nickel, and zinc elements. As a piece of the toroid sample was
heated, the variations in the weight percent of the sample were
measured by TGA equipment. The weight percent ratio of
LiNiZn-ferrite in the LiNiZn-ferrite-CPE composite can be
expected to be approximately 76%. The hysteresis curve of the
sample was measured by VSM. The saturation magnetization is
63.7 emu/g. The shape of the hysteresis curve is special interest
for a soft magnetic material as an EM wave absorber, which
requires a relatively large saturation magnetization and a relatively small coercivity. The variations in return loss versus frequency in the range of 10 MHz to 12 GHz were investigated by
network analyzer. A greater than 10 dB return loss is shown in
the 4–8 mm thickness of the EM wave absorber, while it is not
shown in the 1–2 mm thickness of the EM wave absorber.
When the thickness of the EM wave absorber increases from 4
to 8 mm, the absorption bandwidth of a greater than 10 dB
return loss shifts to a low frequency. When the thickness of the
EM wave absorber is 6 mm and the given condition of the
return loss is greater than 10 dB, the absorption bandwidth is
3.51–7.46 GHz. At the center frequency (5.17 GHz) of the
EM wave absorber having a 6-mm thickness, the return loss is
28.58 dB. The 10 dB return loss can be expressed as a 90%
absorption ratio. As EM wave absorbers prevent false images on
the radar screen, it is effective to apply EM wave absorbers
having a greater than 10 dB return loss.
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Abstract
In this paper, a frequency tunable double band-stop resonator (BSR) with voltage control by varactor diodes is suggested. It makes use of
a half-wavelength shunt stub as its conventional basic structure, which is replaced by the distributed LC block. Taking advantage of the
nonlinear relationship between the frequency and electrical length of the distributed LC block, a dual-band device can be designed easily.
With two varactor diodes, the stop-band of the resonator can be easily tuned by controlling the electrical length of the resonator structure.
The measurement results show the tuning ranges of the two operating frequencies to be 1.82 GHz to 2.03 GHz and 2.81 GHz to 3.03
GHz, respectively. The entire size of the resonator is 10 mm × 11 mm, which is very compact.
Key Words: Band-Stop Resonator, Dual-Band, Half-Wavelength, Transmission Line, Varactor Diode.

I. INTRODUCTION
Many high-performance radio frequency (RF) and microwave circuits are required these days for electronic systems.
Attention has been given to low cost, miniaturized, multiband, and frequency tunable propriety. A microstrip structure
is cheap, easy to fabricate, and easy to be integrated into an
electronic system. For size reduction, some novel topologies
are applied [1, 2], and some metamaterial related composite
right/left-handed (CRLH) transmission lines are used [3–5].
Multi-band devices are playing an increasingly important role
in integrated circuits, as it can be realized for multi-functions
without increasing the physical size significantly [6, 7]. For
tunability, varactor diodes are used in many designs [8, 9].
In this paper, a compact frequency tunable dual-band bandstop resonator (BSR) is presented. The proposed resonator

takes use of a distributed LC block structure as a shunt part of
the circuit. The proposed resonator is compact and tunable,
and its entire size is 10 mm × 11 mm with tunable doubleresonant frequencies of 1.82 GHz to 2.03 GHz and 2.81 GHz
to 3.03 GHz.
This paper is divided into the following parts. In Section II,
the resonator design and the instruction are proposed; in
Section III, the simulation and measurement results are discussed; and the conclusion will follow in the last section.
II. RESONATOR DESIGN
The resonator designed in this paper is based on a kind of
shunted half-wavelength transmission line with a short stub,
as shown in Fig. 1. The resonance condition is reached when
its electrical length βl reaches nλg/2, where n is an arbitrary
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Fig. 3. Equivalent circuit of the proposed resonator.
200
150

Phase Delay [degree]

integer. The resonator will show a stop-band characteristic at
these frequencies. In this paper, the distributed LC block
structure is inserted into a half-wavelength transmission line
and it provides a tunable phase response with a compact size.
Fig. 2 shows the geometry of the proposed resonator, and
Fig. 3 shows the related equivalent circuit. The distributed
elements are added in Fig. 3 (LR and CR), because they will
produce an unavoidable affect in the phase characteristic. The
structure is designed on a Teflon substrate with a thickness of
0.54 mm and a dielectric constant of 2.54.
In this shunt structure, as shown in Figs. 2 and 3, two interdigital capacitors and varactor diodes with bias voltages act as
tunable capacitive components (CL1 and CL2 in Fig. 3) in the
shunt part. The inductors are realized using distributed components, and the RF choke inductor and bypass capacitor are
used to isolate the DC source from the RF signal. Lumped
elements are applied in the RF choke and bypass circuit for
good performance.
The capacitance of the capacitors CL1 and CL2 can be set
freely in this shunt circumstance to control the relationship
between the electrical length and the frequency. The component value of the transmission line will affect this relationship greatly; then, the electrical length in a specified fre-
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Fig. 4. Phase response of the shunt part circuit in the proposed resonator.

Fig. 1. Structure of the half-wavelength band-stop resonator.
Varactor Diode

DC1 in

DC2 in
By pass

Via

AC block

Fig. 2. Layout of the proposed resonator (units in mm).
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quency will be changed rapidly while changing the component
values. The circuit shows frequency rejection when the electrical length of the short-ended shunt stub reaches nλg/2. The
simulation of the phase response for the distributed LC block
part with a different DC voltage supplied is carried out through the combined simulation from AWR and ADS, and one of
the results is as shown in Fig. 4 for evaluation. The electrical
lengths in the frequency of 1.9 GHz and 2.9 GHz correspond
to 0 and λg/2, respectively. Furthermore, the tunable electrical
length of the shunt part can be realized by tuning the DC
voltages.
III. SIMULATION AND EXPERIMENT RESULTS
The simulations are carried out using ADS 2012 and AWR
simulation software. The simulation results are shown in Fig.
5. Fig. 5 shows the S21 parameters as a function of the voltage
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Fig. 5. Simulation results of the proposed resonator. (a) S21 parameter
as a function of DC1 with DC2 fixed to 4 V. (b) S21 parameter
as a function of DC2 with DC1 fixed to 1 V.

of DC1 and DC2 with the other DC supply fixed. The applied voltage range is from 1 V to 10 V, referring to the applied

diode. The result calls for the operating frequency of the
resonator to be tunable at two frequency bands: 1.72 GHz to
2.15 GHz and 2.76 GHz to 3.15 GHz, respectively, with an
insertion loss of around -20 dB. The limitation of the frequency range depends on the capacitance tuning range of the
varactor diodes.
A photograph of the proposed resonator is shown in Fig. 6.
The two lighter wires connect to two DC supplies and the
darker wire is to be connected to the ground. An Agilent
vector network analyzer (VNA) is used to measure the resonator. All measurement results are listed in Table 1. For comparison, some of the DC supply conditions are picked and
their S-parameters are drawn into two figures, which are
shown in Fig. 7. They indicate that the first tuning range
(operating frequency as a function of DC1 with DC2 = 1 V) is
1.82 GHz to 2.03 GHz, and the second tuning range (operating frequency as a function of DC2 with DC1 = 10 V) is
2.81 GHz to 3.03 GH z , where the tuning bandwidths are
10.91% and 7.53%, respectively. The DC supply condition we
chose here differs from that of the simulation condition,
however. The entire size of the proposed resonator is 10 mm

Table 1. Measured operating frequencies with the tuning of DC supplies
DC1

DC2
1 V

3 V

5 V

7 V

9 V

10 V

1 V
2 V

1.82, 2.81
1.87, 2.81

1.82, 2.90
1.87, 2.90

1.82, 2.98
1.87, 2.98

1.82, 3.05
1.88, 3.05

1.82, 3.06
1.88, 3.06

1.82, 3.07
1.88, 3.07

3 V

1.92, 2.81

1.92, 2.91

1.92, 2.98

1.92, 3.06

1.92, 3.07

1.92, 3.07

4 V

1.96, 2.82

1.96, 2.91

1.96, 2.99

1.92, 3.06

1.92, 3.07

1.96, 3.07

5 V

1.98, 2.82

1.99, 2.92

1.99, 2.99

1.98, 3.04

1.99, 3.07

1.99, 3.07

6 V

2.00, 2.82

2.00, 2.92

2.00, 2.99

2.00, 3.06

2.00, 3.07

2.00, 3.07

7 V

2.01, 2.82

2.01, 2.92

2.01, 3.00

2.01, 3.06

2.01, 3.08

2.01, 3.07

8 V

2.02, 2.82

2.01, 2.91

2.02, 3.00

2.02, 3.06

2.02, 3.08

2.02, 3.08

9 V

2.03, 2.82

2.03, 2.92

2.03, 3.00

2.03, 3.06

2.03, 3.08

2.03, 3.08

10 V

2.03, 2.82

2.03, 2.92

2.03, 3.00

2.03, 3.06

2.03, 3.08

2.03, 3.08

Values are presented as freq/GHz (f1, f2).
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Table 2. Size comparison between the proposed resonator and other works
Ref.

Operating frequency/frequencies

εr

Size (mm)

This work
[10]
[11]
[12]

1.82–2.03 GHz and 2.81–3.03 GHz
850 MHz and 2.5 GHz
1.494 GHz
3.5 GHz

2.54
4.3
10.2
6.15

10 × 11
26.3 × 43
15.3 × 10.8
6.5 × 14

0

frequency rejection. The simulation and the experiment results
are in good agreement. This proposed resonator is compact
and may achieve a self-tuning function with proper feedback
when used in microwave circuit systems.
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REFERENCES

-10
-12
-14
-16

S21[DC1=1V]

-18

S21[DC1=10V]
1.5

2.0

2.5

3.0

3.5

Frequency[GHz]

(a)
0
-2
-4

S-parameters[dB]

-6
-8
-10
-12
-14
-16

S21[DC2=1V]

-18

S21[DC2=10V]

-20
1.5

2.0

2.5

3.0

3.5

4.0

Frequency[GHz]

(b)
Fig. 7. Measurement results of the proposed resonator. (a) S21 parameter as a function of DC1 with DC2 fixed to 1 V. (b) S21
parameter as a function of DC2 with DC1 fixed to 10 V.
× 11 mm, which is compact both physically and electrically

compared to some other recent resonator designs, and it has
an extra function of frequency tunability. The comparisons are
shown in Table 2 [10–12]. The measurement results and size
of the proposed resonator are in good agreement overall with
the simulation ones.
IV. CONCLUSION
In this paper, a compact tunable dual-band BSR has been
proposed. The shunt stub with a distributed LC block can be
achieved for a tunable property in the frequency response. By
setting the input voltages (from 1 V to 10 V) of the two ports,
the operating frequency band can be easily tuned with a good
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Abstract
A dual-band through-the-wall imaging radar receiver for a frequency-modulated continuous-wave radar system was designed and
fabricated. The operating frequency bands of the receiver are S-band (2–4 GHz) and X-band (8–12 GHz). If the target is behind a wall,
wall-reflected waves are rejected by a reconfigurable Gm–C high-pass filter. The filter is designed using a high-order admittance synthesis
method, and consists of transconductor circuits and capacitors. The cutoff frequency of the filter can be tuned by changing the reference
current. The receiver system is fabricated on a printed circuit board using commercial devices. Measurements show 44.3 dB gain and 3.7
dB noise figure for the S-band input, and 58 dB gain and 3.02 dB noise figure for the X-band input. The cutoff frequency of the filter can
be tuned from 0.7 MHz to 2.4 MHz.
Key Words: Dual-Band Receiver, FMCW Radar System, Gm–C Filter, Reconfigurable High-Pass Filter, Through-the-Wall Radar.

