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1. Introduction

The microstrip antennas have been one of the most innovative fields of antenna techniques for
thelast three decades. Microstrip antennas have several advantages such as lightweight, small-
volume, and that they can be made conformal to the host surface. In addition, these antennas
are manufactured using printed-circuit technology, so that mass production can be achieved
at a low cost. Microstrip antennas, which are used for defense and commercial applications,
are replacing many conventional antennas [1]. However, the types of applications of microstrip
antennas are restricted by the narrow bandwidth (BW). Accordingly, increasing the BW of the
microstrip antennas has been a primary goal of research for many years. This is reflected in
the large number of papers on the subject published in journals and conference proceedings.
In fact, several broadband microstrip antennas configurations have been reported in the last
few decades. They have additional advantages: simplicity of production, small weight, narrow
section, easiness of integration of radiators with feeding system. However, this construction
also has the following disadvantages: narrow band, limited power capacity, not sufficient
efficiency of radiation. Still ongoing search for solutions to obtain a broad range of work in the
microstrip antenna. The aim of this study is to demonstrate that it is possible to build a
microstrip antenna with wide range of work.

The basic configuration of microstrip antenna consists of metallic strip printed on thin earthed
dielectric base. The feeding is accomplished through concentric cable, it runs perpendicularly
through a substrate or a strip line runs on a substrate in the plane of aerial[15]. The aperture
coupling feed was proposed by Pozar and it has many advantages over other types of feeds.
These include shielding of the antenna from spurious feed radiating, the use of suitable
substrates for feed structure and the antenna, and the use of thick substrates for increasing the
antenna bandwidth [5].
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34 Advancement in Microstrip Antennas with Recent Applications

The methods of analysis and projection of microstrip antennas have developed simultaneously
with the development of aerials. Nowadays several methods of analyzing the antennas on
dielectric surface are used, however, the most commonly used ones are the full wave model
based on Green's function and the method of moments where analysis relies on solution of
integral equation, concerning electric field, with regard to unknown currents flowing through
elements of the antenna and its feeding system [7].

Millimeter wave printed antennas can take on many forms, including microstrip patch
elements and a variety of proximity coupled printed radiators. The microstripline-fed printed
slot and the aperture coupled patch are examples of the latter type and may be useful in certain
planar array applications [2].

The paper presents the model of the antenna on which the influence of parameters on antenna
bandwidth simulation was conducted (the influence of changes permittivity and thickness of
every layer). One of the most important parameters which have been calculated is the band-
width. Its value depends on antenna parameters (thickness and permittivity of every layer).
The paper shows that as a result of optimization which has been demonstrated we can create
a planar antenna with wide range of work. The analysis process of multilayer microstrip
antennas is complex and time consuming[4,11].

One of the main problems associated with the use of planar antennas in radio links is their
relatively narrow frequency band of operation, it has been indicated at the outset of this
chapter. This problem has been described in literature, in books such as monographs [6] or [9,
ch. 3 and 6] and in paper such as [8]. The next literature is worth noting the work of Borowiec
and Stobodzian, who described [10] a method of increasing bandwidth of planar antennas.
Unfortunately, the bandwidth of the antenna work, which was obtained only at 15-18 %.
Increasing the frequency band planar antenna work can be done through the use of:

* Tuning frequency planar radiators,
* Dual frequency transmitters,

* Multilayer structures.

2. Analyzed antenna

Aperture coupling antenna feeding method was first suggested in 1985 by David.M. Pozar [9].
Using this method of feeding antenna we have hope to obtain a wide operating bandwidth B,
which has tried to prove, by various authors [9]. The basic condition for obtaining satisfactory
results is to optimize the parameters of multilayer antennas.

An exploded view of this type antenna is shown in Figure 1. The antenna consists of four layers
with two radiators. Radiators are microstrip patches; they are on layers of h, and h,. The
microstrip patch is feed by microstrip line trough slot in the common ground plane. The width
microstrip line is W and is printed on a substrate described by h, and ¢,. Coupling of the slot
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to the dominant mode of the patch and the microstrip line occurs because the slot interrupts
the longitudinal current flow in them][3].

For an analyzed planar structure activity of the antenna is more important than surrounding
space, so the analyzed area is not to large. But itis large enough so that the results would reflect
analyzed area precisely and strictly, taking into account limited computing power of a
computer. One of the most important parameters, which will be calculated, is bandwidth
whose value is dependent from parameters of antenna. The described aerial is structure multi
resonance.

