Master Thesis Research on the Bandwidth Enhancement and Mutual Coupling Reduction of Microstrip Antermas

Abstract

This thesis is primarily focused on the design of broadband microstrip antenna and the
technique of mutual coupling reduction between microstrip antenna elements and arrays. A
novel broadband antenna is designed, a new technique to reduce the mutual coupling between
two antenna elements is pesented and a time-saving method to calculate the mutual coupling
between large arrays is proposed.

This thesis firstly describes the design of a novel fork-like stripline-fed aperture coupled
antenna element. This antenna is fully planar, and the fork-like feed line is utilized to improve
the impedance bandwidth. The nonresonant aperture is used to reduce the backlobe radiation.
The measured results show that this antenna element can achieve a broad bandwidth with a
low backlobe level and a low cross polarization level.

A novel parasitic structure is inserted between two microstrip antenna elements to
reduce the mutual coupling by canceling the space wave. The measured results show that a
13dB mutual coupling reduction is obtained across a broad bandwidth, while the antenna
radiation patterns in both E-plane and H-plane remain unaffected.

The network method is used to reduce the calculation time of mutual coupling between
two large microstrip antenna arrays. In the network method, the arrays are divided into two
parts: the radiating elements and the feeding networks. The element spacing of the arrays
along the coupling direction is adjusted to reduce the mutual coupling. The spacing between
the centers of two arrays is fixed. By using the network method, the total calculating time is
greatly reduced. The mutual coupling level between the adjusted arrays is 10dB lower than
that of the original arrays. The adjusted array doesn’t show significant degradation of antenna
gain and radiation patterns compared with the original array. The simulated and measured

results agree well with each other.

Keywords: Microstip Antenna Array, Bandwidth, Stripline-fed, Mutual Coupling, Network
method
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1 Introduction

1.1 Overview

The microstrip antenna concept was first introduced by Deschamps [1] more than 50 years
ago. Since then, Microstrip antennas have become popular for a wide variety of application
areas. This is because of their many advantages over conventional antennas, such as being
comparably lightweight, low profile, low cost, their conformity to surface and direct
integrability with microwave circuitry. On the other hand, compared to the conventional
antennas, microstrip antennas have some limitations. These drawbacks are due to its low gain,
narrow bandwidth performance and surface waves. Much work has been done to overcome
these drawbacks. For example, bandwidth can be increased to more than 100 percent by using
special techniques [2]; lower gain and lower power handling limitations can be overcome
through an array configuration. Surface wave-associated limitations such as poor efficiency,
increased mutual coupling, reduced gain and radiation pattern degradations can be overcome

by the use of metal fences [3] or electromagnetic bandgap structures [4].

1.2 Organization of thesis

The following Chapter 2 mainly presents a novel fork-like stripline fed aperture coupled
antenna element. The development of aperture coupled antenna is briefly reviewed. And the
designed antenna element is fabricated and tested. The simulated and measured results are
given for comparison. Chapter 3 mainly discusses the reduction of the mutual coupling
between microstrip antenna elements. A novel parasitic structure is inserted between two
microstrip antennas to reduce the mutual coupling through canceling the space wave between
the two microstrip patch antennas.

Chapter 4 mainly discusses the calculation and reduction of mutual coupling between
microstrip antenna arrays. The full wave based network method is used to calculate the
mutual coupling. The results of the network method are compared with those calculated by
Ansoft Designer. The element spacing along the coupling plane is adjusted to reduce the
mutual coupling. Finally the original design and the adjusted design are fabricated and tested.

Chapter 5 summarizes the thesis by reviewing some of the important concepts of this

research.
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2 A Novel Fork-like Stripline-fed Aperture
Coupled Antenna Element

2.1 Literature review

Microstrip antennas are commonly fed by one of three methods: (a) coaxial probe, (b)
stripline connected directly to the edge of a patch, and (c) siripline coupled to the patch
through an aperture. Feeding by a coaxial probe has the advantages of ease in impedance
matching and low spurious radiation and the disadvantage of having to physically connect the
center conductor to the patch. The advantage of directly connecting a stripline to the edge of a
patch is ease of fabrication. However, impedance matching is not as convenient as the probe
feed case, and unwanted radiation from the feed line can be a problem.

A method which has become very popular is to couple energy from the stripline through
an aperture (slot} in the ground plane. This method, known as aperture coupling, was first
proposed by Pozar [5]. Some of its advantages are as follows: (a) The feed network is isolated
from the radiating element by the ground plane which prevents spurious radiation; (b) active
devices can be fabricated in a feed substrate with high dielectric constant for size reduction; (c)
there are more degrees of freedom for the designer.

The slot that couples energy from the stripline to the patch can be either resonant or
nonresonant. If it is resonant, it provides another resonance in operation band. However, the
resonant slot has a strong backlobe radiation which substantially reduces the gain of the
antenna. For this reason, a nonresonant slot is usually used in aperture coupled microstrip
antennas. The impedance bandwidth of the basic form of such antenna is typically 6-7%.

The impedance bandwidth of aperture coupled microstrip antennas can be enhanced by
using stacked or coplanar parasitic elements.

An aperture-coupled microstrip stacked patch antenna is studied in [6], with the goal of
obtaining wide bandwidth, low cross-polarization and weak parasitic radiation from the
feeding aperture for applications in phased array antenna, as is shown in Fig.2.1(a). A 25%
bandwidth with VSWR less than 1.6 was achieved. The worst back to front ratio is about -18
dB for this antenna. Another aperture coupled stacked patch antenna with an operating
bandwidth (defined as having a return loss of < -10dB) of over 50% is proposed In [7], as is
shown Fig.2.1(b). Back radiation levels ranged from -10 to -15dB over the band, relative to
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front radiation level.
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Fig.2.1. (a) The antenna element proposed in [2].
(b) The antenna element proposed in {3].

In [8], coplanar elements are incorporated into the aperture-coupled microstrip antennas.
Additional patches are gap-coupled to the nonradiating edges of the fed rectangular patch. The
sizes of the additional patches are identical for each configuration. Subarray 1 and subarray 2
have two and four parasitic elements respectively, as is shown in Fig.2.2. The calculated
bandwidth of Subarray 1 is about 12%, while that of Subarray 2 is about 17%.

Parasitic elements

Patch
< Ny

/
=N

Aperture

N

Microstrip feedline
Fig.2.2. (a) The layout of Subarray 1 with 2 parasitic elements
(b) The layout of Subarray 2 with 4 parasitic elements

Two methods commonly used to improve the radiation characteristics are to place a

shielding plane behind the antenna in [9] [10] or to enclose the aperture in a cavity in [11].
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Both approaches eliminate any unwanted radiation in the back region. However, the
incorporation of a shielding plane makes the structure bulky. The use of a cavity eliminates
this problem at the expense of greater manufacturing complexity, thereby increasing cost.
Another way to improve the front-to-back ratio is to place a microstrip antenna element behind
the aperture as a reflector [12], as shown in Fig2.3. Proximity coupling between the feed line
and the reflecting element is negligible due to the thick foam substrate used, allowing use of
the reciprocity method of analysis. Also, the directive paich elements are shielded from the
reflector by the ground plane. Therefore, only interactions between the reflector and the
aperture need to be modeled, resulting in a simple analysis, For aperture coupled patch designs
with a front-to-back ratio of 10dB or greater, the introduction of a reflecting element has a
negligible effect on the input impedance of the antenna. Therefore, a reflector element can

readily be incorporated into existing designs.