I. INTRODUCTION
Imaging radar uses radio waves to generate an image of a
distant target. Compared to conventional optical imaging systems, radar-based imaging can detect a target regardless of
weather or time of day. Although the resolution of the target
image is lower than with optical imaging, radio waves can
penetrate objects. Therefore, radar-based imaging is suited to
security applications, because the system can detect a target
hidden behind an obstacle. This type of radar system can be
classified as through-the-wall radar [1–3].
Several through-the-wall imaging systems have been researched; however, these are dedicated to a specific frequency
band that determines the characteristics of the system. For
example, the S-band (2–4 GHz) is useful for detecting a target
in a lossy medium, since the S-band signal has good pene-

tration characteristics. However, it also has the drawback of
limited image resolution due to its relatively low frequency.
On the other hand, the X-band (8–12 GHz) can achieve finer
resolution than the S-band, but the detection range of the
target is restricted due to its high loss. Thus, a dual-band
imaging system is an attractive alternative, since it can flexibly
select a suitable frequency according to the situation [4].
In this paper, an imaging radar receiver is designed as part
of a dual-band through-the-wall imaging radar system. This
receiver front-end can operate in the S-band or X-band, and
has the characteristic of attenuating wall-reflected waves when
the target is located behind a wall. To reject unwanted reflected waves, a high-pass filter is designed as a key part of the
receiver. The filter has reconfigurable frequency response by
changing the transconductance of the circuit. In Section II,
the design of the overall imaging radar receiver system is des-
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cribed. Section III presents the implementation of the reconfigurable high-pass filter. Section IV presents measurements obtained from the fabricated receiver system, and Section V concludes the paper.
II. IMAGING RADAR RECEIVER DESIGN
The proposed receiver system of a through-the-wall imaging radar is shown in Fig. 1. The input frequency bands of
the receiver are S-band and X-band. The input signal travels
from the antenna, and is amplified by a low-noise amplifier
(LNA). The antennas are dedicated to one frequency band, so
the RF parts of the receiver are designed for each band
separately. A switching device is used to select the frequency
band electrically. The amplified signal is applied to a mixer
and directly downconverted to the baseband. The mixer has
wideband characteristics to handle the dual-band input, and
the receiver shares the circuit from the mixer stage to the
baseband. The local oscillator (LO) signal of the mixer is a
frequency-modulated continuous-wave (FMCW) signal, which comes from the transmitter chirp generator.
In an FMCW imaging radar system, the transmitted wave
is reflected from the target and enters the receiver antenna.
The time-delayed received signal and the transmitted signal
are multiplied in a mixer to produce a baseband beat frequency,
which is proportional to the distance from the target [5].
When the target is located behind a wall-like obstacle, the
wall-reflected wave appears at a lower frequency than the
target-reflected wave. Therefore, the system requires a filter to
detect the target on the other side of the wall [1, 6]. Moreover,
if there is insufficient isolation between the transmitting and
receiving antennas, the transmitted signal directly enters the

Fig. 1. Block diagram of imaging radar receiver system.

receiver and generates a large baseband signal. This directlycoupled signal must be rejected, since the large baseband
signal can saturate the receiver circuits. To reject the direct
coupling signal and the wall-reflected signal, the filtering
characteristics of the receiver become important.
In [1], a bandpass filter is used to reject unwanted signals.
However, since the implemented filter has a fixed frequency
response, the system operation should be adjusted to the filter
specification. The receiver system in [1] employs heterodyne
architecture to adjust the intermediate frequency (IF) to the
center frequency of the filter. The radar system in [6] uses a
bank of bandpass filters for rejecting the unwanted signal, and
an appropriate filter block is selected depending on the distance to the wall and the target. Rather than adjusting the
system operation to the filter specification or using a bank of
filters, this paper proposes a receiver with reconfigurable highpass filter to reject the unwanted signal.
The proposed filtering topology employs a high-pass filter
to reject the direct coupling signal and the wall-reflected signal.
The baseband signal of the mixer output passes through the
amplifier stage shown in Fig. 2. The amplifier stage applies a
second-order high-pass filter to reject the direct coupling
signal. The distance between the transmitting antenna and the
receiving antenna generates a direct coupling signal at a frequency below 100 kHz. Therefore, the cutoff frequency is set
to 100 kHz, and this baseband amplifier also amplifies those
signals higher than the cutoff frequency, with a gain of 15 dB.
Even if the direct coupling signal is rejected, the wall-reflected wave remains. Therefore, an additional high-pass filter
is necessary to attenuate the wall-reflected wave. This filter
should be designed to be able to control its cutoff frequency,
since the distance between the radar system and the wall and
target can vary.
This additional high-pass filter, with its configurable cutoff
frequency, is located after the baseband amplifier stage. The
cutoff frequency can be adjusted to attenuate the wall-reflected
wave and preserve the target-reflected wave. The output signal
of the filter is applied to the baseband buffer circuit in Fig. 1,
and the buffered signal becomes the final baseband voltage
signal.
The resolution of the dual-band radar system is set to 75 cm
for the S-band and 25 cm for the X-band. To achieve this

Fig. 2. Block diagram of baseband amplifier stage.
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resolution, a transmitting FMCW signal bandwidth of 200
MHz at the S-band and 600 MHz at the X-band are needed,
and the receiver has to cover the required bandwidth. The Xband chirp signal generator can be implemented by a digital
phase-locked loop (PLL) in [7], which has a chirp signal
bandwidth of 600 MHz with center frequency of 9.2 GHz.
The S-band chirp signal can be obtained using a divide-bythree circuit at the output of the X-band chirp signal generator.
The target range is 3.5 m to 20 m from the radar system. The
target detection range sets the cutoff frequency of the highpass filter, which becomes 0.7 MHz to 2.4 MHz. Since this
radar system assumes that the distance from the system to the
wall is known, the high-pass filter can be adjusted to appropriate cutoff frequency.

Fig. 4. Block diagram of fourth-order high-pass filter.

A fourth-order high-pass filter (Fig. 4) is designed by Eq.
(2). If the transconductor circuits used in the filter have the
same transconductance value (Gm), the transfer function of the
filter is expressed as

H ( s) 
III. DESIGN OF RECONFIGURABLE HIGH-PASS FILTER
To attenuate the wall-reflected wave, a reconfigurable Gm–C
high-pass filter [8, 9] is designed. A filter of order N can be
synthesized using N transconductors and N capacitors.
A high-order admittance synthesis method for high-pass
filter formation is illustrated in Fig. 3. With input voltage of
Vin and input current of Iin, the admittance Yin seen from the
input becomes

Yin ( s ) 

Gm ( n 1)Gmn Gm ( n  2)Gm ( n 1)Gmn
I in
 Gmn 

Vin
sCn
s 2Cn 1Cn
 

Gm1Gm 2  Gmn
.
s n 1C2C3  Cn

(1)

Adding capacitor C1 to the high-order admittance circuit
forms a high-pass filter of order N. The input voltage is
divided into C1 and Yin, such that the transfer function of the
filter becomes
H (s) 

Vout
sC1

Vin sC1  Yin ( s )

s4
s 4  c41s 3  c42 s 2  c43 s  c44

(3)

where the normalized coefficients of the transfer function are

c41 
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G2
Gm3
Gm4
, c42  m , c43 
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.
C1
C1C4
C1C3C4
C1C2C3C4 (4)

Eqs. (3) and (4) show that the frequency response of the
high-pass filter can be scaled proportionally by changing the
Gm value. The reconfigurable high-pass filter is designed to
have Chebyshev frequency response, and the coefficients of
the transfer function are given by c41 = 0.2756, c42 = 0.7426, c43
= 1.4539, and c44 = 0.9528. The maximum cutoff frequency of
the filter is set to 2.4 MHz. The capacitor values to accomplish the maximum cutoff frequency are C1 = 270 pF, C2 =
120 pF, C3 = 39 pF, and C4 = 27 pF.
The Gm values of the transconductors are controlled by a
reference current Iref. Fig. 5 shows the reference current source
and a current mirror circuit. The current of the tunable
reference current source is duplicated by PMOS transistors.
To maintain identical current Iref, all transistors have the same
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Fig. 3. Block diagram of high-pass filer using high-order admittance
synthesis method.
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Fig. 5. Block diagram of reference current source and control circuits
for transconductors.
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width, but transistor M2 should have a fourfold channel width.
The value of the resistor R1 is four times larger than the
resistor R2 to set the appropriate DC current.
IV. MEASUREMENT RESULTS
A dual-band imaging radar receiver was fabricated with
reconfigurable high-pass filter. The receiver was implemented
on an FR-4 printed circuit board (PCB) and consists of
commercial devices. The size of the receiver is 13.7 cm × 7.5
cm. Fig. 6 shows a photograph of the receiver. The VDDs for
the commercial devices are 3.5 V and 5 V.
The LNAs of each band are cascaded to have appropriate
gain at the RF and low noise figure. The X-band LNA is
selected to have higher gain than the S-band LNA, since the
X-band signal experiences higher loss. A single-pole doublethrow switch is used to select the RF input frequency path.
The wideband mixer covers the S-band and X-band signals.
The baseband amplifier stage in Fig. 2 is implemented, and
commercial device OPA211 is used as the operational amplifier. In the reconfigurable high-pass filter, LT1228 devices
are used as the transconductors. The reference current source
in Fig. 5 is realized by a digital-to-analog converter (DAC)
with current output. The transistor M2 is implemented by a
parallel connection of four transistors to have a fourfold channel width.
Frequency responses measured from the receiver are shown
in Fig. 7. Single-tone RF and LO signals are applied to the
receiver, and the baseband signal at 5 MHz is measured. The
S-band shows 44.3 dB gain at 2.8 GHz. In the X-band, gain
reaches 58 dB and maintains a flat response over a wide frequency range. In both frequency bands, the desired bandwidths of 200 MHz and 600 MHz are achieved.
Fig. 8 shows the conversion gain and noise figure (NF)
measurements by sweeping the baseband frequency. The mi-

(a)

(b)

Fig. 7. (a) S-band gain of the receiver. (b) X-band gain of the receiver.

(a)

(b)

Fig. 8. (a) S-band conversion gain and noise figure (NF) of the receiver.
(b) X-band conversion gain and NF of the receiver.

Fig. 9. Frequency response of the reconfigurable high-pass filter.

Fig. 6. Photograph of the imaging radar receiver.

nimum NFs of the receiver in each band are 3.7 dB and 3.02
dB, respectively.
The frequency response of the reconfigurable high-pass
filter part is shown in Fig. 9. The graph shows the change of
cutoff frequency with the control of the bias voltage. The
cutoff frequency of the filter can be tuned from 0.7 MHz to
2.4 MHz, with bias voltage of 0 V to 2 V.
The location of the target and the wall are assumed for two
cases. The first case assumes the wall is located less than 1.5 m
away, and the target ranges from 7 m to 20 m. The second
case sets the wall’s location at 1.5 m to 4 m, and the target
from 10 m to 20 m. The filter with bias voltage of 0.5 V
corresponds to the first case, and the bias voltage of 1.5 V
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corresponds to the second case. In both cases, the attenuation
of the wall-reflected wave exceeds 20 dB, compared to the
target-reflected wave.
V. CONCLUSION
A dual-band receiver of a through-the-wall FMCW imaging radar system was designed, and a reconfigurable high-pass
filter was implemented as a key part of the receiver. The highpass filter stage is designed using a high-order admittance
synthesis method, and consists of transconductor circuits and
capacitors.
A reconfigurable high-pass filter-based receiver system was
designed, which can operate at S-band and X-band frequencies. The high-pass filter can be tuned to reject wallreflected waves at low frequencies, enabling effective target
detection.
This work was supported by ICT R&D program of
MSIP/IITP (No. B0717-16-0045, Cloud based SW platform development for RF design and EM analysis).
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Design, Analysis, and Equivalent Circuit Modeling
of Dual Band PIFA Using a Stub
for Performance Enhancement
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Abstract
This work presents a new method for enhancing the performance of a dual band Planer Inverted-F Antenna (PIFA) and its lumped
equivalent circuit formulation. The performance of a PIFA in terms of return loss, bandwidth, gain, and efficiency is improved with the
addition of the proposed open stub in the radiating element of the PIFA without disturbing the operating resonance frequencies of the
antenna. In specific cases, various simulated and fabricated PIFA models illustrate that the return loss, bandwidth, gain, and efficiency
values of antennas with longer optimum open stub lengths can be enhanced up to 4.6 dB, 17%, 1.8 dBi, and 12.4% respectively, when
compared with models that do not have open stubs. The proposed open stub is small and does not interfere with the surrounding active
modules; therefore, this method is extremely attractive from a practical implementation point of view. The second presented work is a
simple procedure for the development of a lumped equivalent circuit model of a dual band PIFA using the rational approximation of its
frequency domain response. In this method, the PIFA’s measured frequency response is approximated to a rational function using a vector
fitting technique and then electrical circuit parameters are extracted from it. The measured results show good agreement with the
electrical circuit results. A correlation study between circuit elements and physical open stub lengths in various antenna models is also
discussed in detail; this information could be useful for the enhancement of the performance of a PIFA as well as for its systematic design.
The computed radiated power obtained using the electrical model is in agreement with the radiated power results obtained through the
full wave electromagnetic simulations of the antenna models. The presented approach offers the advantage of saving computation time for
full wave EM simulations. In addition, the electrical circuit depicting almost perfect characteristics for return loss and radiated power can
be shared with antenna users without sharing the actual antenna structure in cases involving confidentiality limitations.
Key Words: Equivalent Circuit (EC), Equivalent/Electrical Circuit Model (ECM), Planer Inverted-F Antenna (PIFA), Rational Approximation (RA), Vector Fitting (VF).