Patches

§ = Ao /4 ' _. g -

Figure 1. An aperture coupled microstrip patch antenna.

3. Optimization

Choice of laminates and other materials for the implementation of the antenna and antenna
system is one of the most important steps in the process of designing microstrip antennas.
Planar microstrip antenna can be built with the theoretically infinite number of layers. This
solution, unfortunately, leads to a reduction in antenna efficiency and leads to excitation of
surface waves. In order to provide the required bandwidth efficiency of the antenna work and
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we need to limit the number of layers to this, to obtain both wide bandwidth operation and
high efficiency.

In this case the optimization is folded, since all possible combinations of parameters will be
examined. This optimization is time-consuming and complex process. In Figure 2 an algorithm
of the optimization was presented. Bandwidth planar antenna can be expressed using the
equation (1):

_ VSWR-1

ofe, M

4fh

B

where:

Q - quality factor

fo - center frequency of band

€, - permittivity

h - thickness of antenna

Optimization parameters:

* Layers permittivity: €, €,, &, €,

* Layers thickness: h;, hy, hs, h, (Fig.1)

In order to optimize the iterative method was used. It is time consuming but allowed us to
investigate the effect of dielectric parameters of the antenna operating band (fig.3). In the
optimization process the following steps of changes of input parameters were accepted:

* electric penetrability of layers (¢, ¢,, &5, ;) —0.05

* thickness of layers (h,, h,, h;, h;) —0.05 [mm]

4. Limitations of the optimization

Permeability and thickness of each layer are limited typical values offered by various manu-
facturers such as ROGERS, ARLON, etc. Different companies offer dielectrics with very similar
structural parameters. Therefore, the values of h and ¢, values are limited discrete values
occurring in the family.

As a result of computational series this way conducted for every of layers three-dimensional
graphs giving the full image and the inspection of all possible combinations to the thickness
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Figure 2. Algorithm of the optimization

and permittivity (Figure 3). On each of graphs optimum areas marked on the color red. Layer
h; has the optimum area smallest of all examined layers.
5. The results of the optimization process

The object of the study is primarily broadband properties of the antenna input impedance and
directional properties, which determine the further use of the model. Particular attention is
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paid to the bandwidth of the work, which was the basic parameter determining the final
construction of the structure. Using the current state of knowledge should lead to the use of
dielectrics with relatively lowest values of electrical permittivity. Optimization was carried
out by examining the every of the layers in structure. The results to optimize were presented
on the graphs below. The optimization process was as follows: for each layer has been studied
sufficiently large set of combinations of thickness and permeability, and for each of them
determined the bandwidth of operation. As a result of a series of calculations for each of the
layers was formed three-dimensional graphs which give a complete picture and review all
possible combinations of thickness and permeability. On each of the graphs obtained areas
with the bestbandwidth - in the diagrams shown in red. As can be seen in the following analysis
for each layer there is at least some optimum combinations. A limitation of choosing the right
laminate is the availability of mass-produced laminates of sufficient thickness and permeabil-
ity. Laminates as well as other electronic components such as resistors and capacitors are
produced in the so-called series with typical values, with defined thicknesses and permittivity.
This is some major difficulty for designers.
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Figure 3. Results of optimization for the parameters of the four layers of the aperture-coupled microstrip antenna
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The results also show how little room for maneuver there is for choosing the right laminate
structure. For some structures may unfortunately find that the physical realization is impos-
sible because in our area of interest is not in any laminate. Then we would look for a solution
by changing the dimensions of the radiating elements so as to be able to use existing laminates.

As a result of optimization selected the following dielectrics:
h;=1,57 mm, ¢, =2.2 - Rogers-RT/duroid 5880

h, =3,048 mm, &, =2.6 -Rogers-RT/ULTRALAM 2000

h; =3 mm, &; =1.07- polymethacrylamid hard foam.

h, =0,25mm, &, =3.50 - Rogers/RO3035

6. Influence of dielectric parameters on antenna bandwidth

The thickness of layers in a multilayer structure is one of the more important elements affecting
directly on the bandwidth of the work the whole structure of radiation. Analysis the impact
of the thickness the layers on the bandwidth in the structure consisted of the cyclic change in
thickness (in steps of 0.05 mm) layer and setting the bandwidth (VSWR <2) when the other
elements in the construction of the antenna in the same state. Maintaining other elements of
the antenna can be sure that the effect is obtained only from changes in thickness. The analysis
was performed for all layers occurring in the structure. For obtained in the optimization
process the parameters of laminates determined parameters of the antenna.