Faleh Anslanms

Fig.2.3. Geometry of an aperture coupled microstrip antenna with a reflector element.

Instead of a microstrip feed, a stripline feed is used in [13] [14] and [15] to eliminate the
parasitic feed line radiation and the back-radiation of the slot, as is shown in Fig.2.4. The
stripline. technology allows one to work with antennas having a feed network completely
isolated which is very useful for integration in a system containing devices sensitive to
parasitic radiations(amplifiers, phase shifters, etc.). This kind of feed line is also very well
suited for integration in a multilayer antenna.

The stripline-fed aperture coupled microstrip antenna behaves in a similar manner
overall, but with a few additional phenomena to be dealt with. The first involves the currents
which return via the ground plane, creating an excitation field in the slot [13]. These currents
are now distributed over the two ground planes associated with the feed line. By increasing the

height of region 1, the structure tends toward that of a microstrip line, concentrating the
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currents on the upper ground plane which enhances the excitation ficld in the slot, thus
improving the resonance of this latter. If regions 2, 3, and 4 in Fig.2.4 are maintained as
previously, the real part of the input impedance is seen to increase. The second effect concerns
back radiation, which is reduced considerably by the lower ground plane. On the other hand,
back radiation from the slot is trapped between the two metallic planes, resulting in the
appearance of higher modes. The severity of these parasitic modes depends strongly on the
level of back radiation from the slot [16]. These modes can be eliminated by shorting pins
between the two ground planes. A two stacked patches structure is used for large bandwidth
[14]. This element exhibits a 19.7% band width for an SWR<2 and on-axis cross-polarization
< -37dB. The back-radiation level is iower than -25dB over the whole bandwidth.

uppe;'patch n ’

lower paich slo

Lo Nl!w 2 -3 L

ground plane  shorting pin feed line

Fig.2.4. Geometry of stripline-fed aperture coupled antenna with vias around the coupling
slot

A new stripline-fed, fully planar aperture coupled antenna element designed in the

stripline technique without the use of shorting pins or vias around the coupling siot is proposed

in [17]. Such strip radiating elements can be easily integrated with feeding networks designed

in the most commonly used stripline technique, constituting high performance fully planar

large antenna arrays.
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radiating element

Fig.2.5. Geometry of stripline-fed aperture coupled antenna
Fig. 2.5 shows the stripline-fed aperture coupled antenna element. An air spacer has been
inserted between the radiating element and the upper ground plane to ensure appropriate
bandwidth of the antenna. The feeding network consists of two layers of laminates, on which
the network’s strip pattern is etched. The measured gain equals 8 dBi at center frequency. The
bandwidth of this element equals 17% for a return loss better than 15 dB.

2.2 A fork-like stripline-fed aperture coupled antenna
element

In this section, a novel fork-like stripline-fed aperture coupled antenna element is
proposed as depicted in Fig.2.6. This antenna can achieve the wide band performance, the
low back radiation levels, and low cross-polarization levels. Compared with the antenna
element shown in [17], a novel fork-like feeding structure has been adopted which
considerably improves the bandwidth performance. The nonresonant aperture has also been
used to suppress the back radiation.

As is shown in Fig.2.6 and Fig.2.7, the antenna is composed of three dielectric layers,
four metallization layers and two ground planes. The radiating rectangular patch is etched on
the top metallization layer. An air gap is inserted to separate dielectric layer 1 and the upper
ground plane. A rectangular coupling aperture is cut in the upper ground plane. The novel
fork-like feeding structure is etched between dielectric layer 2 and 3. The lower ground plane

is at the bottom, in which a second rectangular aperture is cut.
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Fig.2.6. Geometry of stripline-fed aperture coupled antenna
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Fig.2.7. Cross-sectional view of the antenna element.

To validate our concept, the antenna element has been designed. As is shown in Fig.2.7,
the radiating patch is put on the top of dielectric layer 1 with permittivity £,=2.7 and thickness
h=0.5mm. The thickness of the air gap is 3.6mm. Dielectric layer 2 has a permittivity of 2.7
and a thickness of 0.5mm, while dielectric layer 3 has a permittivity of 2.7 and a thickness of
1.5mm. '

Fig.2.8 shows the basic parameters of radiating patch, coupling aperture, fork-like

feeding structure and the aperture in the lower ground plane. The radiating patch has a length
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of a; and a width of b;, and the coupling aperture has a length of a; and a width of b,. The
second aperture is cut in the lower ground plane with length a; and width b;. The fork-like
feeding structure has four branches with equal length w; and width w,, while w; is the total
width. The distance between every two branches is wy Those branches are connected to a

502 stripline having a width of wp.
w3

wi

b3 w2
J’ bl
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Fig.2.8. Dimensions of the antenna: a/~12.2mm, a,=10.6mm,
a3=9.8mm, b,=12.4mm, b;=5.4mm, b3=3.9mm, we=1.0mm, w,;=0.8mm,

wy=7.4mm, w3=7.0mm, w,/~1.5mm.

Fig.2.9 shows the simulated and measured VSWR characteristics of the proposed
anfenna element. The bandwidth is better than 55%. The frequency range is from 5.7GHz to
10.1GHz (VSWR<2:1). It is interesting to note that, compared to [17], although the
bandwidth is narrower for the ¢riterion of VSWR<1.5:1, it is much wider for the criterion of
VSWR<2:1, This advantage is caused from the fork-like structure which provides the
multi-resonances as is seen in Fig.2.8. The measured antenna gain against frequency is shown
in Fig.2.10. The peak gain attains 8dBi around the center frequency. It is shown that the gain
bandwidth of this antenna is not as wide as the impedance bandwidth. The antenna gain drops
to below 0dBi at the edge frequencies. However, a bandwidth broader than 20% is still
obtained for gain over 5dBi. The E-plane and H-plane radiation patterns measured at center
frequency 8 GHz are presented in Fig.2.11 and Fig.2.12, separately. The front to back ratio of
the antenna radiation pattern is better than 22dB in both planes. The cross polarization level is
better than -26dB in E-plane and -27dB in H-plane, respectively. Fig.2.13 shows the
fabricated antenna element. All the above simulations are performed by Zeland IE3D V.10.
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Fig.2.9. The simulated and measured VSWR characteristics of the
proposed antenna element.
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Fig.2.10. Measured antenna gain against frequency.
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Fig.2.11. Measured radiation patterns (E-plane).

Co-polarizaition
Cross-polarization

Fig.2.12 Measured radiation patterns (H-plane).
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Fig.2.13. Fabricated antenna element (top and bottom views, the feeding
structure can not be shown due to the technology of multi-layers PCB).

2.3 Conclusion

A novel fork-like stripline-line fed aperture coupled antenna element is proposed in this
chapter. By using the fork-like feeding structure, a broad bandwidth is achieved. The
nonresonant aperture is used to suppress the back radiation. The measured E-plane radiation
pattern is asymmetric because of the SMA connector at the back of the lower ground plane.

This antenna element can be easily expanded into a large array.

11
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3 The Reduction of Mutual Coupling
Between Microstrip Antenna Elements

3.1 Literature review

Mutual coupling between the antenna e¢lements in an antenna array is a potential source
of performance degradation, particularly in a highly congested environment. Depending on
the application, errors due to mutual coupling can be significant. A ot of work has been done
to analyze and reduce the mutual coupling between microstrip antennas.