I. INTRODUCTION
Multiband small-size Planer Inverted-F Antennas (PIFAs) are
designed to compensate the reduction in size and space of
modern era mobile phones. Modern portable cellular devices

also require increased operational bandwidth for the installed
antennas, preferably in several bands [1, 2]. Previously, shaping
and tilting of the antenna structure was proposed to increase the
operational characteristics of multiband antennas [3]. However,
modern techniques for enhancement of an antenna’s perfor-
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mance (e.g., VSWR, return loss, etc.) include E-shaped [4] and
L-shaped [5] slitting in the antenna structure, using a pin
instead of a plate for shortening [6, 7], adjustment of the space
between the feed and short [7, 8], matching circuits [9],
meandering [10], optimum height of the radiating patch [7],
size of the ground plane [6, 7], broadband circular patches [6],
and ground plate slotting [11] . The increase in the bandwidth
of the antennas is proportional to the antenna volume. Antenna
volume is highly dependent upon the radiating element and
ground plane as these elements enclose the forming strong
electric field area. In [12], the author proposes that antenna
volume can be increased by shifting the radiating patch away
from the ground plane. The shifting of the radiating element
enhances the antenna bandwidth because of reduced ground
area [12].
PIFAs are usually installed at the bottom end of a mobile
phone to provide the maximum isolation to the data processing
module and to control the specific absorption rate (SAR)
magnitude. Most modern cell phones have a structure with a
bottom interface connector (IC) used for data exchange and
power purposes. The IC is located in close proximity to the
antenna and its metallic structure causes the degradation of
various antenna performance metrics. It particular, it degrades
the antenna’s radiation parameters (gain and efficiency), return
loss, and bandwidth in lower bands, such as GSM 850 and
GSM 900. In this study, a method is proposed for improving
dual band PIFA performance using an open stub in the vicinity
of the metallic IC. The addition of an open stub away from the
ground plane enhances the antenna volume, which results in
incremental improvements of various performance metrics. A
gradual increase in the length of the introduced open stub in the
PIFA radiating structure shows an enhancement of up to 4.6
dB in return loss, 17% in bandwidth, 1.8 dBi in gain, and 12.4%
in the efficiency of the antenna. The experimental results of the
proposed antenna structure are in good agreement with the
simulation results.
Equivalent circuit models (ECMs) of antennas are developed
for their time domain analysis [13], better understanding of
their resonance phenomena, and for systematic antenna designs
from the equivalent circuit. The equivalent circuit of simple
antenna structures with one resonance point can be derived in
the form of transmission line models [14–16], frequency independent lumped element resonant structures [17, 18], and physics-based compact lumped structures using the partial element
equivalent circuit (PEEC) technique [19]. However, it is difficult to formulate equivalent circuits for complex antenna structures with multiple resonances. The PEEC technique provides the SPICE equivalent lumped element circuit of antennas
but it results in a large number of lumped elements in the circuit
[19]. In [20], the author derives a dual band PIFA equivalent
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circuit using radiated and balanced mode analysis, [21] presents
a single band PIFA equivalent circuit based on equivalent
modes, and [22] shows that a single/dual band high Q PIFA
equivalent circuit can be derived using an RLC resonator. To
the best knowledge of these authors, the literature only contains
PIFA electrical circuit modeling techniques [19–22] for simple
PIFA geometries having single/dual band operational characteristics. Cabedo et al. [23] present the electrical modeling of a
pentaband PIFA (simple geometry) based on RLC resonators.
There is a paucity of literature on equivalent circuit modeling of
multiband PIFAs with complex geometries.
The present work also presents a simple way to derive lumped
equivalent circuits for multiband PIFAs. The lumped equivalent
circuit of the designed dual band PIFA is derived from the
rational approximation of its frequency domain response [24].
The frequency response (scattering/admittance parameters) of
the antenna is obtained in tabular form through full wave
electromagnetic simulation as well as from measurements of the
fabricated antenna model. The tabular data is approximated to a
rational function using the vector (pole fitting) technique [24,
25]. Subsequently, the lumped elements of the proposed electrical circuit are extracted from the approximated rational
function [25, 26]. The derived equivalent circuit is simulated in
Advanced Design System (ADS) software. Measured and equivalent circuit model scattering parameters are perfectly matched.
Finally, based on the formulated ECM of PIFA geometries
with different stub lengths, the correlation between the equivalent circuit (EC) parameter values and the proposed open stub
length is discussed in detail. The radiated power is also computed from the formed electric circuits of different PIFA geometries, having good agreement with the radiated power results
obtained by full wave electromagnetic simulation in a High
Frequency Structural Simulator (HFSS).
The detailed design and analysis of the proposed modification of PIFA structures with different open stub lengths,
formulation of their electrical circuits, and the correlation between geometrical and EC parameters are discussed in the following sections.
II. DESIGN AND ANALYSIS OF DUAL BAND PIFA
FOR PERFORMANCE ENHANCEMENT

1. Modeling of the Proposed PIFA
The initial antenna model, which is used for modification to
improve performance, is shown in Fig. 1. The antenna is a dual
band PIFA (mostly used in modern cellular devices) having
resonance frequencies in GSM 900 (low) and GSM 1800 (high)
bands. The simulated model (Fig. 1) of the dual band PIFA
depicts that it has a metallic IC near the antenna’s radiating
element. The width and height of the printed circuit board

YOUSAF et al.: DESIGN, ANALYSIS, AND EQUIVALENT CIRCUIT MODELING OF A DUAL BAND PIFA USING A STUB FOR PERFORMANCE …

Fig. 1. Initial PIFA model: (a) Complete schematic, (b) antenna radiating structure with metallic interface connector.

(PCB) is 55 mm and 104 mm, respectively, which, in general, is
the size of a low-cost 3.5-inch smart phone.
The metallic structure (antenna radiating element, IC,
ground) is made of copper, and FR4 substrate is used as the
dielectric below the antenna body. The EM analysis of the
antenna model is performed in an HFSS. As illustrated in
Fig. 1(b), the initial basic antenna radiating element is in the
form of a closed loop at the top of a metallic IC. The presence of the metallic structure (IC) in close proximity to the
antenna radiating element degrades the radiation properties
of the PIFA. To reduce the effect of the IC on the radiation
characteristics of the antenna and to improve the other performance metrics of the antenna, the addition of an open
stub is proposed at the closed loop end of the PIFA structure.
The modified antenna schematic is shown in Fig. 2. The
proposed open stub reduces the length of the closed loop part.
The addition of an open stub in the PIFA structure shifts its
radiating structure away from the metallic interface connector
and ground plane. This shifting enhances the capacitive coupling with the reduction of the ground plane under the antenna
radiator, as depicted in Fig. 3. An increase in the strong electric
field region between the antenna radiator and the ground plane
boosts the electrical volume of the antenna. The product of gain
and bandwidth of an antenna has a direct relationship to the

Fig. 2. The modified proposed PIFA structure with an added open
stub.

Fig. 3. Effect of introducing an open stub in the PIFA structure: (a)
without stub, (b) with the proposed open stub.

antenna volume [27, 28]. The enhancement of the electrical
volume of the PIFA with the addition of the proposed stub in
its radiating structure increases its bandwidth and improves the
return loss, gain, and efficiency characteristics.
2. Analysis of the PIFA with an Open Stub
In order to avoid any major changes in the resonance frequencies of the original PIFA, it is necessary to maintain the
same total electrical lengths in the antenna models with and
without the proposed open stub. The length of the open stub
can be adjusted while keeping a constant relationship between
the stub and the closed loop length. It has been observed
through iterative simulations that the same optimum resonance
performance of the old and modified PIFA can be obtained
using the following simple relationship between the open stub
and closed loop length:

l  y  2x

(1)

In Eq. (1), is the length of the proposed open stub, is the
length of the closed loop part, and is the optimum length of
the loop, which needs to be kept constant for the same resonance characteristics. A decrease of means an increase in
the stub length . Fig. 2 illustrates Eq. (1). The lengths and
can be varied, keeping constant to obtain various PIFA
models having identical resonances.
3. Simulation Results
Four PIFA models are made to show the effect of the added
open stub length on various performance metrics. Simulated
PIFA structures with various open stub lengths are shown in
Fig. 4. Fig. 4(a), (b), (c), and (d) depict the PIFA geometries
with stub lengths ( ) of 0 mm, 2.8 mm, 6.8 mm, and 10.8 mm,
respectively.
results for all four cases are shown in Fig.
The predicted
5. As indicated in Fig. 5, as the length of the proposed open
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(HB) are exhibited. The lower resonance band with a longer
stub length PIFA geometry predicts a greater improvement in
bandwidth as compared to the higher resonance band, and vice
versa, for
characteristics.

Fig. 4. Modified PIFAs: (a) = 0 mm (no stub), (b) = 2.8 mm, (c)
= 6.8 mm, and (d) = 10.8 mm.

4. Comparison of the Predicted and Measured Results
This section elaborates on the details of the performance of
the fabricated PIFAs and its comparison with the simulated
results. Dual band PIFA structures with stub lengths of 0 mm
and 10.8 mm are fabricated and installed on actual cellular
phones (Fig. 6). The metallic structure of the fabricated antennas is made of copper. The real PIFA geometries with stub
lengths of 0 mm and 10.8 mm are shown in Fig. 6(b) and (c),
respectively. Fig. 6 shows that the metallic IC is located in the
vicinity of the radiating element of the actual antenna geometry.
The experimental setup for the
measurements of the
fabricated antennas is illustrated in Fig. 7. Fig. 8 illustrates the
correspondence of the predicted and experimental PIFA return
losses with stub lengths of 0 mm and 10.8 mm, respectively.

Fig. 5. Simulated
results for different lengths of open stubs: 0 mm
(circle); 2.8 mm (shaded triangle); 6.8 mm (dotted line); and
10.8 mm (square).

stub ( ) is gradually increased, the values of the scattering
parameter show improvement. The reference used (VSWR ≤ 5)
is an acceptable range for a commercial phone in the cellular
industry. As shown in Table 1, 2.3 dB and 4.6 dB improvements in return loss are observed with a stub length of
10.8 mm in the lower and higher band PIFA models, and
with = 10.8 mm (Fig. 4(d)), maximum bandwidths of 130
MHz in the lower band (LB) and 440 MHz in the higher band

Fig. 6. Fabricated PIFA models: (a) complete PIFA model ( = 10.8
mm) installed on a cellular phone, (b) PIFA geometry with a
stub length of 0 mm, and (c) PIFA geometry with a stub length
of 10.8 mm.

