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Abstract

Tn this thesis, the results are presented of a theoretical and experimental investigation of isolated
microstrip antennas and of finite microstrip phased-array antennas. Microstnp antennas have
several features, including light weight, conformability and low production costs, which make
them interesting candidates for several appheations where a phased-array antenna 1s required
The theoretical analysis of finite arrays of microstrip antennas is based on a rigorous spectral-
doman method-of-moments procedure  The electromagnetic field is expressed in terms of the
cxact spectral-domain dyadic Green’s function, Mutual coupling and surface wave effects are
autpmatically included in the analysis. Small arrays and array elements near the edge of an
array can also be analysed with this fimite-array approach. In addition, a sophisticated maodel
for the (eeding coaxial cables is developed In this way, electrically thick and thus broadband
microstrip configurations can be analysed. An analytical extraction technigue 1$5 proposed to
reduce the tequired CPU tume. The theoretical model is validated by comparing the caleulated
resulls with measured data from several cxperiments. Generally, a good agreement between
thcory and experiment is obtained. Some techmques to improve the available bandwidth of
microstrip antennas are discussed. Bandwidths ranging from 20% (o 0% have been obtained for
isnlated microstrip antennas  When such broadband elements arc used in an array of microstrip
antennas, the bandwidth 15 reduced significantly due to mutoal coupling.
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Chapter 1

Introduction

1.1 General introduction

History

One of the principal characterstics of human bemngs 15 that they almost continually »end and
receive signals 1o and from one another. The exchange of meaningful signals 1s the heart of whal
is culled communication, In its sunplest form, communication involves two people, namely the
s1gnal transmitter and the signal receiver. These signals can take many forms, Words are the
most common form. They can be cither written or spoken. Before the invention of technical
resources such as radio communication or telephone, long-distance communication was very
difficult and vswally took a lotof time  Proper long-distance communication was at that tine only
possible by exchange of wntten words, Couriers were uscd to transport the message from the
sender to the recerver Since the invention of radio and telephone, far-distance communication or
relecommumnication is possible, not only of written words, but also of spoken words and abmaost
without any time delay between the ransmission and the reception of the signal. Antcnnas have
played an important part int the devclopment of our present telecommunication services. Antennas
have made 1t possible to communicate at far distances, without the need of a physical connection
between the sender and receiver, Apart from the sender and receiver, there 15 a third important
clement in a communication system, namely the propagation channel. The transmitted signals
may detenorate when they propagate through thus channel. In this thesis only the antenna part of
A comununcation systent will be investigated.

In 1886 Heinrich Hertz, who was a professor of physics at the Technical Institute 1n Karlsrohe,
was the first person who made a complete radio system [33] When he produced sparks at a gap of
the transmitting antenna, sparking also occurred at the gap of the reeciving antenna. Hertz in fact
visualised the theoretical postulations of James Clerk Maxwell. Hertz’s first experiments used
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wavelengths of wbout 8 meters, Alter Hertz an Italian called Gugliclmo Marcon became the motor
behind the development of practical racdho systems [46]. He was not a famous scientist like Hertz,
but he was obsewed with the idea of sending messages with a wirelesz commumcation system.
He was the first who performed wirgless commumcations across the Atlantic, The anlennas
that Marcom vsed were very large wire antennas mounted onto two 60-meter wooden poles.
These antennas had a very poor efficiency, so a lot of mput power had to be vsed. Sometimes
the antehna wires even glowed at night  Tn the 93 vears after Marconi’s first transatlantic
wireless commumcation in 1901, a huge amount of rescarch and development his been performed
concerning antennas and complete communication systems. In later years antennas were also
used for other purposes such as radar systems and radio astronomy. In 1953 Deschamps [18]
reporicd for the first time about planar microstrip antennas, also known as patch antennas It was
only 1n the carly eightics that microstrip antennas became an intercsUng 0pIe among scicntists
and antenna manufacturers. It will probably take another 5 to 10 vears hefore nuicrostrip antennas

will be used on a large scale in a variety of telecommunication produets.

Antenna CORCELS

Figure 1 | shows seme well-known antenna configurations which are nowaday s in use ina vanety

of apphecations Both reflector antennas and wire antennas have become mass products Reflector

Reflector anlcnna Horn antenna Wire antenna

Figure 1 1 Some conventional antenna congepls.