In the case of rectangular patches, extensive studies were carried out for the E and H
plane configurations [18]-[20]. In [21], the calculated mutual coupling results for the diagonal
and perpendicular orientations are presented and compared with the E and H plane
orientations. A numerical analysis of the mutual coupling between two microstrip antennas
with coplanar microstrip feed lines is presented in [22]. The impedance matrix and the feed
model criteria, which are critical in predicting the input impedance and mutual coupling, are
also mentioned and the exact Green's function is used to model a microstrip patch. A detailed
description of this microstrip patch model can be found in the literature [23]. A full-wave 3-D
FDTD model is used to analyze the mutual coupling between two aperture microstrip patch
antennas [24]. The FDTD method solves, in an iterative way, a linearised form of the
Maxwell’s equations in 3D-space [25].

The coupling coeflicients are calculated from the voltages and currents at the input ports
of the antenna, rather than from the incident and reflected waves, as is usually done [26]. Use
is made of standard two-port network theory, where one port is terminated with a voltage
source and its internal resistor and the other port is terminated with a load resistor. The
mutual coupling between two electromagnetically coupled three-layer circular microstrip
antennas has been investigated experimentally [27]. The measurements have been carried out
on the two-element arrays fabricated on different individual substrates for each combination
of patch edge spacings.

A full-wave analysis of the mutual coupling between two probe-fed rectangular
microstrip antennas on a cylindrical body is presented in {28]. Numerical results of the mutual
impedance between antennas and the mutual coupling coefficient S; are calculated using a

moment method calculation. The mutual coupling between a pair of Shorted Annular Ring

i2
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(SAR) RSW antennas was studied theoretically and experimentally [29). Reduced Surface
Wave (RSW) antennas produce only a small amount of surface wave and lateral-wave
radiation since the surface-wave and lateral-wave radiation from the dominant TMO01, patch
mode is suppressed through proper design [30].

In [31], silicon micromachined structures are utilized as a new efficient microstrip patch
antenna. Silicon micromachining process is compatible with current solid state technologies
for active circuits. An efficient technique for reducing the coupling is machining the dielectric
below the patch, so that there is air below the patch. It is shown that the micromachined
substrate can effectively suppress the surface wave excitation and, thus, reduce mutual
coupling and increase antenna efficiency. Further, micromachined antennas have wider
bandwidth than the conventional patch antenna due to its low effective dielectric constant.

In [31], the radiation along the ground plane is diminished by machining the dielectric
under the patch. The radiation is reduced because the polarization currents are removed.
Another idea to reduce the horizontal radiation is to compensate the polarization currents by
introducing a system of conduction currents that are counter-phased [32]. These new currents
are also vertically oriented, so that their magnetic vector-potential cancels out the magnetic
vector-potential of the polarization currents. These compensating is introduced by placing
shorting posts (pins) between the patch and the ground. The inductive currents in the pins
cancel out the capacitive polarization currents. As the result, in a narrow frequency band, the
antenna behaves as if there is no dielectric at ali.

Some techniques are explicitly designed to suppress the surface wave. In [33] and [34]
the antenna dimensions are optimized so that the surface wave is not excited. In [33] the
mutual coupling between shorted annular ring reduced surface-wave (SAR-RSW) antennas is
investigated and the behavior is compared with conventional circular microstrip patch
antennas. The H- and E-plane mutual coupling was significantly less for the SAR-RSW
antennas compared to the conventional circular patch antennas for separations greater than a
wavelength. The mutual coupling is mainly reduced by virtue of a significant reduction in the
space-wave excitation along the interface, at least for thin substrates and moderate patch
separations. For larger separations or thicker substrates, the surface wave would become more
important, and then a lowering of the mutual coupling would indeed occur through a reduction
in the surface-wave excitation. In [34] two variations of a circular microstrip patch design are
presented which excite very little surface wave power. Both of the proposed designs are based

on the design principle that a ring of magnetic current in a substrate (which models the patches)

13
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will not excite the dominant TMy surface wave if the radius of the ring is a particular critical
value. The proposed patch designs are chosen to have a radius equal to this critical value,
while maintaining resonance at the design frequency. These patch designs excite very little
surface wave power, and thus have smoother radiation patterns when mounted on finite-size
ground planes, due to reduced surface wave diffraction. These new patch designs also have
reduced mutual coupling due to the reduced surface-wave excitation.

Suppression of unwanted surface wave is obtained through making the dielectric be a
band-gap structure by printing various patterns on it [35] [36]. Forbidden frequency band for
propagation of surface wave can be achieved by periodicaily loading the substrate. Two
different kinds of periodically loaded, grounded dielectric slabs have been investigated. The
first kind is realized by drilling holes in the dielectric, while in the second holes are etched in
the ground plane. Both kinds of loading may be arranged in a square or triangular lattice.

A novel compact fork-like EBG structure has been investigated [37]. The results verify
that the novel EBG structure has a winning feature of compactness., Moreover, this structure
provides an additional degree of freedom to control the band-gap characteristics more easily.
This feature can be applied to design a wide-band EBG structure. Four columns of fork-like
EBG patches are inserted between the E-plane coupled antennas, and the mutual coupling is
reduced. A novel dumbbell like 2-D EBG structure is developed in {38]. It has some privileges
over the UC-EBG and Patch-via-EBG structures. It is used as an insertion into the space of an
E-plane coupled two element array to reduce the mutual coupling between the elements due to
surface waves. .

Theoretical results and measurements of mutual coupling between active monopoles
show that the incorporation of a field effect transistor (FET) with a shunt input inductance
leads to large reduction of interactions at reception [39]. Each active monopole then works as
an isolated element, and feed requirements of active array become easier to obtain. The
performance of receiving monopoles loaded by transistors is studied theoretically as well as
experimentally. A knowledge of constant coupling circles enables us to choose appropriate
microwave transistors for suppression of mutual effects. On reception, field-effect transistors
exhibit interesting parameters; however, a shunt inductance is necessary at the transistor input
to obtain the important improvement of mutual coupling. Since mutual coupling effects can be
suppressed, design of super-directive array (using active antennas) becomes easier than in the
passive case. The required current distribution is adjusted by a correct set of transistor bias and

phasing lines.

14
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An effective method to depress mutual coupling between patch antennas by the
multi-layer dielectric boards structure is presented in [40]. For simplicity, a patch array
antenna with only two probe-fed rectangular patches is dealt with, By adding multi-layer
dielectric boards over this original antenna, the modified model is obtained. Both models are
simulated obtaining the scattering parameters and mutual impendence. This idea comes from
the photonic-band gap (PBG). The thickness of the dielectric boards and the air layers should
be modified to obtain a small reflection coefficient and an excellent mutual coupling
characteristic. Simulation results indicate that mutual coupling between two patches is greatly
depressed when adding multi-layer dielectric boards over the original model.

Metamaterial EM insulators are designed to eliminate mutual coupling between closely
packed array elements [41]. For densely packed planar antennas such as rectangular microstrip
patch antennas, the mutual coupling between adjacent elements is dominated by trapped waves
traveling along the substrate surface. This coupled energy makes input matching and element
current excitation control extremely difficult. If mutual coupling can be eliminated, significant
improvement in array design may be achievable. Embedded circuit metaMaterials provide
highly efficient band-stop rejection. By separating array elements with metamaterial isolation
walls, the individual array elements may be designed in isolation without considering mutual
coupling- a significant improvement in design and potentially a boon for array designers. In
the region around the isolator resonance the isolation wall behaves similar to a perfect
magnetic conductor (PMC), providing a reasonably matchable impedance to the nearby patch
without the extreme loss effect that a matched absorber would produce when in the near field
of a high Q radiating antenna. In fact, near-perfect radiating efficiency is achieved for a single
radiating patch surrounded by isolation walls- indicated extremely low isolator wall losses.