70 -

%

Bandwidth

30 - |
20 | :

10 - i

0+ —
00008 O,OQ’OGZ

0,1 0,15 0,2 025—

Figure 4. Influence thickness of h, layer on bandwidth

The first was analyzed h, layer. It is located at the top of the antenna. The results are illustrated
in Figure 4. The results can be concluded that the bandwidth of the work at a level above 50%
can be achieved by changes in the thickness of this layer in the range from 0.008 to 0.062A,.
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When we increase the thickness of the layer above the limit then the range bandwidth is
narrows in the area of the upper frequencies.

a) \‘, b)
\

Figure 5. VSWR for values outside of the optimal range (a) thickness >0.062\, (b) thickness <0.008),

Using the same calculation process, we determined the influence of thickness h3 to h1 on the
bandwidth of the antenna.

7. Study the impact of the total thickness of the antenna operating
bandwidth

Using the results obtained during the optimization and additional numerical calculations can
be concluded that the multilayer structure achieves the highest bandwidth for the measured
quantity of work, as the ratio of thickness of the antenna to the wavelength and containing in
the range of 0.21-0.27 A,. When the thickness of the structure has a value outside this range is
rapidly declining bandwidth operation. For all layers of optimum thickness ratio of the total
structure to the radiated wave length (center frequency 8.27 GHz antenna operation) at which
it achieves the greatest band of operation is in all cases very close to the value of 0.25A (fig.6)

Mistake how we can make when selecting layer h; and h, is the smallest of all the layers, both
in terms of thickness and permeability. Minor deviations from the optimum value (due to the
bandwidth of operation) the effect of limiting the bandwidth of operation well below 50%. For

working bandwidth> 50% of the thickness and permittivity of each layer should contain,
respectively, in the intervals:

¢ layer hl: thickness from 0.041 to 0.062 A, and permittivity e, from 1.78 to 2.62;
* layer h2: thickness from 0.084 to 0.121 A, and permittivity ¢, from 2.28 to 2.77;
* layer h3: thickness from 0.077 to 0.176 A, and permittivity e from 1 to 1.36;

* layer h4: thickness from 0.008 to 0.062 A, and permittivity ¢, from 2.05 to 4.62;
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Figure 6. Bandwidth as a function of thickness of the multilayer structure due to the change in thickness of each layer.

8. Calculation of parameters for optimum model

For optimized model antenna the electrical parameters were determined: VSWR, impedance,
characteristic of radiation. Figure 6 shows the VSWR of optimal single patch antenna. How-
ever, the input impedance is shown in Figures 7 (reactance and resistance). Resistance in the
range of work fluctuates around the value of 50€). the reactance value fluctuates around the
value of the 0.

Joe — Jom  10.85-561
R

-100% = 62,58%

- S,
o

o

=

B

Frequency (GHz)

Figure 7. VSWR of optimal single patch antenna.
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Figure 8. Reactance and resistance of optimal single patch antenna.

The resultant input impedance allows the full use of the antenna in the whole range of work.
As a result of optimizing the working range was achieved 62.5% (VSWR<2).

The process of optimization and testing of all parameters of the antenna was carried out using
IE3D software (Zeland Software) based on the method of moments. In order to verify the
correctness of their analysis before the construction of physical model of antenna we one more
time made calculations the VSWR and radiation characteristics of the final model using a
different calculation method (fig.10 and 11). To perform calculations in order to verify the
selected software CST Microwave Studio based on FDTD method. Smith chart of wideband
multilayer antenna is show in figure 9.

Input impedance of the antenna in operating band varies in the range of 30 to 70 [Q2]. This input
impedance makes full use of the antenna in the whole operating band. Such changes in the
impedance is a side effect for maximum bandwidth. It should be noted that despite these
changes the antenna VSWR <2.

The radiation pattern of antenna has stable shape in the whole operating band. In the whole
frequency range the gain of antenna (calculated) is around 5 [dBi]. The width of the radiation
characteristics (- 3dB) is around 100 °.
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Figure 11. Radiations pattern of multilayer antenna-simulations

Selection of components of the antenna (thickness and permeability layers) gives the value of
VSWR<2. The antenna's radiating patch has very similar level and distribution of currents. The
main radiating element is side edges of the patches are the same as in single-layer structures.
The distribution of currents guarantees consistent with the direction of the feed line.