antennas are for example used for the reception of satellite television, whereas wire anlennas

are often used to receive radio signals with a car or portable radio recerver Rellector and horn
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antennas usually have a high gain, but have the disadvantage that the main lobe of the antenna
has to be steered 1n the desired direction by means of a lghly accurale mechamcal steering
mechanism. This means that simultaneous comrmunication with several points in space is not
possible. Wire antennas are omni-directional, but have a very poor antenna gain. There are certain
applications wherc these conventional antennas cannot be used. These applicattons often require
a phased-array antenna. A phased-array antenna has the capability to communicate with several
targets which may be anywhere in space, simultaneously and continuocusly, because the main
beam of the aptenna can be directed electronically into a certain direction. Another advantage
of phased-array antennas is the fact that they are relatively flat. Figure | 2 shows the general
phased-array antenna concept. Three essential layers can be distinguished 1) an antcona layer,
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Figure 1.2: Phased-array antenna

2) a layer with transmutler and receiver modules (T/R modules) and 3} a signal-processing and
control layer that controls the direction of the main beam of the array. The antenna layer consista
of several ndividual antenna elements which are placed on a rectangular or on a triangolar grid.
Open-cnded waveguide radiators are often used as array elements, but also microstrip antennas
seem to become interesting candidates [61, 65]. The total gain of a phased-array antenna depends
on the number of artay elements and on the gain of a single array element. With M denoting the
number of array elements, the theoretical gan at broadside of a phased-array antenna is given by
(E.1)

& = 0logy M + G, (dB),
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where {1, is the element gain in dB Note that the antenna gain in a real phased-array antenna
iz reduced due to losses in the feeding network [43] Each array element or a small cluster of
elements (subarray ) is connected with one T/R module  Arrays can be asy large as 5000 clements,
%0 it is essential to keep the production costs of a single array element or subarray as low as
possible. The price of one T/R module can be minimised 1f most of 163 functions are integrated
nto only a few low-cost MMIC's (Monolithic Microwave Integrated Circuits) [26].

Microstrip antennds and microsirip phased-array antennas

Microstrip antennas or patch antennas have several interesting foatures, such as low production
costs, light weight and conformability, which make them very inleresting candidates for use in
a phased-arcay configuration Figure |3 shows an example of a single-layer isolated microstrip
antenna The patch 14 made of copper and is situated on top of a dielectric substrate. The substrate

ateh
auhsarrate I pite —
" ----"--_
,
. ]
ground plange ...
coax cable
Side view Top view

Figure |3, Ieolated single-layer microstrip antenna

is mounied on a metal ground plane. A rectangular pateh shape is shown in this figure  Other
patch shapes are possible as well, but seem to have no significant advantages over the rectangular
form. Sometimes the antenna is covercd with a second dwiclectnic layer This diclectne cover
could serve as a protection layer for the antenna, Sometumes a second patch 15 placed on top
of this dicleetne cover. Such a structure 15 called a two-layer stacked rmucrostrip antenna |60,
Stacked microstrip antennas have two closely spaced resonane {frequencies, which may be wseful
in obtaining a larger bandwidth or dual-frequency operatron  The (fowern) patch s {ed with one
or two coaxial cables in order to establish a linearly or circularly polarised lar feld. The inner

conductor of the coaxial cable is usually connected with the patch, while the outer conductor of the
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couxial cable 15 attached to the backside of the metal ground plane. Other feeding configurations,
for example with microstrip lines, can be used as well, Figure 1.4 shows the geometry of a finite
array of rectangular microstrip antennas placed on a rectangular grid. The array elements can
have a stacked configuration of the patches and the substrate can be built up of several layers
{mullilayer structure) Each array element is fed with one or two coaxial cables, depending on
the polansation requirements of the antenna,
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Figure | 4: Finite array of (stacked) microstrip antennas embedded in a grounded two-layer
dielectric slebwith i = 1,2, Kand!{ = 1,2, ,L

Applications of microstrip antennay and microstrip phased arrays

Some typical (future) applications where microstrip antennas or microstrip phascd-array antennas
can be used are land-mobile communications and mobile satellite communications [41], active
phased-array radars, Synthetic Aperture Radar (SAR) [24] and medical systems [48] Especially
mobile communication is becoming a huge and important market where low-cost microstrip
antennas can be used. At the present tme, INMARSAT (INternational MARitime SATellite or-
ganisation) has four operational systems for mobile satellite communication at L-band frequencies
(== 1 3 GGHz), i.e. INMARSAT system A, B, C and M [14, 77] The antenna of a mobile user of
the INMARSAT M system can be mounted on top of a car, truck, train, aeroplane or in an attaché
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case. In the near future, 1t 15 expected that the need for individual world-covering telecommuni-
cation devices will grow. These devices should have the same ease of use and lrunsport as our
own means of communicalion, Le. our mouths, ears and eyes. Ideally, where the person goes, the
communication device should accompany her/lim. Telecommunication devices should therefore
he mimaturized as much as possible to improve their transportability, This imphes that future
communication systems need the use of gher frequencies, which results in a smailer anlenna
size  In the United States, a study has been performed on a mobile satellite commumcation
system at a frequency of 20 GHz (receive) and 30 GHz (ransmit) [22]. These hugh {requencies
make it possible to use real personal-access cominunication systems, because the antenna size
is small Figure [ 3 shows an example of such a personal access system  Microslrip antennas