Table 1. Comparison of predicted
and bandwidths (for VSW
≤5) in lower and higher bands with different stub lengths
Stub
length
(mm)
0
2.8
6.8
10.8
172

Lower band
Max.
(dB)
-9.85
-9.01
-10.98
-12.10

Bandwidth
(MHz)
100
100
120
130

Higher band
Max.
(dB)
-8.31
-8.65
-8.54
-12.88

Bandwidth
(MHz)
430
470
410
440

Fig. 7. Experimental setup for measurement of the scattering parameters of the PIFA models.
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The simulated PIFA model includes only the PCB and the
metallic IC of the actual mobile phone. However, in the actual
measurements, the fabricated PIFA model is installed on a
complete mobile phone set with a PCB, shield can, and various
other modules. The possible reason the resonance frequency
shifts in the measured results is because of the integration of the
antenna on the complete mobile phone set. It is well known
that the presence of various other metallic and non-metallic
modules, such as a shield can, LCD of a mobile set, or camera,
around an antenna in the vicinity of the PIFA radiating
structure could change its resonance frequency in actual measurements. Note that in the simulation, we considered the
antenna geometry only, not the materials around the antenna
that are typically installed on a real mobile phone. As the
methodology used for the development of the equivalent circuit
proposed in this paper can be applied to any S-parameter data,
we used the measured S-parameters instead of the simulated
ones.
As indicated in Fig. 8, performance of the
parameters
improved in the longer stub length structures. The maximum
value return loss variations for the PIFAs are depicted in Fig.
9(a). Noticeable enhancements of 2.3 dB and 4.6 dB in the
lower resonance band and 4.6 dB and 2 dB in the higher
resonance band are observed for both the simulated and fabricated antennas, respectively. Fig. 9(b) shows the quantitative
relationship between the simulated and measured bandwidths
(for VSWR ≤5) of the PIFAs. The results show that 30% and
2.3% bandwidths of the PIFA (stub length = 10.8 mm) is
enhanced in the simulation for the lower and higher bands,
respectively. The same fabricated model improves the bandwidth performance by 16.7% in the lower resonance band and
by 9.5% in the higher resonance band.
The measured radiation patterns for each of the manufac-

Fig. 8. Comparison of predicted and measured
with different stub
lengths: predicted stub 0 mm (square), predicted stub 10.8 mm
(rectangle), measured stub 0 mm (shaded circle), and measured
stub 10.8 mm (circle).

Fig. 9. Comparison of maximum return loss and bandwidth (for VSWR ≤5) with different stub lengths: (a) return loss, (b) bandwidth.

tured antennas at lower and higher resonance frequencies ( )
are shown in Fig. 10 and Fig. 11, respectively. Both figures
confirm that the antennas have almost omnidirectional radiation patterns. It can be noted from Fig. 10 and Fig. 11 that
there is no major change in radiation pattern shape in either the
XZ or the XY plane with the addition of the proposed open
stub in the PIFA radiating structure.
The directivity of the PIFA is calculated by approximating
the measured radiation pattern as a finite sum over a spherical
region [29]. The ratio of the measured gain and directivity
indicates the efficiency of the antenna [29]. The correspondence
between the measured peak gain (dBi) and the efficiencies of
both manufactured antenna geometries is shown in Fig. 12. The
modified antenna with a longer added stub length has a more
improved gain and efficiency throughout the whole band as
compared to the PIFA with no stub. In the modified antenna, a
comprehensive improvement of up to 1.8 dBi in gain and 12.4%
in efficiency is observed in the whole band.

Fig. 10. Measured radiation pattern of 0 mm stub geometry: (a) XZplane at lower , (b) XY-plane at lower , (c) XZ-plane at
higher , and (d) XY-plane at higher .
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An equivalent circuit model of the antenna is derived to
illustrate the correlation between the lumped element values of
the equivalent circuit and the proposed stub length in the PIFA
structure. Step-by-step details of the proposed formulation of
the lumped equivalent circuit of the dual band PIFA with a stub
length of 10.8 mm is described in this section.

Fig. 11. Measured radiation pattern of 10.8 mm stub geometry: (a)
XZ-plane at lower , (b) XY-plane at lower , (c) XZplane at higher , and (d) XY-plane at higher .

1. Rational Approximation of Frequency Response
The first step in the formulation of an equivalent circuit is the
rational approximation of the predicted or measured frequency response data. Scattering/admittance parameters versus frequency data of the antenna model can be obtained through
complete electromagnetic simulation using the Finite Element
Method (FEM), the Finite-Difference Time Domain method
(FDTD), the Transmission Line Model (TLM) method, or
through hardware measurements. The obtained admittance data
is approximated to rational functions using the widely applied
vector fitting (VF) or pole fitting method [24, 26]. Vector
fitting is a robust numerical technique that is used to convert
frequency response data to rational functions. This technique is
used for a wide range of microwave and electrical applications
[24, 25, 30, 31]; here, it is used to approximate the measured
admittance data of the dual band PIFA to Foster’s canonical
admittance rational form, Eq. (2). Foster’s canonical admittance
rational function [25, 30]
of approximation is shown
below:
N

Y  s  

rm

m 1 s   m

Fig. 12. Measured efficiency and gain of the fabricated antennas.

The simulated and measured
, measured radiation pattern,
gain, and efficiency results for the fabricated and simulated
antenna models confirm the noticeable enhancement in PIFA
performance with the addition of an open stub in the PIFA
structure. The used PIFA model geometry is extremely relevant
to the conventional PIFA geometries used in the cellular phone
industry. The proposed open stub is not in the way of the other
active modules of the antenna, which makes it an effective and
attractive solution from a practical implementation perspective.
The correlation study and radiated power comparison of the
formulation of the lumped equivalent circuits of the designed
dual band PIFAs are discussed in the next section.
III. LUMPED EQUIVALENT CIRCUIT MODELING
OF A DUAL BAND PIFA
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 d  es

(2)

In Eq. (2), is the single frequency point,
and
are
the residuals and poles, respectively, N is the order of approximation, and d and e are higher order coefficients. The
coefficients
and
can either be real or complex conjugate
pairs while d and e are real. The order of approximation is equal
to the number of poles. The aim is to find all ,
, and d and
e in Eq. (2), so that the simulated/measured data can be
represented in a rational form.
in Eq. (2) is the non-linear problem, as the poles are in
the denominator. To covert this non-linear problem to a linear
one so that it can be solved through linear square fitting and to
start the fitting process, a set of initial poles
are defined
and Eq. (2) is multiplied by
.
  sY  s  q s

(3)

where
N

  s  1 
m 1

rm
s  am

(4)
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q  s  
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rm
s  am

 d  e.s

These initial poles (starting poles) are defined only at the
starting point. The initial poles must have weak attenuation; the
procedure and criteria for stating these initial poles is elaborated
in [24]. It is shown that if Eq. (3) holds, then the poles of
must be equal to the zeros of
[24]. The new poles of
are determined as the zeros of
, which are in fact
the poles of 1/
. The new poles are calculated as the
eigenvalues in the following equation [24, 26]:
New poles a

'
m

Lm =

(5)

  Zeros of  (s)  eig  A  bc 
T

Y (s ) =

2. Synthesis of an Equivalent Circuit

The procedure used to extract the equivalent circuit component values from the approximated rational function is dein Eq. (2) shows that the
tailed in this section. The fitted
network has branches between all nodes and grounds and
between all nodes. It can be predicted from Eq. (2) that coefficients d and e are equal to the conductance and capacitor
branch between node and ground, respectively, and their values
can be calculated as
1
=d
Ro

;

Co = e

r
r¢
a + jb
a - jb
+
=
+
s - a s - a¢ s - (c + jd) s - (c - jd)

Y (s ) =

2as - 2 ( ac + bd )
s 2 - 2cs + ( c 2 + d 2 )

(10)
(11)

For a generalized nth complex pole conjugate pair (CPP) and
residual branch, Eq. (11) can be written as

′

replaces the initial
the residuals . The new set of poles
poles in Eq. (3) after one iteration and the process of pole
reallocation is repeated until convergence is achieved. The
number of iterations depends on the fitting function and its
convergence [24–30]. Once the poles are known, the coefficients , d, and e are calculated by linearly solving the
equation
through singular value decomposition (SVD)
[24–30] and the rational approximation of the frequency
response is obtained. VF ensures the stability of the approximated rational function through pole-flipping to the left half
plane [24, 26] and it also enforces the passivity of the model
[32].

(9)

For complex conjugate poles pair
,
, there is a
relating complex conjugate residual coefficient
,
, depicting a series RLCG network (Fig. 13). For this scenario,
can be written as

(6)

In Eq. (6), A is a diagonal matrix with the initial poles
,
b is a column vector of ones, and
is a row vector containing

Go =

a
1
; Rm = -am Lm = - m
rm
rm

Y ( s )n =

2Â { rn } s - 2Â { rn an¢ }
s 2 - 2Â { an } s + an

2

(12)

Using the circuit network theory, the admittance of the nth
series RLCG branch can be expressed as
Y ( s )n =

s ( 1 / Ln ) + Gnc / LnC n

(13)

s 2 + ( Rn / Ln + Gnc / C n ) s + ( RnGnc / LnC n + 1 / LnC n )

Comparing Eq. (12) and Eq. (13), the following generalized
formulas are obtained for each component of the nth RLCG
branch.
Ln =

1
; Rn = Ln ( - 2Â { an } + 2Ln Â { rn an¢ } )
2Â { rn }

Cn =

(

1

Ln 2Rn Â { rn an¢ } + an

Gn =

2

1
= -2Â { rn an¢ } LnCn
Rn¢

)

(14)
(15)

(16)

The element values of each branch of the series RLCG network can be computed using Eqs. (14)–(16). All branch elements are connected in parallel and the complete schematic of
the synthesized equivalent circuit of Eq. (2) is shown in Fig. 13.