9. Physical model of the antenna

In the figure 13 shows the antenna layers. First from left is put layer h1 with coupling slot.
Holes in layers of the antenna were carried out intentionally with a view to precise connecting
with oneself layers, they aren't bringing changes of parameters of the aerial in.

In Figure 13 a ready model of the aerial was described, the structure of aerials is coated
with foamed PCV. They aren't bringing changes of parameters of the aerial in (checked in
measurements).
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Figure 12. Current distribution in antanna elements

Figure 13. Layers of antenna and model of antenna.
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Obtained in a multi-layer band work is not possible in single layer antennas [2]. In the whole
range of work input impedance of the antenna is stable. Antenna input impedance in the band
of work is changing in the range of 36 to 67 [(2]. Such changes in the impedance are a side effect
for a maximum bandwidth of work.

The result for the physical model confirms the correctness of the analysis and calculations
obtained using the calculation method based on the method of moments. Three of the four
laminates used in its construction include teflon, and one of the layers is made of polimetha-
crylamid foam. This caused some difficulties in the technological process of joining them
together and generates small inaccuracies in the contact of subsequent layers. This gave slight
differences between calculations and measurements.

2.8 mm

Figure 14. Dimension of h, layer

The resulting optimization model of the antenna is shown in Figures 9, 10 and 11. The antenna
is a multi-layered structure having in its construction of two radiating elements in the form of
"patches" located on successive layers of the dish. Patch located in the h2 layer is fed by a line
through a gap made in the plane of the masses. Above it there is another patch that by using
the resonance (of another already in the structure) greatly improves the bandwidth of
operation. The power supply line located on the layer defined by the h1 and ¢l.
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Figure 15. Dimension of h, and h, layers

The h2 layer is made of foam, which cannot be applied metallization. Therefore, the patch was
placed on the bottom layer of h4. In result the radiating patch will be located between the layers
h3 and h4.

10. Result of measurements

Measurement of parameters and antenna characteristics were carried out at the Laboratory for
Electromagnetic Compatibility of the Electronics Department of the Military Technical
Academy equipped with an anechoic chamber. A prototype is made and the following
measured results in the frequency range (5,5-11,5 GHz) for :

¢ Standing wave ratio VSWR
* Input impedance Z

* Resistance R

Reactance X

Radiation patterns

Figure 16 shows the model of antenna VSWR during measurements. In the next Figure 17
shows the results of measurements of VSWR, which reaches a value of less than 2 in frequency
range from 5.8 GHz to 10.15 GHz. during the measurement parameters and antenna charac-
teristics of dielectric parameters was also studied based on the methodology described in the
articles[12,13,14].
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Figure 16. Model of antenna during VSWR measurmeants.
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Figure 17. Measured VSWR of optimal single patch.

Obtained in the measurement bandwidth of the work is:

B= Z(fL_fmm) 100% = 2(10150 - 5800)

24350
fmax + min) (10150 + 5800)

-100% - 100% = 5% @)

Figure 18 shows the measured values of resistance and reactance of antenna model.
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Figure 18. Measured input impedance of optimal single patch antenna.

Figure 18 shows the measured values of resistance and reactance of antenna model. The meas-
ured resistance valueranges from 35 to 55 ohms. Reactance variesin therange from -10 to 5 ohms.

Figure 19. Photos of the antenna during measurments in the anechoic chamber.
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The subject carried out by the author toprimarily study broadening the antenna bandwidth
properties, which confirm the elimination of the problem of narrowband in the structures of
planar antennas and directional properties. Particular attention is paid to the impedance
properties defined by examining the standing wave ratio (VSWR) in the bandwidth of the
antenna, the ratio was determined relative to a standard value of impedance 50€). Radiation
characteristics was investigated for frequencies from 5.5 GHz to 11.5 GHz in steps of 1 GHz.
The paper presents the characteristics for a center frequency band operation (7.6 GHz) and for
two frequencies distant by about 1 GHz bandwidth from the ends of the work, the frequency
of 6.5 GHz and 9.5 GHz. For the same frequency were also determined and presented in the
work sheet in the computer simulations.