"I’he reduction of mutual coupling by using electrically small antenna is studied in [42]
[43]. The smaller elements decrease the amount of coupling by increasing the spacing between
the elements, thus enhancing the array performance. A linear compact subdivided microstrip
square patch array is proposed in [42]. Each subdivided antenna element consists of four
comer pads alternating with four high impedance strips attached to a central pad. The
subdivided microstrip patch has a 61 % reduction in surface area compared to a conventional
square microstrip patch. For the same mutual coupling level as in the conventional patch array,
the proposed array can reduce the overall size or insert more array elements in the same board
lo obtain enhanced radiation pattern performance. Alternately, the reduced mount of mutual

coupling allows one to reduce the size of the array by putting its elements closer. Since the

15
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area of the subdivided microstrip antenna is smaller than that of the conventional microstrip
patch antenna, a greater number of antenna elements can be placed in an array within a given
area. In the case of a 1D planar array, 1.5n times more subdivided patches can be placed in a
given area, where n is the number of conventional elements, If the array was expanded to a
2-D planar array, 2.25n times more subdivided patches can be placed in a given area. Fractal
geometries are used to miniaturize the elements [43]. Fractals are geometries developed and
defined to mathematically characterize nature. They are generated by repeating an iterative
process on a starting structure an infinite number of times. To simulate a fractal geometry as
an antenna, only a finite number of iterations can be used. By tightly packing arrays and
decreasing mutual coupling using fractal elements, phased arrays may be designed for unique
applications with lower scan angles and enhanced performance.

A straightforward way to reduce the mutual coupling of monopole antennas on
high-impedance ground plane was developed in [44]. The high-impedance plane (HIP) is a
new type of periodic metallic electromagnetic structure that has a band-gap at a fixed
frequency. The advantage of this kind of structure results from it having a periodicity much
smaller than the free-space wavelength. A thin piece of conducting tape is placed in the middle
between the two horizontal monopoles to reduce the mutual coupling, extending throughout
the ground plane. This way, destructive interference can be realized by the 180° phase shifting
caused by the metal strip. The same thought has been adopted iﬁ a MIMO microstrip antenna
array to reduce the mutual coupling [45]. To suppress mutual coupling, several parasitic
elements were employed in the proposed MIMO array antennas. Due to the effect of these
parasitic elements, mutual coupling is markedly reduced.

In [45], the reduction of mutual coupling is obtained in a narrow bandwidth (about 3%).
This chapter will propose a novel parasitic structure to reduce the mutual coupling through
canceling the space wave between the two microstrip patch antennas. The measured results
show that the mutual coupling reduction is obtained at 10% bandwidth.

3.2 The reduction of mutual coupling by parasitic
structure

3.2.1 Structure configuration

The geometry and the main dimension parameters of the novel parasitic structure

16
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inserted between two microstrip antennas are shown in Fig.3.1. The antennas and the
parasitic structure are placed symmetrically about the Y-axis. The two microstrip antennas are
fed by two coaxial probes, respectively. The parasitic structure consists of three metal strips
along the X-direction, which are connected to each other by a strip along the Y-direction.
Two narrow strips are added to the middle X-direction strip, which play the key role in the
mutual coupling reduction. The dielectric material used is Arlon DiClad880 with a dielectric
constant of 2.2 and a thickness of 1mm.

7.4 { Urut: mm

Fig.3.1. The novel parasitic structure inserted between two microstrip antennas

3.2.2 Simulated and measured results

The simulation is performed by the commercial software, Zeland IE3D. The simulated
S:; and S;; parameters are shown in Fig.3.2. The resonant frequency of the patch antennas are
10 GHz. The distance between two normal microstrip antennas is 24mm (0.81;0cx:). By
adding the novel parasitic structure, the §;, parameter is reduced from -27.5dB to -40.7dB at
the center frequency, and a 13dB mutual coupling reduction is obtained across a broad
bandwidth with only a slight influence on the §;; parameter.

The measured S;; and S;; parameters are shown in Fig.3.3. The measured antenna
resonant frequency is 9.75GHz, which is believed to be caused by the fabrication errots. By
using the novel parasitic structure, the measured S;, parameter is reduced from -26.0dB to
-40.6dB at the center frequency, and a 13dB mutual coupling reduction is obtained across a
broad bandwidth, which agrees well with the simulated results.

"The novel parasitic structure has little influence qn the antenna radiation patterns across

the 10% bandwidth. As an example, the measured radiation patterns in H-plane and E-plane

17
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at 9.75GHz are shown in Fig3.4. It can be secen that the antenna radiation patterns are little

affected. Fig3.5 shows the fabricated structure.
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Fig.3.2. Simulated S}; and S, parameters.
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......... measured Sy, parameter without the parasitic structure
measured S, parameter with the parasitic structure

Fig.3.3. Measured S}, and S;, parameters.

-40 - 180

measured H-plane radiation pattern without the parasitic structure
————measured H-plane radiation pattern with the parasitic structure
......... measured E-plane radiation pattern without the parasitic structure
———— measured E-plane radiation pattern with the parasitic structure

Fig.3.4. Measured H-plane and E-plane radiation patterns at central frequency.

Fig.3.5. Fabricated antennas with parasitic structure.
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3.3 Conclusion

In this chapter, the mutual coupling between two microstrip antennas is reduced by
implementing a novel parasitic structure. The measured results show a 13dB mutual coupling
reduction across 10% bandwidth without affecting the radiation patterns. This structure can
be easily integrated into an adaptive antenna array to improve the null depth, or into a MIMO

system to achieve a good isolation between antenna elements.
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4 The Calculation and Reduction of Mutual
Coupling Between Microstrip Antenna
Arrays

4.1 Mutual impedance formula based on synthetic
asymptote and variable separation

4.1.1 Theory

The impedance formula is introduced here for completeness [46]. Like the Green’s
function of a point source, the mutual impedance between two antenna elements as extended
sources can still be divided into three regions in terms of the center-to-center separation r

between the elements, say patches, in Fig. 4.1, That is:

a) The near field for closely spaced adjacent patches with a static dependence of 1/,

where =1, this forms the near asymptote of r ;

b) The far field for widely separated patches, with a spherical wave dependence of 1/r, this

forms the far asymptote ;

¢) The surface wave zone for even wider separation with a cylindrical wave dependence
of 1/r'”, this forms the “far-far” asymptote that may sometimes be neglected - the
reason is that the surface wave may become significant only at 104, or beyond, this
distance could be outside the finite boundary of the antenna array.

Z
b

X

Fig. 4.1. Coordinates of two coupling patches in an array.