& FLANAR PHAZEL
. L+ ARBAY ANTERNA

L SETERABLE
HER [GPHERICAL
ARRAAY

/

- MICRDETRIP
PADIATIHNG
ELEMEHTE

Figure 1 5: Futire mobile sateilite communicalion with microsteip cntennas [21]

are expecled to be used 1n these {uture communication systems, becduse they can be integrated
with the T/R modules if, for example, MMIC fabrication techmques on GaAs substrales are used
[403. This would reduce the total production costs dramatically Table 1.1 shows some typcal
antenna requirernents for some (futere) applications of microstrip (array) antennas  The most
important observation {rom table 1.1 is probably that the required bandwidth of thewe applications
varies from a minimum of 3 percent to approximatcly 50 percent for certain radar applications
The bandwidth is defined as the frequency band for which the inpul reflection coefficient of the
antenha 15 lower than a certain value v e, Usually 700, = 173 15 used, which corresponds to a
Voltage Standing Wave Ratio (VEWR) of 2
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Application Bandwidth | Antenna Gain | Polarisation
INMARSAT data | 7% | dB gircular
INMARSAT voice | 7% 12dB circular
SAR 3% 21 dB lincar
radar 10-30% 20-40 dB lincarfeircular

Table 1 1 Some rypical antenna requirements.

Bandwidrh of microstrip antenndas

When the present rescarch was started in 1991, most microstrip antennas that had been described
1 the literature had a bandwidth of only a few percent. The research activities since 1991 have
therefore concentrated on the development of a theoretical model for the design of large-bandwidth
microstrip antennas and microstnp phased-array antennas. The bandwidth of a microstrip antenna
can be improved if electrically thick substrates are being vsed. Figure 1.6 shows the bandwidth of
several mucrostrip anteninas as a function of the electrical thickness of the substrate h/A,, where k
15 the thickness of the substrate and where A, 15 the wavelength in the substrate. Four antennas have
been designed and measnred at the antenna laboratory of the Eindhoven Umiversity of Technology.
More details about these four antennas can be found in section 3.9, From figurc 1 6 it is obvious
that the bandwidth of 4 microstrip antenna increases with increasing thickness of the substrate on
which the patch is mounted. However, electrically thick substrates often give rise to an inductive
shift in the input impedance, which means thal a good impedance match can only be achieved
if a complicated and expensive input network 14 used. There are some techniques to avowd this
problem One of the configurations with an enhanched bandwidth ts a stacked microstnip antenna.
A stacked microstrip antenna has two closely-spaced resonant frequencies. which results in an
improved bandwidth. The two antennas specified in figare 1.6 with a bandwidth between 20%
and 30% have such a stacked configuration of the patches. Another technique to improve the
bandwidth will be presented in chapter 3 of this thesis. The antenna in figure L with i/ A, = 0.22
is made with this new technique and has a handwidth of approximately 50%.

The enlargement of the bandwidth of a microstnip antenna wsually has a negative effect on the
radiation pattern and the radiation efficiency [36]. This is mainly due to surface wave generation
and radiation from the coaxial feed.
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Migure | 6: Bandwidth of microstrip antennas (VEWR = 2), 2, = 5080

1.2 Modelling approach

Several thearctical models for the analysis of microstrip antennas have been introduced dunng
the past two decades  Among the first models were the transmission-line model [17, 93 and the
cavity model [45]. Both approaches are relanively easy to implement into a computer program
and require relatively shon compotation times. However, the predicied antenna charactenstics
are not very accurate and are usually limited to the case of isolated, narrow-band, microstnp
antennas  Later, more ngorous methods have been proposed [56, 49 The current distribution
an the antenna s determined by solving an integral equation The ntegral-cquation methods are
not restricted (0 the case of 1solated microstrip antennas, but can also be appiied to microstrip
array» and to multulayer configurations However, u magor drawback of these methods 15 the long
computatton ime and the refatively large computer memory requirements. This seems o become
less important nowadays since the computing powet of even the cheapest computer system s
Browang mere and more

In this thess, the current distribution on the electric conductors (patches and coaxial probes) of
cach array element s found by solving the integral eguation for the unknown currents with the
method of moments [31] The method of moments reduces an intcgral cquation miao g matrix
equatton by expanding the unknown corrent distribution into a set of berrs fune ey and weighting
the equation with a et of testing funcrions. The resulling malnx equation can be selved with

standard numerical techniques  In the analysis the electromagnete lield s written m terms of
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the dyadic Green's function The Green's function is the response due to a point current source
embedded in the layered medium, Because the current distribution on the patches as well as on the
coaxial probes needs to be determined, the Green’s function of a horizontal point current source
and the Green’s function of a vertical point curment soutce have to be known  Onee the current
distribution on the antenna is known, the input impedance or scattering mattix and the radiation
characieristics can be determined. Most publications m the literature concern narrow-band and
thus electrically thin microstrip antennas. Because of this thin substrate, the current distribuiion
along the coaxial probe will be almost constant and therefore a simple feed model can be vsed.
In case of an electrically thick substrate, however, a more sophusticated model for the feeding
coaxial cables must be used which accounts for the variation of current along the probes and
which ensurcs continwity of current along the patch-probe transitions An accurate feed model
was developed that includes all these effects.