(7)

The poles
of
can either be real or a complex
conjugate. Real poles correspond to real residuals
and
they represent a series RL branch, as depicted in Fig. 13. The
component values of the series mth RL branch can be calculated
using the following expressions:
Y ( s )m =

rm
s - am

1
=
s+

Lm

Rm

Lm

(8)

Fig. 13. Basic single port synthesized equivalent circuit schematic.
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3. Rational Fitting of the Dual Band PIFA Frequency Response
The measured PIFA admittance data ( = 10.8 mm) has
resonance frequencies of 0.955 GHz and 1.17 GHz and is fitted
to a 12th order approximation (N = 12) using the following
starting poles: -0.8e7 ± j0.8e9, -1e7 ± j1e9, -1.3e7± j1.3e9,
-1.4e7 ± j1.4e9, -1.9e7 ± j1.9e9, and -2.0e7 ± j2.0e9. The
location of the starting poles depends upon the resonance
frequencies of the measured/simulated input admittance/Sparameter data.
Lower orders of approximation of admittance data produce
inaccurate results as at least two CPP are necessary for one
resonance frequency for accurate fitting of data using VF.
However, higher orders of approximation are unnecessary. The
fitting process is carried out with three iterations and results in a
root mean square (RMS) error of 3.46e-4. The approximated
fitting rational function and the original measured admittance
data magnitude and phase angle versus frequency results are
depicted in Fig. 14(a) and (b), respectively. The magnitude and
phase angle results of the approximated admittance rational
function ( ) and the original measured data (Y: input data)
are in good agreement, as illustrated in Fig. 14(a) and (b).
4. Electrical Circuit of Dual Band PIFA
The 12th order approximation of the frequency domain
response produces six CPPs that correspond to six series RLCG
2.48 kΩ ) and one
branches, as well as one resistor (
capacitor (
0.36 pF ) branch. The parameter values for
each RLCG branch are calculated using Eqs. (14)–(16) and are
depicted in Table 2. Fig. 15 shows the circuit model simulated
in the ADS. The comparison of measured, fitted rational
function, and equivalent circuit model
results is depicted in
Fig. 16.
Although the produced equivalent circuit has some negative
resistance elements, the overall response of the system is stable
and converged as the VF ensures the passivity and stability of
the approximated rational function with the shifting of unstable
poles to the left-half plane [31, 32]. With the guaranteed stable
poles and enforced passivity of the VF technique, the electrical
simulation of the circuit will remain stable as the circuit on the

Fig. 14. Fitted rational function ( ) and measured (Y: input data)
admittance results: (a) magnitude, (b) phase.
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whole will always consume power [32]. The number and values
of the generated unphysical elements are dependent upon the
order of approximation used for fitting and the frequency range
of the approximated function. Lower orders of approximation
will produce less negative components but it may increase the
fitting RMS error. The negative resistance values can be converted to absolute values by using the procedure for resistance
inversion described in [30] with the limitation of lower orders of
fitting approximation.
The complete process for obtaining simulated/measured admittance data versus frequency, rational approximation of the
input frequency response data, extraction of the lumped element
parameter values of the equivalent circuit from the approximated rational function, and simulation of the formed equivalent circuit in a circuit simulator for the illustration of its
scattering parameters are summarized in the form of a flowchart
Table 2. ECM RLCG parameters values for a dual band PIFA

′

RLCG

RLCG

RLCG

Br. 1

Br. 2

Br. 3

Br. 4

Br. 5

Br. 6

1.63
13.58

37.54
107.59

20.04
16.48

-16,431
-355.40

30.88
22.83

3.11
4.97

1,0004.77

0.262

0.63

-0.001

0.27

0.49

0.003

-100.13 -1.913

RLCG RLCG

17.68

RLCG

-63.92 -71.24

Fig. 15. ADS model of the developed electrical circuit for a dual band
PIFA.

Fig. 16. Comparison of
results of the fabricated antenna, fitted
rational function, and lumped equivalent circuit model.
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Fig. 18. Comparison of simulated and equivalent circuit return loss: (a)
= 0 mm, (b) = 2.8 mm, (c) = 6.8 mm, and (d) =10.8
mm.

Fig. 17. Flowchart for equivalent circuit formulation.

in Fig. 17.
The proposed method for equivalent circuit formulation is
quite simple and good agreement between the electrical circuit
and simulated/measured results is obtained. An electrical model
for single/multiband antennas can be predicted using the proposed methodology. This described method is used to illustrate
the correlation between a PIFA’s geometrical parameters and its
respective equivalent circuit element values.
IV. CORRELATION BETWEEN THE EQUIVALENT CIRCUIT
PARAMETERS AND THE PHYSICAL OPEN STUB
LENGTH OF DUAL BAND PIFAS
The effect of the proposed open stub length on the performance of dual band PIFAs and the formation of an equivalent circuit from the frequency response has been described in
previous sections. Here, we present the study on the correlation
between the formed equivalent circuit models of various PIFA
geometries (with different stub lengths) and a comparison of the
radiation power results.
1. EC Formulation of PIFAs with Different Stub Lengths
Rational approximation of the simulated frequency response
of dual band PIFA geometries with stub lengths ( ) of 0 mm,
2.8 mm, 6.8 mm, and 10.8 mm is performed using the procedure described in Fig. 17. The lumped equivalent circuits for
each PIFA structure are extracted from their formed rational
functions.
The simulated admittance data of PIFA geometry with =

2.8 mm and 10.8 mm produce the best fitting of rational
function with four starting poles; consequently, the formulated
ECM has four RLCG branches. The initial poles used for these
geometries are -0.9e7 ± j0.9e9, -1.3e7 ± j1.3e9, -2.1e7 ±
j2.1e9, and -2.3e7 ± j2.3e9. However, repeated simulations
show that the more accurate equivalent circuits (less difference
between the simulated [HFSS] and equivalent circuits
) of
PIFAs with smaller stub lengths ( =0 mm and 6.8 mm) are
obtained with six starting CPPs (12th order approximation).
Starting poles -1.1e7 ± j1.1e9, -1.2e7 ± j1.2e9, -1.4e7 ±
j1.4e9, -1.6e7± j1.6e9, -2.2e7 ± j2.2e9, and -2.5e7± j2.5e9
are used for the admittance data fitting of both PIFAs ( =0
mm and 6.8 mm). Six RLCG branches along with
and
are obtained for the equivalent circuits of each PIFA with stub
lengths of 0 mm and 6.8 mm, respectively. Rational approximation of all PIFA models is done using three iterations.
PIFA geometries with stub lengths of 2.8 mm and 10.8 mm
have smoother frequency responses than other PIFA structures
( = 0 mm and 6.8 mm). That is why the best rational function
fitting is obtained with a lower order of approximation (N).
Fig. 18 illustrates that the return loss of the simulated and
produced equivalent circuits for each PIFA are in good agreement. The difference between the amplitude of the simulated frequency response and the approximated rational function
in terms of RMS error is depicted in Fig. 19. All PIFA
geometry fitted rational functions have RMS error values in
the order of 1e-4. These values can be further reduced with
higher orders of approximation; however, this is unnecessary
as the RMS error is of a lower order and good frequency
response fitting of the respective PIFA is obtained with the
used order of approximation. An increase in order will
consequently increase the number of RLCG branches, which
seems unnecessary.
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Fig. 21. Correlation between series RLCG values of EC for different
PIFA structures.

Fig. 19. Comparison of root mean square error of fitting for various
PIFA structures.

2. Correlation between the EC Parameters of PIFAs with Different
Stub Lengths
The details of the correlation between the computed EC
parameters of PIFAs with different stub lengths is explained in
this section. Fig. 20 illustrates the relationship between the
parallel lumped element ( and ) branches of equivalent
circuits for various PIFA geometries. As indicated in Fig. 20,
PIFAs with smaller stub lengths have higher
branch values.
The value of the parallel capacitor branch (Fig. 13) decreases
with an increase in length of the open stub, and vice versa for
parallel resistor
values.
Fig. 21 depicts the correlation between the element values of
series RLCG branches of equivalent circuits for different PIFA
geometries. The correspondence between the absolute values of
the
and
of equivalent circuits for each respective PIFA
is shown in Fig. 21(a), while Fig. 21(b) illustrates the
relationship between the absolute value of
and
values.
/
and
/
for all four formed equiThe ratios of
valent circuits for each PIFA is almost constant, except for the
first RLCG branch of each circuit. PIFAs with longer stub
lengths ( ) have higher
/
ratio values for the first RLCG
branch formed by the first CPP; these values gradually decrease
with increasing stub length. All higher order branches exhibit
almost constant values for both
/
and
/ ratios,

Fig. 20. Correlation between
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,

for various PIFA structures.

/
ratio
with ratio values of the order 1e-5. Although the
for the 2.8 mm stub structure increases for the first RLCG
branch, the difference between the ratio values for the various
equivalent circuits is very low.
As elaborated in Fig. 5, significant differences are not observed between the resonance frequencies of all four PIFA
models. That is why the above stated ratios for the four equivalent circuits show similar behaviors. The presented correlation
study suggests that for wider bandwidth and dipper return loss
values for the designed PIFA, the
must be increased and the
component value must be decreased, with an almost constant relationship between the / and
/ ratios for the
different RLCG branches (except for the first relating RLCG
branch) of the equivalent circuit.
3. Electrical Circuit Radiated Power Estimation
The radiated power of an electrical circuit is dependent upon
the power radiated by its resistive elements. The formed electrical circuit for dual band PIFAs in Section IV constitutes
different numbers of resistive components ( , ,
) based
on their order of approximation (N). The total number of
) of an electrical circuit formulated using
resistive elements (
rational approximation can be computed using the following
equation:
NTR = N + 1

(17)

In Eq. (17), N is the order of approximation of the vector
fitting used for formation of the lumped equivalent circuit. For
example, the number of resistive elements for an electrical
circuit with N = 8 will be 9. The radiated power for each
resistor is computed by dividing the square of the voltage drop
across each resistive element by the resistance value. The computed radiated power for each resistive element is added to
obtain the total radiated power of the lumped equivalent circuit.
The total radiated power (
) calculation formula for the
electrical circuit is shown in Eq. (18).
RPT =

NTR

å RPi
i =1

=

N
1 TR V 2i
å
2 i =1 Ri

(18)
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(a)

(b)

(c)

(d)

Fig. 22. Comparison of simulated and electrical circuit normalized radiated power: (a) =0 mm, (b) =2.8 mm, (c) =6.8 mm,
and (d) = 10.8 mm.

defines the computed radiated power of the ith resistive
element ( ) of the electrical circuit having a voltage drop of .
4. Comparison of Radiated Power Results
All the electrical models developed for the different PIFA
geometries are simulated in an ADS circuit simulator for the
calculations of radiated power from each electrical model using
Eq. (18). In addition, the radiated power from the physical
geometries of the PIFAs is calculated in an HFSS. A comparison of the radiated power from electrical circuits and the
simulated HFSS models is shown in Fig. 22(a), (b), (c), and (d),
which depict the results of normalized radiated power for PIFA
structures with stub lengths of 0 mm, 2.8 mm, 6.8 mm, and
10.8 mm, respectively. It can be seen that the normalized
radiated power results of the simulated PIFA geometries and
the developed equivalent circuit models are in good agreement.
The presented results show that electrical circuits formed
using the proposed methodology of rational fitting can be used
to depict the various radiation characteristics of the antenna,
which are closely related to the computed radiation properties,
using a full wave electromagnetic simulation in much less time
than the computation time required to complete simulation in
EM software.
V. ADVANTAGES OF THE PROPOSED METHODOLOGY
The advantages of the proposed equivalent circuit modeling,
correlation analysis, and radiated power computation are summarized as follows:
• The proposed method for ECM is easy and relatively
simple. The techniques for ECM in the form of transmission