21



Master Thesis Research on the Bandwidth Enhancement and Mutual Coupling Reduction of Microsirip Antennas

Taking advantage of the knowledge of static variable separation in near field, radiation
pattern in far field, and the possible combination of them two by synthetic asymptote, it is
found that the mutual impedance between two arbitrary elements can be written in a
generalized form of separated variables. In principle, there are four significant terms in 1/
with n=-1/2, 0, 1 and 2 for the far asymptotic couplings of surface wave and radiation, and
the near asymptotic couplings of static dipole and quadrupole. Three Fourier components of
the azimuth angle ¢ with the symmetry relations are used, that is: constant, cos2¢ and cosd ¢.
Thus, by the simple sum of synthetic asymptote, the mutual impedance between two elements

can be written in a series with the unknown complex coefficients C, ., as

-k
eJu"

L {[1Kkr)"™ 1X[C, 4 +C,; co8(28) + C, , cos(44)]} 4.1

Z .=
ap =Tlo Ax n=-1/20,12

where 7 is the intrinsic impedance of free space. The 12 unknown coefficients C,m in
formula (4.1) can be found by matching with numerical solutions, or measured values,
between the center patch “0” and the 12 coupling patches in a skeleton array as shown in Fig.
4.2. The boundary of the skeleton array may correspond to the boundary of an actual array to
be analyzed. Evidently with this sampling principle, the intermediate patches within the
boundary may be selected arbitrarily without significantly increasing the error in the resulted
formuia of (4.1).

1 ™
C1GE]

Fig. 4.2. The layout of sampled mutual couplings between the zeroth patch
and the nth patch (n =1 to 12) for evaluation of the 12 C,., coefficients.

The generalized form of separated variables in (4.1) is obtained from its novel physical
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base. Being more complete and general, it should be more accurate than other formula for
mutual coupling including Bailey's formula [47]. It is emphasized that, with appropriate
sampling, this formula incorporates the current distortion on the two closely spaced elements.
Thus it can still give the accurate result in this case. Furthermore, this formula has the
advantages of high efficiency, with no restriction on the detailed structures of element, feed

and substrate.

4.1.2 The selection of full wave solver

The mutual impedances terms Z, between two isolated patches can be calculated by
the closed form formula (4.1). The 12 unknown coefficients C,,» in formula (4.1) can be found
by matching with numerical solutions obtained from full wave solver.

Consider two kinds of popular commercial software: Zeland IE3D and Ansoft Designer,
which are both based on MoM. Fig.4.3 shows the layout of an aperture coupled microstrip
antenna. The radiating patch is etched on a substrate layer with thickness 4,=0.5mm and &=2.7.
A 2mm-thick air spacer is inserted between the substrate layer and the ground plane to get a
good return loss. A coupling aperture is etched in the ground plane. The microstrip feed-line is
etch on a substrate layer with thickness #,=0.5mm and &~=2.7. The center frequency of this
antenna is 10GHz.

W, radiating patch

= | N

W, M -J—__—_Y hi
\‘ substrate p
I\ -
y N aperture ground plane
L 7] '
substrate W2
feed-line
w,/
(a) Geometry of the antenna (b) Cross-sectional view

Fig. 4.3. The layout of an aperture coupled microstrip antenna.
W;=9.2mm, L/=9.1mm, W,=7.2mm, L;=1.9mm, #=0.4mm, h;/=0.5mm, A;~2mm
Fig.4.4 shows the mutual coupling parameter Sz, versus spacing for two identical
antennas. The antenna is the same as the one depicted in Fig.4.3. The parameter d is the

spacing between the two antennas. It can be seen that the results of IE3d match well with those

23



Master Thesis Research on the Bandwidth Enhancement and Mutual Coupling Reduction of Microstrip Antennas

of Ansoft Designer when spacing d is less than 245. As the spacing d becomes larger, the
mutual coupling parameter S»; becomes smaller. It can be seen in Fig.4.7 that when the two
antennas are H-plane coupled, the calculated results of IE3D oscillate between -55dB and
-60dB in case spacing d is larger than 54;. But the curve of Ansoft Designer is still smooth. So
Ansoft Designer is used in the next section to calculate the numerical solutions which are
needed to find the 12 unknown coefficients C,,, in formula (4.1).

0
——— H-plane coupled(IE3D)
----- H-plane coupiled(Ansoft Designer)
-104 ] e E-plane coupled(IE3D)
L ey E-plane coupled(Ansoft Designer)

-20 4\*

o -30-
=
bt
o
/)] -40 4
-50 -
-60 -
-70 Li l L] ' 'I ' ¥ ' L) ' L} | L l L l Ll —l ) l L l' L l L) l
05 10 15 20 25 30 35 40 45 50 55 60 65 70
d/AO

Fig.4.4. Mutual coupling parameter versus spacing for two H-plane coupled antennas

4.1.3 The extrapolation characteristic

There are 12 unknown coefficients C,, in formula (4.1), which means 12 samples of
the isolated mutual impedance Zab are needed to find these unknown coefficients. Consider
the 64 radiating elements of an 8*8 antenna array, as is depicted in Fig.4.5. The antenna
element is the same as the one depicted in Fig.4.3. The antenna element spacing is 4 along
both H-plane and E-plane. The spacing d is set to be 24mm (0.8%¢) to obtain the maximum
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gain [48]. The center element in Fig.4.5 is set to be at the position (0mm, 0mm). The positions
of the 12 sample elements are also shown in Fig.4.5. Then the isolated mutual impedance Z,;
is calculated between the center element and each sample ¢lement to obtain the unknown
coefficients C,». Once the 12 unknown coefficients C,,, are found, the isolated mutual

impedance between every two elements of the array can be given by formula (4.1).
v 4 le—a —s|
& H B H H | B H

1
N

i H B B B F i i
Sample-7 Sample-11
[ d:' . t

fF
l—-r
EN

Sample-6 Sample-10
1 L L — ] 1 1
I ¥ 3 T T i
ample-5 Sample-9
(oo . 1 l:':lI ]
center  Sample-1  Sample-2 Sample-3 Sample-4 X

element

Fig.4.5. The 12 samples of Z,, for evaluation of the 12 Cum coeflicients,

Consider the calculation of mutual coupling between two 8*8 aperture coupled antenna
arrays by network method. The two arrays are H-plane coupled and the spacing between the
centers of the two arrays is 192mm (6.445). In this situation there are totally 128 radiating
elements. The element located at the 1% column and 8" row is set to be the center element,
and it is placed at the coordinate of (0, 0). Formula (4.1) is used to calculate the isolated
mutual impedance between the center element and the rest 127 elements. The positions of the
12 sample elements for evaluation of C,, are the same as depicted in Fig.4.5. The

thirteen-element array composed of the center element and the 12 sample elements is called
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the skeleton array. 64 elements are inside the skeleton array (from column 1 to column 8),
while 64 elements are outside of the skeleton array (from column 9 to column 16). As is
shown in [46], formula {4.1) can accurately calculate the isolated mutual impedance between
the center element and elements inside the skeleton array. But when formula (4.1} is
extrapolated to calculate the isolated mutual impedance between the center element and
elements outside of the skeleton array, the accuracy need to be checked out.

Table 4.1 shows the comparison of the isolated mutual impedances given by formula
(4.1) and those calculated by Ansoft Designer for elements outside of the skeleton array. The
mutual impedance Z,; is calculated between the center element and the second element, and
the coordinate of the second element is given in Table.4.1. It can be seen that these two
results agree well with each other. Formula (4.1) has a good extrapolation characteristic, and
can be used to accurately calculate the isolated mutual impedance between the center element

and the rest 127 elements.

Table.4.1. The comparison of the isolated mutuai impedance given by formula (4.1) and that
calculated by Ansoft Designer (for elements outside of the skeleton array).