In general, one could say that there are two ways to analyse microstrip arrays with a method-
of-moments procedure [3]° (1) element-by-¢lement approach (finite-array approach) and (Z)
infinite-array approach. In the case of a very large array, the infinitc-array approach will be more
efficient, while small arrays and elements near the edge of an array can only be properly analysed
with an element-by-element approach. The best and probably most efficient design strategy for
microstrip arrays is a combination of both approaches. In this thesis Nnite arrays of microstrip
antcnnas are investigated, Much effort has been put into the development of special analytical
and numencal techniques to reduce the computation time and to improve the accuracy of the
method-of-moments formulation  The theoretical model has been implemented 1 a software
package.

1.3 Organisation of the thesis

As stated earlier, the current <hstribution on a nucrostrip antenna or on an array of microstrip
antennas js calculated by solving the integral equation for the currents with the method of
moments The electromagnetic fleld which appears in the integral equation is written in terms
of the dyadic Green's function. The dyadic Green’s function needs thercfore to be determined
before the currents on the antenna ¢an be caleulated. In chapter 2 the point-source problem for
a grounded three-layer medivm js solved. The exact spectral-domain dyadic Green’s function
is determuined for a horizontal as well as for a vertical point current source cmbedded in this
three-laver medium In chapter 3 a method is presented for an efficient and rigorous analysis of
a single, linearly polarised, microstrip antenna. Caleulated results are compared with measured
data from several expeniments. In addition, the bandwidth of several microstnp configurations
will be investigated 1n chapter 3 Tt 15 shown that microsinp antennas with a bandwidth varying
from 20% to 50% can be constructed. In chapter 4 the method of chapter 3 is extended Lo the
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case of a finite array of lincarly or circularly polarised microstnip antennas  Some numerical and
anabytical techniques are mtroduced 1n order to reduce the required CPU time Several designs
of microstnp arrays are discussed and compared with experunents. Special attention 15 devoted
ta the influcnee of mutwal couphng on the input reflection coelficient of each array clement and
on the radiation patlem of the total array,




Chapter 2

Green’s functions of a grounded two-layer
dielectric structure

2.1 Introduction

In this chapter, we will start the analysis of microstrip antennas and microstnp arrays by developing
anessential mathematical tool that will be vsed in chapter 2 and chapter 4, where the characteristics
of microstrip antennas and microstnp arrays are determined with the method of momems The
Green's function will there be used to calculate the electromagnetic fields cavnsed by a certain
current distribution. Figure 2.1 shows the coordinate system that will be used throughout this
thesis

We are interested 10 (inding the electromagnetic fields due to a certain electric current distribution
J (7 and a magnetic current distribution A1(7) “The electric ficld E_'.(r") and magnetic ficld H(7)
satisfy Maxwell's cquations

Vx E(R) = —pepH) - M),
21

Vox HF) = uel(F) + T,

where an o' dependence of the fields is assumed (time-harmenic solution). £ denotes the
permittivity of the medivin and ;: denotes the permeability of the medium.  The medium 15
assumed to be 1sotropic, inearly reacting and homogeneous. In thrs chapter only glectric source
currents are considered, s0 ./’\:1(*7') =0din cquation (2.1} 1n chapter 3 both electric and magnctic
sources will be investigated

For most problems, including our microstnip antenna problem, 1t is not possible to obtain a
closed-form solution of equation (2.1)  Therefore Green’s functions will be introduced. A

11
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ZI’\

Figure 2.1 Coordinate system.

Green's function is the response duc to a point source  Somelimes the Green's funclions are
directly related to the electnic and magnetic field. However, we will make use ol the magnelic
vector potential. With M —=0m equation (2.1}, the divergence of the magnetic field equals zero,
1e. V H — 0 Thes implics that the magnetc ficld H can be represented as the curl of another
vector

HIF = W x A7), (22)

1 which 4(7) is the magnetic vector potential Substituting this relanion nto the first equation of
(2 1) wirth M — Gylclds

Voo (7 + jwin (™) — 0 (2.3)
Hence
E7) + w1 = V7, (2.4)

where @ is a scalar potential. The scalar potential € sansfies (he Lorents gauge {32, p 771

VAT = — e (2.5)
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Substituting the Lorentz gauge into equations (2.2) and (2.4) yields

H(F) = V x Al 6
(

1)

— i A7) =V [‘MPV . A‘(ﬂ] .