line, RLC resonators, or using the (PEEC) method has certain
limitations either in the form of antenna geometry or in that the
number of lumped elements of the produced equivalent circuit
are quite large (as in the produced SPICE equivalent circuit
modeled by the PEEC technique) [19]. The agreement between the simulated/measured antenna and ECM return loss
results is not good for the transmission line and RLC resonators
techniques [14, 15]. The electric circuit produced using the
proposed method has almost perfectly matched agreement
between the electrical model and the fabricated/simulated PIFA
geometry results.
• The ECM of the antenna is done for ease in systematically
designing the PIFA model for bandwidth, gain, and efficiency
enhancement using the equivalent lumped elements of the
circuit. The good agreement between the radiated powers calculated from the electrical models and the actual PIFA geometries shows that the ECM can be used to analyze the various
radiation characteristics of the actual antenna geometry. The
presented approach offers the advantage of saving computation
time in full wave EM simulation.
• The designed ECM can also be used for time domain analyses (such as transient behavior simulation) of circuits including
PIFAs. If a circuit including a PIFA needs to be analyzed, the
proposed electrical circuit would be the best model for predicting the overall circuit behavior. The presented correlation
analysis between the PIFA geometry and electrical models
would be useful for antenna designers who wish to enhance the
performance of the PIFA and it contributes to its systematic
design. The proposed method of electric circuit formulation has
potential uses in advancing the understanding of various electromagnetic and microwave structures by analyzing the electrical
performances of their equivalent circuits.
VI. CONCLUSION
This work presented a design, analysis, and simple method
for the formulation of lumped equivalent circuit models for dual
band PIFAs. The presence of a metallic interface connector
around the PIFA radiating structure degrades its radiating
power, return loss, and bandwidth performance. It has been
shown that the addition of the proposed open stub to the PIFA
geometry improves the various performance metrics of a PIFA.
PIFA models with various open stub lengths were created to
illustrate the effect of the length on PIFA performance, and it
was found that the enhancement of PIFA characteristics was
proportional to the stub length. The predicted and measured
PIFA results confirm up to 4.6 dB, 17%, 2 dBi, and 12.4%
improvements in return loss, bandwidth, gain, and efficiency
values, respectively. The second presented work illustrates a
simple procedure for the modeling of a lumped equivalent cir179
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cuit for the designed dual band PIFAs. The measured/simulated admittance data for each PIFA geometry with different
stub lengths were approximated to a rational function using a
pole fitting method. Subsequently, a lumped equivalent circuit
was formed and its element values were derived from the fitted
rational functions of each geometry. The predicted/measured
and formed equivalent circuit scattering parameters agreed extremely well. Finally, the correspondence between the physical
stub length of various PIFA structures and their derived equivalent circuits was discussed in detail, which will be useful in the
examination of the relationship between actual designed PIFA
structures and their equivalent circuits.
This research was supported by the Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science, ICT and
Future Planning (No. NRF-2013R1A1A2009489).
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Modelling and Simulation Resolution of GroundPenetrating Radar Antennas
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Abstract
The problem of resolution in antenna ground-penetrating radar (GPR) is very important for the investigation and detection of buried
targets. We should solve this problem with software or a numeric method. The purposes of this paper are the modelling and simulation
resolution of antenna radar GPR using three antennas, arrays (as in the software REFLEXW), the antenna dipole (as in GprMax2D),
and a bow-tie antenna (as in the experimental results). The numeric code has been developed for study resolution antennas by scattered
electric fields in mode B-scan. Three frequency antennas (500, 800, and 1,000 MHz) have been used in this work. The simulation results
were compared with experimental results obtained by Rial and colleagues under the same conditions.
Key Words: Antenna, FDTD, GPR, Modelling, Simulation, Resolution.

I. INTRODUCTION
Ground-penetrating radar (GPR) is an electromagnetic survey widely used in non-destructive resolution studies. This method has one of the highest resolutions in subsurface imaging of
any non-invasive geophysical method [1].
Numerical modeling and simulation of GPR signals are widely used and have been recognized as the best way to achieve
our results. A variety of differential equations and integral
equations based on numerical modeling techniques have been
developed for this purpose [3, 4]. This research intends to
highlight these issues by incorporating a finite-difference time
domain (FDTD) simulation for several cases. When applying
the FDTD method in GPR simulation using REFLEXW, the
permittivity and the electromagnetic wave attenuation are the
most important parameters of the medium that should be taken
into consideration for the GPR method. The GPR reflection
profiling entails simulation movement of both the transmitting

and receiving antennas along the profile line [4]. Radar is used
to detect an object based on radio waves. This method is based
on the emission of very short time domain electromagnetic
pulses. Spatial resolution depends on the characteristics of the
radar signal, the survey, the electromagnetic (EM) properties of
the studied medium, and the distance of the antenna to the
target. The frequencies, the number of scans over the target, and
the spatial antenna beam pattern are the features defining the
radar signal and the survey [5]. The resolution of subsurface
features is partly affected by antenna wavelength, which is also
directly related to the frequency for higher frequency radar,
providing higher resolution than a lower frequency radar [2, 10].
The simulation was compared to the data of an experimental
work [6], and the results showed a good performance. In particular, this work deals with the development of a set of simulations in order to analyze the resolution capacity of three
bow-tie antennas at frequencies of 500, 800, and 1,000 MHz,
simulating with their real resolution capacity and comparing it
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with the theoretical. This paper focuses on the methodology
proposed to carry out the antenna resolution. These simulations
are carried out in the air using two timber structures designed
and constructed for this purpose.

II. METHODOLOGY
In this work we distinguish between buried objects of the
same type and geometrics shape by simulation thus comparative
with to the experimental work published by Rial et al. [6], who
used the same objects: a rectangular wood bar (2 cm × 4 cm)
and a metallic circular bar (radius = 2 cm) buried in a medium
of air. They have the physical properties shown in Table 1. We
will simulate the resolution of the GPR antenna in the medium
of dry sand using GprMax2D in time and a frequency domain
of 800 MHz.
1. Description of Software
- REFLEXW software: In what follows, we discuss the
description of the software REFLEXW, whose algorithm is
based on the FDTD. This software is designed to process the
signals taken from the subsoil radar [11- 16].
- GprMax2D/3D: GprMax is based on FDTD and is
available free of charge for both academic and commercial use; it
has been successfully employed in situations. The tool can be
downloaded from www.gprmax.org or by contacting the author
[17].
2. Description Antennas
2.1 Antenna Arrays
Two types of antenna arrays are taken into account: antenna
transmitter and receiver (ATR): x-, y-coordinates, angle, and
frequency for both transmitter and receiver. The x-coordinate
will be added to the profile constant start coordinate given in
code AM, and the y-coordinate will be added to the profile start
coordinate given in code FX, in this work has used in REFLEXW. The wave used in this antenna is Kuepper, sinusoidal,
and continuous.
2.2 Antenna Dipole
Table 1. Physical properties of the materials
Material

Relative
permittivity
(F/m)

Conductivity
(S/m)

Velocity
(m/ns)

Wood
Iron
Air
Dry sand
Soil

3
1.45
1
6
9

0.003
9.99× 106
0
0.0001
0.001

0.17
0.24
0.3
0.12
0.1

Table 2. Geometries and dimensions of 500, 800 and 1,000 MHz
GPR antennas
Width (mm)
Long (mm)
STxRx (mm)
High (mm)

500 MHz

800 MHz

1,000 MHz

300
400
200
150

190
350
180
100

100
165
75
38

The antenna dipole consists of two identical conductive elements, such as metal wires or rods, which are usually bilaterally
symmetrical. The driving current from the transmitter is applied,
or, for receiving antennas, the output signal to the receiver is
taken between the two halves of the antenna. The wave used in
this antenna will be Ricker or Gaussian along the length of the
dipole as used in GprMax2D.
Dipoles mounted horizontally (as is more common) will have
gain in two opposing horizontal directions, but nodes (directions of zero gain) will be at 90° from those directions (along
the direction of the conductor).
A half-wave dipole antenna consists of two quarter-wavelength conductors placed end to end for a total length of approximately L = λ/2.
2.3 Bow-tie Antenna
This antenna will have a similar radiation pattern to the
dipole antenna, and it will have vertical polarization. A L = 76.5
mm bow-tie antenna with a width of W = 36 mm, (so that the
angle D = 2 × atan(76.5/36) = 130°). The separation between
transmitting and receiving antennas (STxRx) and typical geometries of these antennas and their physical dimensions are
shown in Table 2.
III. BACKGROUND THEORY
The vertical resolution is nothing other than the smallest
difference in time between two objects of the same type; the
GPR can distinguish them. We can then say that vertical resolution is the smallest distance; this is the direction perpendicular to the surface that two targets can be apart for us to
see them and distinguish them as separate objects. The horizontal resolution is a bit clearer because distance is measured in
the length units and not in the time units. So, the horizontal
resolution is the minimum distance between two objects in the
same horizontal plane parallel to the surface where the radar
“sees” both objects as separate [7, 14].
1. Modelling based on the FDTD Method
Maxwell’s equations in electromagnetic fields describe the
electric and magnetic fields arising from distributions of electric
charges and currents. They can be used to describe all the
electromagnetic fields; the propagation of electromagnetic fields
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is governed by Maxwell’s Eqs. (1a)–(1c),
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is the magnetic flux density in V · s/m2,
is the electric flux density in A · s/m2,
is the magnetic field in A/m,
is the electric field in V/m,
is the electric current dentsity in A/m2 and is the electric load
density in As/m3.
This equation calculates the field
based on field
/
. The same procedure is followed for the expression of
each component of the electromagnetic field. This discretization
of Maxwell’s equations constitutes the basis of the Yee algorithm. For the TE mode, the 2D FDTD equations become
[19]:
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2. Resolution
The accuracy of an antenna is in the antenna’s ability to
detect and distinguish between two or more targets separated by
a horizontal or vertical distances, as shown in Fig. 1. The horizontal resolution of the antenna is based on the presentation
package antenna radiation and wavelength, as shown in Eq. (5),
when the bandwidth, the narrow horizontal of the antenna,
gives the best accuracy. Furthermore, the vertical resolution is
strongly affected by the duration of the pulse radar and the
central frequency of the antenna. The vertical resolution can be
calculated by Eq. (4), from the effective duration τP of the radar
pulse, as shown in Table 3, and the wave propagation velocity v
(m/ns) in the medium vertical resolution [8, 9, 11].

 pc
2 r



λc

Antenna

Effective pulse
duration (ns)

Central frequency
(MHz)

(cm)

1,000 MHz
800 MHz
500 MHz

1.47
1.313
3.508

936
921
426

32
32.57
70

where λ is the wavelength and d is depth.

(3)

v 

Table 3. Effective pulse duration and central frequency for the 1,000,
800, and 500 MHz antennas

(2)

,
, ,

Fig. 1. Vertical and horizontal resolution diagram.

3. Beam Width
The theoretical relative field and power patterns of a short
dipole antenna are shown in Fig. 2. The two points of about 71
% of the maximum point in the field pattern or 50% of the
maximum point in power pattern are commonly used to mark
the beam width of the antenna radiation. Since in practice the
difference between the maximum and minimum values is very
large, it is common to express the measured relative power in
decibel (dB), defined as follows:
relative power (dB) = 10log10(P/Pmax)

(6)

or
relative power (dB) = 20log10(E/Emax)

(7)

 pv
2

(4)

The horizontal resolution can be calculated by
H 
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Fig. 2. Relative field and power patterns of a short dipole antenna.
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where P and E are the measured power and field strength,
respectively, while Pmax and Emax are the maximum values.
The beam width of the antenna can be defined then by
drawing two lines from the origin through the -3 dB points as
shown in Fig. 2 [18].
(a)

(b)

(c)

(d)

(e)

(f)

IV. RESULTS AND DISCUSSION
1. Vertical Resolution
The results of the vertical resolution have been presented in
Figs. 3–5. In Fig. 3(a), it is presented for wooden bars and in
Fig. 3(b) for metal bars buried in mediums of air and soil. We
note the presence of two hyperbolas that indicate the presence
of the two bars at around 63 cm, as compared with experimental
results [6] in Fig. 3(c) and 3(d) at 1,000 MHz. Fig. 4 shows two
bars of metal and wood buried in the medium of air at a 74-cm
depth with 800 MHz used; the bars are separated from each
other with a distance equal to 20 cm. The simulation results of
the vertical resolution at 800 MHz has compared with the
experimental results [6] of Fig. 4(c) and 4(d). However, the
results of our simulations seem to be the best. As expected, the
vertical resolution was better for the higher frequency antennas
because of their shorter pulse duration and was very similar for
the 1,000 MHz and 800 MHz antennas. With regard to the

(a)

(c)

(b)

Fig. 4. Radargram simulation of vertical resolution at a 74-cm depth
and a 800-MHz antenna. (a) Wooden bars simulation, 20 cm
spacing; (b) metal bars simulation, 20 cm spacing; (c) wooden
bars experiment, 20 cm spacing [6]; (d) metal bars experiment,
20 cm spacing [6]; (e) wooden bars buried in soil; and (f)
metal bars buried in soil.

(a)

(d)

(c)

(e)

(b)

(d)

(f)

Fig. 3. Radargram simulation of vertical resolution at a 63-cm depth
with a 1,000-MHz antenna. (a) Wooden bars simulation, 15
cm spacing; (b) metal bars simulation, 15 cm spacing; (c)
wooden bars experiments, 20 cm spacing [6]; (d) metal bars
experiments, 20 cm spacing [6]; (e) wooden bars buried in soil;
and (f) metal bars buried in soil.