Out of the skeleton array

Coordinate Zs Z Coordinate Zoh Zap
(mm) (by formula) (by Ansoft (mm) (by formula) {by Ansoft
Designer) Designer)
(264,0) | -0.0526-0.0602i | -0.0541-0.0590i | (264,96) 0.1226-0.0041i 0.1242-0.0039i
(336,0) | 0.0040+0.0486i | 0.0071+0.0487i | (31296) | -0.0843+0.0113i -0.0858+0.0122i
(0,264) | 0.7264+0.0459i | -0.728140.0532i | (360,96) 0.0576-0.0218i 0.0586-0.0238i
(0,336) | 0.52814+0.2829i | 0.5374+0.2719i | (216,144) | .0,1194-0.2214i -0.1183-0.2232i
(72,264) | 0.3221+0.5717i | 0.3341+0.5653i | (264,144) | .-0.0534+0.1628i -0.0546+0.1634i
(144,336) | 0.3949+0.2557i | 0.4035+0.2413i | (360,144) [ .0.071440.0523i -0.0719+0.0535i .
(240,24) | -0.0760+0.0647i | -0.0756+0.0660i | (216,168) | 0.0995+0.2625i 0.0984+0.2635i
(288.24) | 0.0192-0.0660i | 0.0175-0.0672i | (264,168} | 0.1450-0.1325i 0.1458-0.1321i
(360,24) | .0.0355+0.0245i | -0.0343+0.0275i | (360.168) 1 0.0950+0.0436i 0.0958+0.0432i
(216,48) | 0.1337+0.0256i | 0.1349+0.0256i | (336,48) 0.0440+0.0307i 0.0464+0.0293i
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4.2 The in-array impedance formula

The formula for mutual coupling is very accurate compared with full wave analysis, e.g.
IE3D, based on the assumption that the patches concerned are in isolation without other
nearby patches. This gives, of course, a first approximation of the array impedance matrix
which we called isolated impedance matrix [Z"°] because all the parasitic elements are
ignored. Jackson er al. [49] have proposed a correcting procedure which only needs the
knowledge of the isolated element input impedance and mutual impedance of two isolated
elements, finally leading to a corrected matrix [Z"™], i.e. the in-array impedance matrix,
which is a good approximation of the real one. Because this procedure makes use of the
surface mode currents on the patches to calculate the mutual coupling effects, the current
induced on the parasitic elements can be naturally involved. The primary relations are
presented as following:

Consider patch m in an N patch array, let v, be the dominant mode voltage produced

by a unit amplitude current mode. Then the port voltage V,, is
Ve =8V + H0X (4.2)

where [, isfeed current, X, is the feed reactance of patch m; the dominant mode current

amplitude on the mth patch may be written as

a, =e, I+ Zaan _ {4.3)

nEM

where M, is the mutual coupling coefficients between element m and n, provided the
assumption is made that only the dominant modes contribute to the coupling. e, is the
excitation coefficient. According to the definition of impedance matrix, the corrected matrix

[Z"™"] can be obtained through a series of matrix manipulation
[Z™" 1= (U] - (MDY "[e)+ j1X,] (4-4)

with [U]the identity matrix and {v],[e],[ X , ] the diagonal matrices of dimension NxN.In

the case of identical patches and feeds
[e] =e[U), [V]=vU}[X ] = X ,[U],

then (4.4) reduces to
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[Z77]=Z(U1-[MD)" + X, [U] (4.5)

where Z¢° is the “subtracted” input impedance of an isolated patch—the total input
impedance minus the feed reactance; [A] is the mutual coupling coefficient matrix. The
terms M,,, can be determined by relating to the isolated mutual impedance Z)° (ie. Z_, of
(4.1)) in the following form

Zmo - vmeann
mn

= Yl 4.6
=M M, “.6)

Assuming identically shaped patches (M, = M, ) and identical feeds (e, =¢,), [M] can
be solved by:
1

M, = T2 +({(ZE) +HZ2Y)] for mzn @.7

M,, =0, for m=n (4.8)

If the row and column norms of [M] are less than one in magnitude, i.e. the coupling is
sufficiently weak, the following expansion for terms in (4.5) may be used 1o avoid the matrix

inversion,
((U)-[M])™ =[U]+[M]+[{M]* + - (4.9

Fortunately, formula for the self-impedance of isolated patch is available [50], {51]. And the
mutual impedances terms Z, (m = n) between two isolated patches can be calculated by
the closed form formula in instead of using the moment method, which can vastly reduce the
computer time, making the Jackson’s procedure more efficient in analyzing the finite array.
The reason lies in that the time consumed in calculating formula (4.1) can almost be
neglected, compared with carrying the MoM for calculating each pair of Z"(m+#n). As a
result, the larger the array is, the more time can be saved. The only limitation comes from the
assumption of the Jackson’s procedure that the elements are characterized by a single
radiation mode. However, this assumption will not lead to the unacceptable errors, because
microstrip patch is a highly resonant structure, and near the resonance its current distribution
can be well approximated by a single mode. This distribution is not greatly affected by the
proximity of nearby elements in an array (assuming the elements are not too closely spaced)
[51].

Finally, the scattering matrix (for identical patch shapes and feeds) may be found from
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subsititution of (4.5) into the classical formula, that is

[S1= (2" 102D ~UAZ™ 1A Z,D +[U D" @.10)

with Z, the feed line impedance.

4.3 The calculation of mutual coupling between antenna
arrays using network method

Fig.4.6 shows the main procedure of the calculation of the mutual coupling between two
8*8 microstrip antenna arrays by network method. The two arrays are separated into two parts:

the 128 radiating elements and the feeding networks, as is shown in Fig.4.7 and Fig.4.8,

separately.
Two 8*8 antenna arrays
y 4
The 128 radiating elements Feeding networks
By formula (4.1) By Designer
y k 4
The scattering parameter module The scattering parameter module
of radiating elements of feeding networks

The cascade of the two modules
r .

Mutual coupling between two
8*8 antenna arrays

Fig.4.6. The main procedure of the calculation of the mutual coupling between two 8*8
microstrip antenna arrays by network method.

As is shown in Section 4.1.3, formula (4.1) can be used to accurately calculate the
isolated mutual impedance between the center element and the rest 127 elements in Fig.4.7.
Then the 128%128 matrix Z;° in formula (4.5) is easy to be obtained. The matrix {A/] in
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formula (4.5) is obtained from formula (4.7) and (4.8), while [X,] equals to zero. So the
corrected matrix [Z*"] can be calculated by formula (4.5). The scattering parameters of the
128 radiating elements are then given by formula (4.10), while that of the feeding networks is
calculated by Ansoft Designer. Then the two parts are loaded as two parameter modules, which

are cascaded to obtain the mutual coupling parameter S;.

e e R B R E @B B B
M E B e e HOEE P E B B B
F R B P EE SR BEESE 8 ®
A EE R EEEEE B E B B
A E e e E BB BB e E BB B
AR EBEEE BB B EBEBEH S
A PR EEREEE DB R EEH H
%%@@@@@%@!,
X

Center element

Fig.4.7. The layout of 128 radiating elements.
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Fig.4.8. The layout of the feeding netv;/ork

Table 4.2 shows the comparison between results obtained from full wave analysis of the
whole arrays and those from the network method. It can be seen that the calculated results of
Ansoft Designer agrees well with those of the network method at center frequency 10GHz.
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The computation time is reduced from 180 minutes to 30 minutes on a personal computer
(CPU: P4/2.0G; memory: 1.0G).