Afl

where & = w /&l denotes the wave number n the medum. With A= A7 + Ay + AE
(2.6) takes the following form

9,4, — 3,4,

ﬁ(?ll’ ¥ .'?.') = c.-:’.zn"q-.:: - 9«‘-"4-; i (27)

Brdy — 8, A,

and
i .
(K2 4 02) A, b 8,0, A, + 0uB: A,
T — judji
Erpnz) = =5 | 24004, + 39,4 + 8,34, | (2.8
(2 4 1A, + 8,8: A, + 8,8, A,

The Green’s function 15 now defined as the magnetic vector potential created by a unit clectric-
current source or clectne dipole  The magnetic vector potential resulting from a certain current
distribution f(fr'*'m} can then be found by dividing this current distribution nlo an infinite numbert
of elementary unit sources, and integrating the contributions of all these elementary sources. The

vector potential at 7 = (7, ¥y, z) can be expressed in terms of the dyadic Green's function G(7, /)
Ay = f / f G(F, 7) - T(7y) dVi, 29

where V; is a volume that encloses the source currents. The dyadic Green's function can be
represented by a square 3 x 3 matrix of which the general form 15 given by

Y
S'},.TI £'7!y g.l".’."

SR =1\ G, G G (2.10)

-

+ )
Yor Yy Q;;
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Bogion ?

T /ﬁﬁ-/////

Tground plans

Figure 2 2; Genmetry of the grounded two-Tayer configusation (side view)

The matrix element G, 1 the r-component of the Green™s function ol { — (r, 4, 3) due to a
y-cleected unil current source located at 7 — (#y, 4, 20). The electric and magnetic Aeld can
now be expresséd o terms of the current distnbution .Tfl'!“‘;;.) and the dyadic Green's function by
substituting (2 Wh and (2 M m (2 8) and (2 7)

2.2 Boundary-value problem

In this section, we will formulate the boundary-value problem for the magnelic veclor potential
A a grounded two-layer diclectric structure due to the exitation hy an electnic unit current
source The peometry of the fayered structure 18 shown i figure 2 2 [t consists of two dielectnic
layers (regons 1 and 2} with thickness o | and oz, respectively, mounted on a perfeetly conducting
infinite ground plane. Region 3 consists of free space The ground plane 15 located at © — 0

In the [requency doman, the clectromagnetic properties in each region of figure 2 2 can be
represented by the permeahility ¢, and the permittivity &,, with » = 1,2, The permuttivity 1«

complex and s given by

g,— i+ T _ sl — itand) — =, 2, (2.11)
hid
where . | i% the reat part of « |, ~, 1% the conductivity in region « tan &, denotes the loss tangent and
¢, denoles the refative permitlivity 1o region . The permittvity o free space = representad by
£y #2 1/(367 10" Fm™" The permeabulity 1 cach region, 1s tuken as the frec-space permeatlity
ji= o= 4710 " Hm'!
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Let A4, be the magnetic vector potential 1n region ». Then A, can be found by substituting relation
(2.6) into Maxwell’s cquations (2.1). Note that =,, is constant within each region . This results
in the well-known Helmholtz equation for the magnetic veqtor potential that has to be satisfied in

each region
V2L e k2R = —F(7), withe=1,2,3, (2 12)

where :/: is the electric current distribution in region © and &, = W /Eofic 15 the wave number in free
space. At the interfaces of the three regions and at the ground plane, the tangentral components
of the fields are subjeet to the following boundary condrtions’

E;thl=6 2 =10,
foxE = &xé
z =k,
fxHl o= & x'ﬁzj (213)
Eowéy = é’zxf;
T=hy
Fglﬁg = E-;X?'_(.'l,

in which &, i% the unit vector in the r-direction. In addition, we will also have to define a boundary
conchtion as & — oo According o the causality condition [38] the fields must represent waves
that propagate away from the sources and/or waves that decay with distance from these sources.
In chaplers 3 and 4, we will only mvestigate microstrip antennas and rmerostrip arrays for which
the patches are located inside region 2 and for which the inner conductor of the coaxial cables
may be located inside region | and region 2, We therefore only need to consider the situation of
horizontally directed sheet currents 1nside region 2 and vertical currents mside region 1 or region
2. The analysts in (his chapter is restricted to the delermination of the Green’s function in region
1 and region 2, due to an 7- or y-directed electric dipele in region 2 and the Green’s [unction in
regron 1 and 2, due to a z-directed electric dipole in region | or region 2