Figure 20 shows the far field radiation characteristics of the antenna at the center frequency
(7.6 GHz) and at 6.5 and 9.5 GHz

6.5 GHz

7.6 GHz 9.6 GHz

Figure 20. Radiation paterrns(H - plane).
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Width of the main lobe at the level of -3 [dB] in the whole operating band is approximately
140 °. Radiation pattern has a stable shape in the frequency domain.

9,00

8,00

7.00

6,00

antenna gain  [dBi]

4.00

3,00

200

1.00

9.00 9.20 940 960 9,80 10.00 10,20
f[GHz)

Figure 21. Measured antenna gain versus frequency.

Antenna gain is in the range from 4 dBi to 5.7 dBi. For multilayer structure with a bandwidth
greater than 50% this is considered to be very good gain values.

Presented in a multi-layer structure despite the complex structure can be used to construct the
antenna array, thereby increasing antenna gain. For this purpose, designed four element array,
whose design is shown in Figure 21.

Figure 22. Antenna array.
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Parameters and characteristics of the antenna array were also measured in the anechoic cham-

ber (fig.21). For the model was made the following we measured in this same frequency range

(5,5-11,5 GHz) following parameters: standing wave ratio VSWR, input impedance Z, resist-
ance R, reactance X, radiation patterns. Measurement results are shown in Figures 23 and 24.

Figure 23. Antenna array during measurments in anechoic chamber.

140
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40
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Figure 24. Impedance of antenna array- measurmeants.
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5,8 GHz

10,5 GHz

Figure 25. Radiation paterrns of array.

11. Comparison of simulations and measurements

The most important parameter in view of the article is the course of VSWR as a function of
frequency. The result obtained for the physical model confirms the correctness of the analysis
and calculations obtained using the calculation method based on the method of moments, as
well as the FDTD method.

VEWR

5 8 7 E: 3 10 11
Frequency [GHal

— calculation —— measurments

Figure 26. VSWR - simualtions and measurments.
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Reduction of bandwidth in the upper-frequency of band (as confirmed by further simulations
and calculations exploring the effects of precision interfaces between layers of the antenna on
its parameters), the inaccuracy of the interfaces between layers of the dish. Three of the four
laminates used in its construction include Teflon, and one of the layers is made of foam
polimethacrylamid. This causes some technological difficulties in the process of connecting
them together and produce a minimum of contact inaccuracy of subsequent layers. The
simulations confirm the situation.

Figure 27. Radiation paterrns of antenna measurments (a) and simualtions (b).

12. Conclusion

This article presents issues related to the theory and technique of multilayer planar antennas
fed by the slot. This paper describes multilayer configuration to increase the BW of the antenna.
This configuration has many advantages, including wide BW, reduction in spurious feed
network radiation, and a symmetric radiation pattern with low cross-polarization. The antenna
configuration with a resonant aperture yields wide BW by proper optimization of the coupling
between the patch and the resonant slot. The basic characteristics and the effects of various
parameters on the overall antenna performance are discussed.

The results of the study are satisfactory. The paper describes a clear advantage of multilayer
antennas over monolayer ones, where the bandwidth is significantly narrower. The coupling
aperture antenna after optimization can result in a considerable increase of bandwidth. The
bandwidth of aerial is the outcome of the way feed as well as the utilization to build the multi-
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layer substrates and they parameters. Calculations show how difficult it is to choose optimal
value for laminates when we want to obtain wide band. Permittivity and thickness are equally
important for bandwidth antenna. The analysis of the antenna was done by the usage of IE3D
- Zeland Software (method of moments - MoM). The method has been applied to the micro-
strip-fed slot antenna and to the aperture coupled antenna with a good result when compared
with measured data.

The model of antenna allows use of all the positive properties of planar antennas with
simultaneous work in a wide frequency range, which so far has been the main element to
eliminate this type of the antenna of use in many designs. Given the trend for miniaturization
of antenna devices and the development of radio technology and integrated systems presented
in the paper of construction seems to be very prospective. The design of this antenna is a
modern solution to the antenna, which is especially important in the use of the moving objects.
The results of experimental studies measuring fully confirm the possibility of constructing
planar antenna with wide bandwidth operation. In addition, ease of implementation of
antenna arrays using planar antennas opens up new possibilities in the use of this construction.
Designed antenna operates in X-band and certainly could be an interesting alternative to the
currently used antenna antennas operating in this band.
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