(e)

(f)

Fig. 5. Radargrams of the 500 MHz antenna with bars at 85 cm depth.
(a) Wooden bars gap at 30 cm; (b) metal bars gap at 33 cm; (c)
wooden bars gap at 35 cm. (d) Metal bars gap at 40 cm; (e)
wooden bars buried in soil; and (f) metal bars buried in soil.
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different materials used in the simulations (wood and metal
bars), the solution became worse when the metal bars were used,
because of their higher electromagnetic contrast. A higher electromagnetic contrast decreases the energy of the signal received
by the second reflector, so that a greater separation is necessary
to detect discrete events. The type of materials is an important
factor in estimating the vertical resolution of the two targets due
to the fact that the materials that give a strong reflection are the
most masking material that is near them and vice versa. Results
obtained for the two antennas and measured vertical resolutions
are summarized in Table 4, for the 800, 500, and 1,000 MHz
antennas.

In this case, we show the 500 MHz antenna and different
vertical distances, as shown in Fig. 5, in the mediums of air and
soil.
1.4 Vertical Resolution by GprMax2d and Modelling in Dielectric
Medium (800 MHz)
We will simulate for detection of a small bar of iron buried in
a medium of dry sand, as shown in Fig. 6.
The results are difficult to distinguish between targets at a
separation of 10 cm, as shown in Fig. 7(b). However, at a separation of 16 cm, we can distinguish between buried targets, as

1.1 Vertical Resolution with the 1,000 MHz Antenna (Fig. 3)
1.2 Vertical Resolution with the 800 MHz Antenna (Fig. 4)
1.3. Vertical Resolution with 500 MHz Antenna (Fig. 5)

(a)

(b)

Table 4. Results of the vertical resolution (∆V ) for the 1,000, 500, and
800 MHz antennas
f

Bar

Experimental [6]
(cm)

1,000 MHz
800 MHz
500 MHz

Simulation
(cm)

Theory

D

(cm)

(cm)
63

Wood

20

17

15

Metal
Wood
Metal
Wood
Metal

30
20
30
35
40

18
17
18
30
33

18.8
15
18.8
29.48
35.24

(a)

(c)

74
85

Fig. 7. Radargram simulations of vertical resolution, spacing 10 cm and
0.5 m depth at 800 MHz. (a) Schematic drawing of the targets
buried; (b) radargram by GprMax2D; and (c) scattered electric
fields from two targets in mode B-scan.

(b)
(a)

(b)

The first reflection
Scattered of targets

(c)

(c)

Fig. 6. Radargram simulation of detection for iron bar, 0.5 m depth at
800 MHz. (a) Schematic drawing of the targets buried; (b)
radargram by GprMax2D; and (c) scattered electric fields from
two targets in mode B-scan.

Fig. 8. Radargram simulation of vertical resolution, with a 16-cm
spacing and a 0.5-m depth at 800 MHz. (a) Schematic drawing
of the targets buried; (b) radargram by GprMax2D; and (c)
scattered electric fields from two targets in mode B-scan.

186

ALSHARAHI et al.: MODELLING AND SIMULATION RESOLUTION OF GROUND-PENETRATING RADAR ANTENNAS

seen in Fig. 8(b) and Fig. 7(c), by signal. At a separation of 32
cm, it is very clear, as shown Fig. 9(b) and 9(c), by signal.
2. Horizontal Resolution
The frequencies of simulations were set at 800 MHz and
1,000 MHz. The results obtained are shown in Table 5 for the
two antennas, and the measured horizontal resolutions were
presented in Fig. 10 at 1,000 MHz and Fig. 11 at 800 MHz,
using two rods separated horizontally by 20, 32, or 52 cm. Fig.
11(a), 11(c), and 11(e) show the results for wood bars, and Fig.
10(b), 10(d), and 10(f) show the results for metal bars. The
results of horizontal resolutions are presented as shown in Fig.
10(e) at 1,000 MHz, and Fig. 11(f) at 800 MHz has compared
with other results [6] in Fig. 10(g) and 10(i) for wood and metal
bars, respectively. Fig. 11 used 800 MHz and a depth of 91 cm;
the experimental results obtained from Rial et al. [6], as shown
in Fig. 5(e) and 5(f), were compared to those from our simulation in Fig. 6(c) and 6(d). As expected, horizontal resolution
worsens as the reflectors are moved away from the antennas,
mainly because their footprint size gets larger. In radargrams of
Table 5. Results of horizontal resolution (∆H) for the 1,000, 800, and
500 MHz antennas
f
1,000 MHz
800 MHz
500 MHz

Simulation
(cm)

Theory

D

[6] (cm)

(cm)

(cm)

Wood

50

52

53.1

91

Metal
Wood
Metal
Wood
Metal

50
55
55
80
80

55
59.5
58
98
97

61.35
61.35
61.35
97.37
97.37

Bar

Experimental

(a)

91
143

(b)

(c)

Fig. 9. Radargram simulation of vertical resolution, spacing 32 cm and
0.5 m depth at 800 MHz. (a) Schematic drawing of the targets
buried; (b) radargram by GprMax2D; and (c) scattered electric
fields from two targets in mode B-scan.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(i)

(m)

(n)

Fig. 10. Radargrams simulation of horizontal resolution at a 91 cm
depth with a 1,000-MHz antenna. (a) Wooden bars spacing
20 cm; (c) wooden bars spacing 32 cm; (e) wooden bars
spacing 52 cm; (g) wooden bars experiments spacing 60 cm
[6]; (b) metal bars spacing 20 cm; (d) metal bars spacing 32
cm; (f) metal bars spacing 52 cm; (i) metal bars experiments
spacing 60 cm [6]; (m) wooden bars buried in soil; and (n)
metal bars buried in soil.

figures, the difference in the reflected signal for the two types of
bars used during the tests can be seen. The influence of the type
of bar in the resolution is less noticeable for the horizontal
resolution than for the vertical one. This influence seems significant only when the bars are close to the antenna; then the
hyperbolas become smaller and the wooden bars can be better
distinguished. Results of horizontal resolution (∆ H) for the
1,000, 800, and 500 MHz antennas are shown in Table 5.
2.1 Horizontal Resolution with an Antenna of 1,000 MHz (Fig. 10)
2.2 Horizontal Resolution with a 800-MHz Antenna (Fig. 11)
2.3 Horizontal Resolution with a 500-MHz Antenna (Fig. 12)
In this case, we use a 500-MHz antenna and different
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2.4 Horizontal Resolution by GprMax2D and Modelling in Die-

(a)

(b)

(c)

(d)

(e)

(f)

lectric Medium
Distinguishing between targets at a spacing of 10 cm is
difficult in the results of the horizontal resolution, as shown in
Fig. 13. At a separation of 16 cm, we can distinguish between
buried targets, as seen in Figs. 13(b) and 14(c), by signal. At a
separation of 32 cm, it is very clear (as shown in Fig. 15(b) and
15(c)) by signal.
However, when separated by 20 cm, we can distinguish
between buried targets stronger than other cases, as seen in Fig.
16(b) and 16(c), by signal.

(a)

(b)

Fig. 11. Radargrams simulation of horizontal resolution at a 91 cm
depth and with a-800 MHz antenna. (a) Wooden bars spaced
at 37.5 cm; (c) wooden bars spaced at 60 cm; (e) wooden bars
experiments spaced at 60 cm [6]; (b) metal bars spaced at 37.5
cm; (d) metal bars spaced at 60 cm; (f) metal bars experiments
spaced at 60 cm [6].

(c)

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 12. Radargrams of the 500 MHz antenna with bars at a depth of
143 cm. (a) Wooden bars with a gap of 98 cm; (b) metal bars
with a gap of 97 cm; (c) experiment of wooden bars [6]; (d)
experiment of metal bars [6]; (e) wooden bars buried in soil;
and (f) metal bars buried in soil.

horizontal distances, as shown in Fig. 12, in the mediums of air
and soil.
188

Fig. 13. Radargram simulation of horizontal resolution, with a spacing
of 10 cm and a 0.5-m depth at 800 MHz. (a) Schematic drawing of the targets buried; (b) radargram by GprMax2D; and
(c) scattered electric fields from two targets in mode B-scan.

(a)

(b)

(c)
Fig. 14. Radargram simulations of horizontal resolution, with a spacing
of 16 cm and a 0.5-m depth at 800 MHz. (a) Schematic drawing of the targets buried; (b) radargram by GprMax2D; and
(c) time domain.
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(a)

(b)

REFERENCES

(c)

Fig. 15. Radargrams simulation of horizontal resolution, with a 20-cm
spacing and a 0.5-m depth at 800 MHz. (a) Schematic drawing of the targets buried; (b) radargram by GprMax2D; and (c)
scattered electric fields from two targets in mode B-scan.

(a)

cribed in terms of a distance equivalent to the center wavelength
λc of the antenna. The resolution can also be represented by a
distance equivalent to effective pulse duration τp, of the signal
from the antenna. In air, the 800 MHz GPR antenna is a much
better antenna. The vertical resolution of an antenna on dielectric can be adequately represented by a distance equivalent to
one half (λc/2) of the center wavelength λc of the antenna in the
respective medium. The amelioration in vertical resolution as
compared to that in the air is probably due to the change in the
signal waveform of the antenna. The horizontal resolution of the
800 MHz antenna on a dielectric will be suitably represented by
the effective 3-dB beam width, 4BW of the antenna in the
respective medium.

(b)

(c)

Fig. 16. Radargram simulations of horizontal resolution, with a 48-cm
spacing and a 0.5-m depth at 800 MHz. (a) Schematic drawing
of the targets buried; (b) radargram by GprMax2D; and (c)
scattered electric fields from two targets in mode B-scan.

V. CONCLUSION
The radargrams were obtained by simulations using two different pieces of software, Reflexw and GprMax2D; they are
perfect theoretically and more accurate than the results that have
been obtained experimentally by GPR by Rial et al. [6] under
the same conditions. The contribution in this work is a calculation of the resolution of antennas using a dispersion of the
electric field that was successful and the use of several antennas.
The vertical resolution of a GPR antenna can be better des-
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Abstract
This paper proposes a voltage-controlled oscillator (VCO) that has broadband turning and low-level of phase noise characteristics. Due to
the micro-strip line resonant circuit with a low Q value, which is applied to the broadband tuning range, the depreciated phase noise
performance is compensated by restraining the harmonics of the oscillating frequency. The VCO was designed according to the proposed
structure as well as the conventional structure, and the superiority of the proposed structure was verified through its simulation, fabrication, and measurement.
Key Words: Broadband, Harmonic Suppression, Phase Noise, VCO.

I. INTRODUCTION

II. DESIGN AND MEASUREMENT

Designing a voltage-controlled oscillator (VCO) with a
broadband tuning bandwidth is very important for many
communication and radar systems. There have been many
studies promoting a VCO with broadband and low phase noise characteristics [1]. To realize the low phase noise characteristic, the resonant circuit with a high Q value has to be
used; however, this method decreases tuning bandwidth. If a
special high Q resonant circuit, such as the Yttrium Iron
Garnet (YIG), is applied, it is possible to achieve a VCO with
low phase noise and a broad tuning bandwidth. Such a VCO
type is difficult to integrate with other circuits and needs
large-scale power consumption.
Therefore, this paper proposes the use of a VCO-applied
coupling structure resonant circuit to realize broadband and
low phase noise characteristics. It is verified by comparing its
characteristics with general structures of VCOs.

This study applied a low micro-strip line resonant circuit
with a low Q value to satisfy the broadband tuning characteristic. However, the resonant circuit decreases the phase
noise characteristic [2, 3]. Due to its nonlinear characteristic,
the phase noise of the actual oscillator is the sum of 1/f noise
of the active element and the downward transformation of
white noise in all the harmonic bands of the frequency [4].
In other words, the phase noise characteristic can be improved by restraining the harmonics signal generated by the
oscillator. Fig. 1(a) shows the VCO structure proposed in this
study. To restrain the harmonics component of the active
element, it produces the oscillating signal from the coupling
structured resonant circuit. Compared with the conventional
case, where the oscillating signal is generated from the nonlinear active element (as in Fig. 1(b)), the proposed structure
has a superior harmonics suppression performance, resulting in
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Fig. 3. Photograph of the proposed VCO.