Errors are observed when using the loading method to calculate the mutual coupling
between two microstrip antenna arrays composed of elements fed by coplanar microstrip lines.
This is because in this situation the feeding networks lie in the same layer as the radiating

elements, and the spurious radiation from the feed lines affects the mutual impedance of the

radiating elements.
Table.4.2. The comparison of calculated results between full wave analysis and
network method
Freduency=1 0GHz S1(dB) S;7(dB) Computation time
Ansoft Designer -14.1 -47.5 180 minutes
network method -14.4 -48.4 30 minutes

4.4 The reduction of mutual coupling between antenna
arrays through adjusting the element spacing

For a radar using continuous wave, when the scheme of twin antennas is used, the
transmitting antenna array and the receiving antenna array will be closely placed side by side.
If the mutual coupling is too strong, the transmitting energy will blockade the receiver.
Therefore the reduction of mutual coupling between two arrays is very important. The
polarization isolation and frequency isolation are fundamental measures to reduce the mutuat
coupling, however they are not available in case of the requirements of the same polarization
and frequency band of two arrays.

[ did not find any report on the mutual coupling reduction between two arrays except
Mailloux’s paper [52]. In that paper, a theoretical and experimental study are presented on the
use of thin perfectly conducting fence to reduce the mutual coupling of two parallel-plane
waveguides radiating through a ground plane.

The two 8*8 array designed in the last section have a mutual coupling of -47.5dB. In this
section, the element spacing d in the H-plane (the plane along x-direction) is adjusted to
reduce the mutual coupling between two 8*8 aperture coupled antenna arrays. The element
spacing in the E-plane is fixed at 24mm (0.844). The spacing between the centers of two 8*8
arrays is fixed at 192mm (6.44,).

The required performances of the antenna array are shown as follows:
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*Center frequency: 10GHz

*Bandwidth: 10% (VSWR<2)

*Polarization: linear

*Side lobe levels (SLLs): <-12.5dB

*The gain across the bandwidth: >23dB

*The mutual coupling between two arrays: <-55dB

When doing the adjustment, only the scattering parameters of the feeding network need
to be calculated by Ansoft Designer for different element spacings, and the scatiering
parameters of the radiating elements are given by formula (4.10). The time consumed for the
calculation of mutual coupling for each element spacing d is reduced from 180 minutes by

Ansoft Designer to about 30 minutes by network method.

4.4.1 The formulas for calculating radiation pattern and directivity
based on array factor

The change of element spacing will cause the change of radiation pattern, directivity and
return loss. All these factors need to be considered when designing antennas with a good
performance. The formulas for calculating radiation pattern and directivity based on array
factor are illustrated in [53].

The pattern of a rectangular array is the product of the array factors of the arrays in the x-

and y-directions. The normalized array factor for the entire planar array can be written as:
AF =§_38S 4.11)

xm* yn

Where S, is the array factor in the x-direction; S,, is the array factor in the y-direction.

Here m=n=8, and the antenna elements are equally placed in the x-direction with spacing d.
and in the y-direction with spacing d,. '

So Siw and S, in formula (4.11) may be written as

M .

Sxm = Zet(m-—l)kd,5|n0cos¢ (4.12)
n=|l
y i(n—1}kd , sinfsing

S.=Ye y (4.13)

n=1
Because the element spacing is not changed along the y-direction during the
optimization, only the radiation pattern variation along the x-direction (H-plane) need to de
evaluated for brevity. So in formula (4.12) and (4.13) the variable @ is set to be 0° when
calculating the H-plane radiation pattern. Then the normalized array factor can be reduced to
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M
AF = Sxm = Zei(m—l)kdxsinﬂ (4‘14)
n=1

and the radiation pattern can be plotted by the following formula
R(0) =20log,; (AF(E)/|AF ()| ) (4.15)
where @ varies from -90° to 90°.
The directivity of array factor AF(6,®) whose major beam is pointing in the 6=6, and

d=P, direction, can be written as:
4r[ AF (65, ) )LAF (8, 86)] |imax

0 = iz (4 1 6)
j j[AF(a, HNAF(8,9)] sinBdBdyp
(]
For large arrays, which are nearly broadside, the directivity reduces to
Dy =mcos6,D,D, (4.17)
and D,(dB) =10log, (7 cosf,)+10log,(D,)+10log,,(D,) ) (4.18)

where Dy and D, are the directivities of broadside linear arrays each, respectively, of length
and number of elements L,, M and L,, N. The factor cosy accounts for the decrease of the
directivity because of the decrease of the projected arca of the array. Here &y equals to zero
because the radiating elements are fed with the same amplitude and phase.

In formula (4.18), D, is not changed because the element spacing is not changed along
y-direction, so the variation of D, gives an accurate approximation to the variation of Dp. D
can be calculated by formula (4.16). AF(8,9) in formula (4.16) is given by formula (4.14), and
0p equals to zero.

4.4.2 Reduction of mutual coupling

Fig.4.9 shows the S;; parameters between two §*8 antenna arrays calculated by network
method for different spacing d/4¢. The S»; parameters calculated by Ansoft Designer are also
presented for comparison. As is expected, the two results agree well with each other. The
maximum etror is 3dB at &/A7=0.7. The total calculation time is much less by network method
than by Ansoft Designer. It is seen that the minimum mutual coupling occurs at d’dg =0.57 and
0.7, respectively. Compared with the mutual coupling level between two arrays designed in
Fig 4.5 (d/4p=0.8), a 10dB reduction of mutual coupling is obtained at d/47=0.57 and 0.7,
respectively, and the mutual coupling between two arrays is less than -55dB at these two kinds

of spacing.
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Table 4.3 shows the calculated variation of directivity for different element spacing d/Ag,
A D is given by the following formula
AD=D,-D 008 (4.19)
Where D, is the directivity of an 8*8 array with a given element spacing 4, and Dy;4-¢¢ is the
directivity of an 8*8 array with spacing /i) =0.8. Both Dyand Dyjp-psare given by formula
(4.18). Then A D can be reduced to
AD(dB) =10log, (D, , /D, 4/10-08) (4.20)
Where D, , is the directivity of a 1*8 subarray along x-direction with a given spacing d, and
Dy 410-0.81s the directivity of a 1*8 subarray along x-direction with spacing d/A, =0.8. It can be
seen that when spacing d/=0.7, the directivity of the array is reduced by 0.5dB compared
with the directivity of the array with spacing @/A,=0.8; when spacing d&/4,=0.57, the directivity
of the array is reduced by 1.32dB compared with the directivity of the array with spacing
dg=0.8.

] —8— By Ansoft Designer
424 - -®-- By network method

L b b 1 L4 1 L] | L]
050 08 060 065 070 075 08 085
d/A0

Fig.4.9. The comparison of S>; parameters calculated by Ansoft Designer and
network method for different spacings.
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Table.4.3. The variation of directivity for different spacings.

d/ig AD(dB) g AD (dB)
0.83 0.07 0.63 0.87
0.8 0 0.56 -1.10
0.87 -0.14 0.57 -1.32
0.83 ©-0.32 0.53 -1.55
0.7 -0.50 0.5 -1.82
0.67 -0.66

The reduction of directivity for spacing d/Ay=0.7 and spacing d/A;=0.57 can be explained
by the H-plane radiation patterns, which are calculated by formula (4.15) and shown in
Fig4.10. Tt can be seen that the beamwidth of the pattern with d/4—0.7 is broader than
d/19=0.8, while the beamwidth of the pattern with d&/4,=0.57 is broader than &/2,=0.7. Broader
beamwidth leads to less directivity. The side lobe levels of the three kinds of spacings are ail
below -12.5dB.

Considering the mutual coupling as well as the directivity and radiation patterns, the

element spacing of the adjusted 8*8 array is set to be d/44=0.7.