Horizortal dipole i region 2

The electric dipole 15 located at 7, — (0,0, 55} inside region 2 and has only a component in the -
direction (see figure 2 3). Later in this section, the location of the electric dipole will be extended
to the general case with 7y = (o, yu. 20). The Green's function of a y-directed dipole can be
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hunronlexl d:polc

R:gmn 2

i‘; ///m.i

Figure 2.3 An r-directed dipole in luver 2 at vy = (0,0, 2)

found from the Green’s function of an r-directed dipole by interchanging ¢ and y in the resulling
cxpressions. The volume current density associated with an v -directed cipole at 1) — (0,0, z,) 15

grven by
ol T = (VA A 2 — 2 (2 14)

The Helmholtz equations 1 the three regions now take the form

vzjl+*’r1“‘r%j| -4 Oz by,
Vz“_.i +e r-Z’:‘uﬁAllz = fd,f“fﬂi) s —wa) By = r o iy, (213
VI KA = 0 g = om o ok,

whera the vector potential may be wnllén n terms of the components of the dyadic Green’s
function

AR

/‘/ﬂfﬁ(»; ) e Ay I = z) AV

= g(’_‘ -’_\?}l} f:‘jr- \2 16}

= gi:‘q (7“1 ";“);r: + g:y.r(? I Jn) ¥ -+ gu.&.r(i "‘:‘\‘](::
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In a homogeneous medium the electromagnetic ficlds created by an «-directed electric dipole
can he described with the ¢ -component of the magnetic veclor potential alone, i &, with 4., In
a layered medium, however, a second component of the magnetic vector potential 15 required,
Sommerfcld has shown {64, p. 2571 that 2 solution can be found with G, # 0 and G,y = 0
Under the asumption that &;,, = 0, for . = 1,2, 3, equation (2.15) takes the form

vzgl::"rfrlkz’;glww = 0

v:gl;‘y +'5'1‘li\r3g!zr =10

V2Giar + 00k, = —6(a)8(0)E(z - 2)
hy =z = Iy, (217}

I
=

vzgk.z + Erlk\%gha

vlg}ml + k‘-gg"»mr =0
fiz & 7 4 00

ViGaee + kiCh, = O

Gy and G, with 2 = 1,23, have to be chosen such that the corresponding ficld satisfies the
boundary conditions (2.13)  Unlortunately, it 15 not possible to find a closed-form expression
for G, ., and . in the spatial domam (., y, z)-domain). Therefore, a Fourier transformation
with respect to the - and y-coordinate is introduced. 1 e (2,4, ) — (k.. by, 2). The (k. &y, 2)
domain 15 called the spectral domain. In the spectral domain, an analytical solution for the
boundary-value problem can be obtained This will be discussed in section 2.3,

Vertical dipole in region I or region 2

Figure 2 4 shows the configuration for this situation. The volume current distribution associated
with this vertcal dipole in region 1 or 2 14 given by

T = CALOHRME — ) (2 18)

It can be shown that only 2 single component of the vector potential 18 needed in order to solve
the boundary-value problem for a z-directed dipole, i ¢ A = G [64, p. 246]. Interms of
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&
vertieal dipole .

- Kigen 3

hi-
4
Reginn 2
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)

Figure 2.4 A z-directed dipoie at vy —= (0,0, 2y)

..., Helmholtz’s equation (2 12) reads

Vi + £k — ~B(018(0002 - 20) 0%z by,

Vi + ki = 0 by 2y,

vzg'in + ;Sgl.ﬂ: =0 hy < 2 o,
if the dipole 15 located i region | and

VI ek, — 0 Oz by,

VG 4 ernhitins, — —tladd(i)flz —ap) b 5w g,

Vi + "‘.,(fh- - 0 by <z o

d,

(2 19)

(2.20)

il the dipole s locuted 0 regron 2. Again, G,,, has to be chosen such that the corresponding held

salisfics the boundary conditions {2.13) A Fourler transformatron with respect Lo the ransverse

coordinates wilt be introduced i order to obtan a solution for G,
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2.3 Spectral-domain solution

It has already been stated beforc that in the spectral doman an analytical expression of the
dyadic Green's function can be obtained. The original spatial-domain Green’s function can be
determined by applying an inverse Fourier transformation. The Fourier transform with respect
to z and y of a function ¢{z, ¥) and its comesponding inverse Fourler transform G{k;. &) are
defined as

G(;\:V‘E A’!’) = FT{Q(T, y)} = / f g(r’y}ﬁ.-:kxﬁe.?ky!j (ixdy’
Glo vy = FTHG(k k) (2.21)

Some usetul propertics of the Founer transformation are

FTiV G040} = (=F — b2+ 081G haa (ks Ky, 2),
(222)

FT{8(x — 1)y — we)bfz — m)} = eb=Toe?defiz — )

These properties will be uscd to find the spectral-domain Green's function of a horizontal dipole
and of a vertical dipole.