Fig. 1. VCO configuration: (a) proposed, (b) conventional.

a relatively improved phase noise performance.
To compare the restraint of the harmonics and the improvement of the phase noise characteristic of the proposed
structure, the circuit composition was fabricated to be the
same as the conventional structure except for the resonant
circuit structure. Both structures were also designed the same
way. They have a negative resistance and a resonant circuit to
satisfy the oscillating conditions. This makes the reflection
coefficient of the negative resistance at 1/
,
, and
the reflection coefficient of the resonant circuit at Γ ω ,
orthogonal with the optimal phase noise characteristic [5].
Since the proposed structure has its output in the coupling
structure, its output level is lower than the conventional
structure. It generates the nonlinear difference from the active
element. The load impedance (
) of the proposed
structure is determined by the load-pull analysis so that the
output power is to be a similar to that of the conventional
structure.
Fig. 2 shows a diagram of the proposed VCO’s entire structure. For the design and circuit simulation, Agilent Technologies ADS 2014 was used. The BFP405 of infineon was
utilized for the active element in the negative resistance, and
Infineon’s BB837 was used for the varactor diode.
To produce the conventional and proposed structures, an
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(b)
Fig. 4. The harmonics suppression performance: (a) proposed, (b) conventional.
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Fig. 5. Tuning range and output power of the proposed VCO.

ing voltage of the proposed structure and the output power
performance of the proposed structure. It shows 100 MHz/V
of the broadband tuning characteristic. The change of output
power shows a change of about -6 dB. This is seen as a difference according to the coupling characteristic by the frequency of the coupling structure resonant circuit.
Fig. 6 shows the phase noise characteristic measured by the
4352B (Agilent) VCO/PLL analyzer. The proposed structure
shows more than 15 dB of phase noise improvement than the
conventional structure on the offset frequency close to the
carrier.
III. CONCLUSION
To improve the phase noise characteristics by reducing the
harmonic component, this paper proposed a structure that
enables the elimination of the harmonic component. Through
the design, fabrication, and measurement of this VCO that
has a broadband tuning range and a low-level phase noise, its
superiority was proven.
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Fig. 6. The measured phase noise performance.

FR4 plate with a relative dielectric constant of 4.6 and thickness of 1.0 was used. Fig. 3 shows a real picture of the proposed structure that was manufactured for the experiment.
Fig. 4 shows the harmonics restraint characteristic of the
VCO. Fig. 4(a) shows the harmonics restraint characteristic of
the proposed structure; and Fig. 4(a) shows a -45 dBc of the
second harmonics restraint characteristic and a -38 dBc of the
third harmonics restraint characteristic. On the other hand,
the conventional structure in Fig. 4(b) shows a -24 dBc of the
second restraint characteristic and a -35 dBc of the third
harmonics restraint.
Fig. 5 shows the oscillating frequency according to the tun-

[1] S. H. Ryu, "Design issues of CMOS VCO for RF transceivers," Journal of the Korea Electromagnetic Engineering
Society, vol. 9, no. 1, pp. 25-31, 2009.
[2] D. B. Leeson, "A simple model of feedback oscillator noise
spectrum," Proceedings of the IEEE, vol. 54, no. 2, pp. 329
–330, 1966.
[3] J. H. Yoon, B. Shrestha, A. R. Koh, C. P. Kennedy, and
N. Y. Kim, "Optimized phase noise of LC VCO using an
asymmetrical inductance tank," Journal of the Korea Electromagnetic Engineering Society, vol. 6, no. 1, pp. 30–35,
2006.
[4] A. Hajimiri and T. H. Lee, "A general theory of phase noise in electrical oscillators," IEEE Journal of Solid-State
Circuits, vol. 33, no. 2, pp. 179–194, 1998.
[5] W. Wagner, "Oscillator design by device line measurement," Microwave Journal, vol. 22, pp. 43–45, 1979.

193

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 16, NO. 3, 194~197, JUL. 2016

http://dx.doi.org/10.5515/JKIEES.2016.16.3.194
ISSN 2234-8395 (Online) ∙ ISSN 2234-8409 (Print)

An Eight-Element Compact Low-Profile Planar MIMO
Antenna Using LC Resonance with High Isolation
DukSoo Kwon1 ∙ Soo-Ji Lee1 ∙ Jin-Woo Kim1 ∙ ByungKuon Ahn1 ∙ Jong-Won Yu1 ∙ Wang-Sang Lee2,*

Abstract
An eight-element compact low-profile multi-input multi-output (MIMO) antenna is proposed for wireless local area network (WLAN)
mobile applications. The proposed antenna consists of eight inverted-F antennas with an isolation-enhanced structure. By inserting the
isolation-enhanced structure between the antenna elements, the slot and capacitor pair generates additional resonant frequency and
decreases mutual coupling between the antenna elements. The overall size of the proposed antenna is only 33 mm× 33 mm, which is
integrated into an area of just 0.5 λ× 0.5 λ. The proposed antenna meets 5-GHz WLAN standards with an operation bandwidth of 4.86
- 5.27 GHz and achieves an isolation of approximately 30 dB at 5 GHz. The simulated and measured results for the proposed antenna
are presented and compared.
Key Words: Isolation Technology, MIMO, Mutual Coupling.

I. INTRODUCTION
In multi-path environments, a high channel capacity is
required in order to send more data in the desired direction. A
multi-input multi-output (MIMO) antenna exploits multiple
antenna elements to achieve a higher channel capacity that is
proportionate to the number of antenna elements [1]. The
conventional approach for MIMO applications is to arrange the
antennas over more than half of the wavelength to avoid
correlation [2]; thus, it extends the physical size of the antenna.
Moreover, increasing the number of antenna elements in a
mobile device affects MIMO performance due to mutual coupling between antennas.
Several MIMO antenna designs have been proposed to
minimize the mutual coupling between antenna elements and to
simultaneously decrease the antenna size. The basic approach is

to increase the space between antennas, but the space is limited,
especially for mobile applications. Decoupling networks [3, 4],
the slit pattern [5], the parasitic element [6], and the electromagnetic band gap (EBG) [7, 8] have been analyzed; however, these methods require additional space on an antenna. In
this paper, we propose a compact low-profile planar MIMO
antenna that unites eight inverted-F antennas with an isolationenhanced structure. We designed the proposed antenna to achieve high isolation between the antenna elements and we verified
the antenna's function by identifying the surface current and
radiation patterns.
II. DESIGN OF THE PROPOSED ANTENNA
The antenna shown in Fig. 1 was designed by expanding the
isolation-enhanced structure with the slot and capacitor, as
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Fig. 1. Geometry and dimensions of the proposed eight-element MIMO antenna (units: mm).

described in [9]. The proposed antenna is fabricated on an FR4
substrate; the size of the antenna is 33 mm×33 mm, which is
smaller than the conventional λ/2 MIMO antenna. An inverted-F antenna is flipped and rotated along the ground, forming eight antenna elements. All the antenna elements are
arranged by considering an antenna radiation pattern and are
the same size, with matching at 5 GHz. Better impedance
matching can be achieved by adjusting the length of the upper
arm or the distance between the feeding line and the shorting
line. All of the antenna patterns with capacitors are inscribed on
the top layer. Three FR4 1.6t substrates are stacked to reduce
the electrical size per unit antenna element to decrease the size.
The isolation-enhanced structure is placed between the two
inverted-F antenna elements that are facing each other. Although the distance between two adjacent antenna elements is
λ/30, closer than in [10], the proposed antenna can achieve 30dB isolation using LC resonance with high isolation.
The 5-GHz surface current of the proposed antenna is
depicted in Fig. 2. A slot and capacitor pair is located between
two antenna elements. As the slot can be regarded as an inductor, the inductor with a 0.3-pF capacitor causes LC resonance. The resonant frequency of the LC resonance decreases
when the slot length located on the four corners (Lw) increases,
as in Fig. 3, where Lw = 4 mm is chosen as the proposed
antenna. If the resonant frequency of the LC resonance matches

Fig. 2. Surface current distribution and prototype for the proposed antenna.

Fig. 3. Comparison of the simulated mutual coupling according to the
slot lengths.

with the operating frequency of the inverted-F antenna element,
the slot and capacitor separate the ground between the two
antenna elements. The surface current along the ground is
confined to the LC resonance, which then disturbs the mutual
coupling between the two antenna elements. The effect of the
isolation-enhanced structure is stronger when the directions of
the two antenna elements are crossed. The use of the slot and
capacitor ensures high isolation even when the two radiation
patterns overlap, e.g. ports 1 and 2, which can result in high
coupling between the ports of the antenna.
III. SIMULATED AND MEASURED RESULTS
The return loss and isolation of the proposed antenna are
measured with an Agilent 8722ES network analyzer in the
measurement range of 4 - 6 GHz. The S-parameter between
the antenna elements was obtained from the cable that connects
each feeding point of the inverted-F antenna to the connector
and the other ports were terminated with 50-Ω termination
loads. The simulated and measured reflection coefficients of
antenna element 1 are shown in Fig. 4; there was good agreement between the simulated and measured responses. The
measured −10 dB impedance bandwidth (S11) is 4.86 - 5.27
GHz, and the reflection coefficients of each antenna element
are roughly similar since all the antenna elements are identical.
Fig. 5 depicts the simulated and measured isolations from antenna element 1 to the neighboring antenna elements. The
measured results reveal that the isolation-enhanced structure in
the proposed antenna ensures approximately 30-dB isolation at
5 GHz (fc) between antenna elements.
Fig. 6 shows the simulated and measured radiation patterns
at 5 GHz for ports 1, 2, 3, and 8 in the proposed antenna. The
radiation patterns of the inverted-F antennas that radiate in the
electrical field are determined by the direction of the upper arm.
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Fig. 4. Simulated and measured reflection coefficients of antenna element 1.

Fig. 6. Simulated and measured radiation patterns in the XY plane at 5
GHz.

antenna elements compared with other previous works. The
proposed antenna has attractive features such as approximately
30-dB isolation using LC resonance and wide coverage on the
azimuth plane using eight antenna elements.
IV. CONCLUSION

Fig. 5. Simulated and measured isolations between other antennas
(ports 2, 3, and 8) and antenna 1 (port 1). The dotted black and
solid red lines are the simulated and measured results, respectively.
Table 1. Comparison between compact MIMO antennas
Characteristic

[11]

[12]

Proposed

Bandwidth (GHz)
Measured isolation
at fc (dB)
Electrical size at fc

1.63 - 2.05

2.4 - 2.49

4.86 - 5.27

24

25

30

0.43λ× 0.43λ

No. of elements

4

0.64λ× 0.48λ 0.5λ× 0.5λ
4

8

The radiation patterns of the antenna elements differ from each
other. As can be seen, the radiation patterns of adjacent antenna
elements are dissimilar enough to radiate individually with a
peak gain of −1.65 dBi. Th erefore, it is inferred that the
proposed antenna has eight different radiation patterns. Table 1
summarizes the specifications of the multi-port compact MIMO antenna and it also shows the number of integrated
196

In this paper, we propose a compact low-profile MIMO
antenna that integrates multiple antenna elements with an
isolation-enhanced structure employing a slot and capacitor for
small mobile applications. Our experimental results verify the
feasibility of the design incorporating eight antenna elements in
a very small area. The proposed antenna is easy to implement
within a planar structure and has a high isolation characteristic
with a simple slot and capacitor structure. The proposed antenna can be utilized to transfer data with high channel capacity
within the operating frequency band.
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