—— d/A0=0.8
----- d/A0=0.7
-------- d/A0=0.57
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Fig.4.10. The comparison of H-plane radiation patterns for different spacings.
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4.4.3 The simulated results of the arrays by Ansoft Designer

The adjusted element spacing is d/A¢=0.7. In this section, the VSWR, the mutual coupling,
the antenna gain and radiation patterns are simulated for the adjusted arrays by Ansoft
Designer. And the comparisons are made with the results of the original arrays with spacing
d/Ay=0.8. Fig.4.11 shows the layout of the two adjusted arrays.

Fig.4.12 shows the VSWR of the original design and the adjusted design calculated by
Ansoft Designer. The simulated bandwidth is broader than 10% (for VSWR<2). The feeding
network of the adjusted design is slightly adjusted to obtain a good VSWR.

Eae W
v s
S
W

Fig.4.11. The layout of the two adjusted arrays.
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Fig.4.12. The VSWR of the original design and the adjusted design.
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Fig.4.13 shows the Sz; parameter of the original design and the adjusted design calculated
by Ansoft Designer. It is seen that the mutual coupling is reduced from -47dB to -57 dB at
center frequency 10GHz when the element spacing is changed from d/1,~0.8 to d/2,=0.7,
which agrees well with the network method. The mutual coupling is reduced by 10 dB across a
10% bandwidth.

Fig.4.14 and Fig.4.15 show the calculated H-plane and E-plane radiation patterns of the
original design and the adjusted design by Ansoft Designer, respectively. It is seen in Fig.14
that the beamwidth of the H-plane pattern with spacing d/4,=0.8 is broader than the beamwidth
of the H-plane pattern with spacing &/44=0.7, which will lead to the decrease of gain. The
simulated gain of an 8*8 array with spacing d/4,=0.8 is 25dB at 10GHz, while that of an 8*8
array with spacing d/i¢=0.7 is 24.5dB. The gain is decreased by 0.5dB, which agrees well with
the results obtained by formula (4.20). The E-plane radiation patterns of both arrays are similar
with each other, as is shown in Fig.4.15. This is because the element spacing is not changed
during the optimization. The side lobe levels are below -12.5dB for both of the two kinds of

element spacings.
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Fig.4.13. The mutual coupling parameters of the original design and the adjusted
design by Ansoft Designer.
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Fig.4.14. The H-plane radiation patterns of the original design and the adjusted design by
Ansoft Designer
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Fig.4.15. The E-plane radiation patterns of the original design and the adjusted design by
Ansoft Designer
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4.4.4 Measured results

Two 8*8 H-plane coupled microstrip arrays with spacing d/4,=0.8 are fabricated and
tested, For comparison, two 8*8 arrays with spacing d/A¢=0.7 are fabricated and tested too.
Fig 4.16 shows the measured return loss. The two curves are a little different, because the
feeding networks are slightly adjusted to obtain a good return loss for different kinds of
element spacing. Neglecting the difference, both of the two kinds of arrays have a bandwidth
larger than 10% (for S;;<10dB).

Fig 4.17 shows the simulated and measured gain against frequency for element spacing
d/i=0.8 and d/1p=0.7. The measured gain at 10GHz of an 8*8 array with element spacing
d/A=0.8 is 24.5dB, while that of an 8*8 array with element spacing d/i,=0.7 is 23.8dB. A
0.7dB gain decrease is measured at 10GHz, while the simulated decrease is 0.5dB. The
measured gain of the array with element spacing d/4y=0.8 is above 23.8dB across the 10%
bandwidth (9.5GHz to 10.5GHz). The measured gain of the array with element spacing
d/4¢=0.7 is above 23.1dB across the 10% bandwidth (9.5GHz to 10.5GHz).

6 - —— Measured Return Loss, spacing d/A0=0.8
) - - = -Measured Return Loss, spacing d/A0=0.7

dB
;

T v T ' | 1
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Frequency(GHz)

T
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Fig.4.16. measured return loss
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Fig.4.17. simulated and measured gain against frequency

Fig.4.18 shows the simulated and measured S;; parameters. The measured mutual
coupling level of the arrays with element spacing d/4,=0.8 is -43.67dB at 10GHz, while that
of the arrays with element spacing d/Ay=0.7 is -57.67dB. The measured mutual coupling level
of the arrays with element spacing d/A¢=0.7 is below -52.2dB across the 10% bandwidth. The
reduction of mutual coupling is at least 10dB at each measured frequency point from 9.5GHz
to 10.5 GHz.

Fig 4.19 and 4.20 shows the measured H-plane and E-plane radiation patterns at 10GHz,
respectively. It can be seen in Fig.4.19 that the beamwidth of the array with element spacing
d/A7=0.7 is broader than that of the array with element spacing d/ip =0.8, which leads to the
decrease of gain. The measured side lobe levels of the array with element spacing d/A¢=0.8
are below -12.9dB, while the measured side lobe levels of the array with element spacing
d/¢=0.7 are below -12.6 dB.
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4.5 Conclusion

Reduction of the mutual coupling between the arrays is very important for the continuous
wave radar. It was found that the full wave analysis is a must to obtain the correct results. The
full wave based network method is introduced to calculate the mutual coupling between two
aperture coupled antenna arrays. This method separates the array into two pans: the radiating
elements and the feeding networks. The scattering parameters of the radiating elements are
obtained by the in-array mutual impedance formula, while the scattering parameters of the
feeding network are calculated by the full wave solver Ansoft Designer. This method can
reduce the calculating time from (80 minutes to 30 minutes.

The mutual coupling reduction between two arrays through adjusting the element
spacing is effective and practical. The mutual couphing levels of different kinds of element
spacings are calculated by the network method. The 10dB reduction of mutual coupling is
achieved between the original design and the adjusted design in bandwidth of 10% without
the significant decrease of the gain, and the degradation of side lobe levels (SLLs). and the
VSWR bandwidth. The good agreement is observed between the simulated and the measured
results. If the element is chosen carefully and the perfectly conducting fence is placed and
adjusted between two arrays, the mutual coupling between two arrays is expected to reduce
further.
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5 Conclusion

This thesis includes three main parts: the design of a novel broad microstrip antenna, the
reduction of mutual coupling between antenna elements using parasitic structure, and the
calculation and reduction of mutual coupling between antenna arrays.

A novel fork-like stripline-fed aperture coupled antenna element is designed and tested.
The structure is fully planar and includes two layers of ground planes. By using the fork like
feeding line, a broad bandwidth is obtained. The nonresonant apertures are used to reduce the
backiobe level.

The reduction of mutual coupling between two microstrip antennas is presented. By
using a novel parasitic structure, a broadband reduction of mutual coupling is obtained. The
parasitic structure has little effect on the antenna radiation patterns.

The network method is used to calculate the mutual coupling between two 8*8 aperture
coupled antenna arrays. It is shown that full wave analysis is a must when analyzing the
mutual coupling between arrays. The network method uses the full wave based in-array
impedance formula to give the scatter parameters of the radiating elements. The scatter
parameters of the feeding network are calculated by Ansoft Designer. By using an easy
cascade of the two parameter modules, the mutual coupling between two arrays is obtained.
The calculation time is reduced from 180 minutes to 30 minutes. The array element spacing is
adjusted to reduce the mutual coupling. The mutual coupling between adjusted arrays shows

a 10dB reduction compared with that of the origin design across a 10% bandwidth.
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