Hovizontal dipole in region 2

The spectral-domain form of the Helmboltz equations (2.17) is given by

‘:93("?|-TI + ‘i"‘lf'Gl:r.: = 0
Oz ly.
D?G,H - k]z(-""l:::r =0
PGapr + FG2, = —b(2 — 2)
ko< 2 < b, (2.23)
a.%GZmu + k%GZ;\;: = 0
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inyy + K, = O
PG 4 kG = 0
in which the verttcal components of the wave vector in each region are given by
= e',..lil% Az LS {(Tm{i )y« OorIm(i,) =02 Re(l) = 0),
Bl — bt — k2 =k (Imfhy) < Oorlmiky) = 07 Re(hy) = 0V
k= AS— k= (Im(ks) < O or Im{&5) = 0 A Re(k:) = 0)

The solution of the inhomegeneous Helmbollz equation for (73, 15 a combination of a homo-
gencous solution and a particular solution. The particular solution can be found by means of

variation of constants and s given by

GE = il Mo e hy (2.24)

The other components of the spectral-domam Green's function satis{y 2 homogencous Helmhollz

cquation. The general solution of (2.23) 15 a lincar combination of clementary functions

; - & g TOTE
(:l:u — Oyt e +I)|__,““¢ Fth J?

Gy = ™M Dy e 50072

(“'rz . c'rﬂ i dhate + ”2 ¢ eathy 20 + otz x|
e 2rat “2um ’
2?!».2

3

(225)

—deyfre o kghiy—
oy — ('?’21:‘:' o ! + szg.r'(’ i ”:

- - b=
Oy = (e’ e L

Gllm = (-“h..‘-’ s 'jw-.
where (he radiation condition was used Lo elimmate the terms proportional o ¢ 0

and (74, Note that [mik;) = 0. The physical interpretation of the general solution (2 25) 14
llustrated o figure 2 5 for the r-component &, Inregion 1 and region 2, the general solution of
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e,
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%

Figure 2.53: Physical interpretation of the general solution of Gy

(v 1% a combination of an upgoing wave 1 the +z-direction and a downgoing wave propagating

in the —z-dircction In region 3 there ts only an upgoing wave in the +z-direction.

The 10 unknown constants in (2.25) can be determuned by applying the boundary conditions (2.13)

for the electric and magnetic field at the interfaces between the layers The Fourier transform of

(2 13) gives rise to the following set of boundary equations in terms of the components of the

spectral-domarn Green's function

T
C’lJ.J:

_lf;c:rc-"l;:# + azcla'.s

le.r

_ 2 e

Era i’i‘mCT]z-_r + Jk_,(?,:@],:;;]
Gl;vc

a:GI.n:

[

I
=

Glz:

et [K2Gun + 25eD.Grse]

z=hy,

(2.26)



22 Green’s functions of a grounded two-layer diclectric structure

(-;lﬁi.n‘ 3 = A
[LiGI’) ve | ]ln O.sczx.:-] = t.; Jikic:i*::r + fk‘tcl)z C;liz.z
(-‘”':2.5‘: = (3

05 C;E.a'.:‘ = fﬂ; C;-!J'.I'

With the general solution (2.25) substituted in the houndary conditions (2.26), one obtaing a
set of 10 linear equations with 10 vnknown coefficients  ‘T'his set of linear equations can be
solved analytically, A convenient way to determine the unknown coeffictents s to use the Fresnel
reflection coefficients at the inrerfaces between each region for TE and T™ fields [12, p. 48]
These coefficients are given by

. Lo
R = ! 227
" B4 by ( !
and
&k, — ek

R (2 28)

Sk, + Eayby

in which 4, is the vertical component of the wave vector i one of the three regrons ¢ — 1,2, 3
As an gxarple, we will take a closer look al the selution for O, and £5,, of G, 10 region 2,
At the interface : — A, the downgomg wave in region 2 can be expressed in terms of the upgong

wave in region 2
j-)ZH _ h;é_!e‘ ((-vzﬂp—.“-:_ + zﬂ_ﬁr_‘— .L‘th‘—z“)) {2 29’
152

Similarly, at the interface = — h| the upgomg wave in region 2 can be expressed n lerms of the
downgowng wave Thix gives the relalion

l e
(--fl” - ” L [-)'HP tharts + — “k‘u:l_mj : (2 30)
’)]kz

where [74 & is the generalised refection coefficient, which includes the effect of muluple reflections

and transmissions I regon 2;

(4 BT = 10 4 By je @b

friic _ paik
113 Mz [ - Rie ki
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i which 3% = (1 + RIF) is the Fresnel transmission coefficient between layer 2 and layer 1.
Note that the Fresnel reflection coefficient for TE-waves at the ground planc is equal to —1. If
equation (2,29} is substituted into equation (2.30), a solution lor 'y, and Dyye can be obtained:

¢ 1 FIE pikleo=hit R%;E-‘e—m(i"it—m—*m
ke [ DT ] ' (2.32)
1 T g halhamzg) | ﬁglﬁ-“e—.‘rh(m+hz—2h|\
Drz= - 'y o - 1
’ 2k, { DTE ]
in which the denommator DY£ s given by
D!‘E =1- ﬁ%‘IER;me—zjkzd; (2.33)

The other & unknown coefficients in (2.25) can be calculated in a sirmlar way,
To surnmarize, the expressions for the components of the spectral-domain Green's function due
to an r-directed dipole are given by

G = s fors =12,
Gys = 0, for: =12, (234)
Guw = ~hpfiqe, fori=172

with

L (Qemge
= 29k DI E (1 - H%]Ee‘zj‘hh)

) 29 sin(k 2)-

[e gkt zg=h ) +R'if;;EEsztz{;.-uﬁhle\] .

s [ B
JH2
[emz + Eg‘lg‘?_m“_n')] B E oz g,
w2 = 235)
1 ‘ ... .,
- Ej‘k‘zzu + mbc—gkk(;ﬂ_z‘n)] )
2‘:;;kzDTE [ 1
[E_J-‘C]Z + TSEF_}R‘Q(J:—I\‘IQ‘)] 0 E = -5 hz,
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—1 cos(kiz) v
1= g ‘ [ =&y Mty g
" 2k DTEDTM cos(kihy) [“’ ) (1 4+ Ryye Fi{z)
e e+ R 8304050
fa — 2"’1'—.\01 PySYET [(l 0 e )(ﬁ;ﬁ‘zfz—hzl + !;;:Iiﬂw'(_ P hz‘-?’n"!)

§ g hyl s = T M hags—2hy+h
e — e ) Fy (2 (e HHEmI o BEM pihate-2has "'J} ,

with

(l |_ R{IM ([+Itz M) =21k Ry

foiM _ s ’ 536
2] 2l 1 + 1{;] (—Z»km: { )
The functions F| (=) and Fy(z) are given by
[ _ 1+ _H_:J-_; hat gyy--ing ST B = kel s hg =20
Fi{w) = (m) [P + f3e ] \
1 - R‘} b') ] - i
F)(Fh.} = - 7L E ] = (\: M, — 2k ) R B : (2 37
(1 ReFedmbgrl o RgMe—2dn Y ae 4 kg q)
[t,—,.k-lrm._u.': + ng;:(ungz»..‘ mz;,z.un,‘,J ’
and the denomunators 27 and 277 are given by
niM o= ﬁg‘wﬁé‘ﬂff‘f Lkzdy
(2.38)
Jr_)i.!‘.-_ 1_ jx ':.!i —ka;

Note that we are only mterested in the fields in region | an 2. Therefore, the expressions for Gy
and (74,, arc not given here. The (unctions £7M and 277 can be rewritten in the following form

P ITIESLIL
I g 4 -
DY - ( ‘

. , T
{1+ R{Mr 7--’)‘")(“'Evz-ﬁ-szri)fﬁ'z-i-h:'2)) (2.39)

y 4o Ml dhad ‘
s =
((l_ﬁul'p ik )] |+Zu2)”‘2+'k"))
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in which T, and 7}, are given by

Te = ]k‘gk‘q sin(k;.d; ) CQS(kgdg) + k]k!z CQS(’{.‘-]d[) CDS(\‘-{ZQ(I:Q_)

—k‘% sin(ludl) sin{kada) + 2k1ka EOS(k1d[) Sin(kgdz),
(2.40)

T = lakszpeaeos(kid)) cos(hady) + skde, cos(kyd)) si(kada)
—kykael, sinfkyd) ) sin(kada) + 2k kg0 sin{kyd) ) cos(kada ).

The zeros of the functions T, and T, correspond {0 solutions of the charactenstic equation for
transverse electric (TE) and trangverse magnetic (TM) surface waves, respectively, in a grounded
two-layer dielectric strocture |32, p. 168).  These zeros correspond to first-order poles in
the spectral-domain Green’s function and some care has to be taken in the numerical inversc
Fourier transformation. In section 3.8, an analytical method will be proposed to avoid thesc
numerical problems. The spectral-dorain Green's function of a y-directed dipole can be found
by interchanging &, and &, in the spectral-domain Green’s function of an a-directed dipole, i.e.

Gy = 0 for:=1,12,
Gizy = O, fori = 1,2, (2.41)
Gizy = _&‘J_!_',"i.'.g, for: = .I., 2.

Vertical dipole in region I or region 2

First, the situation of a vertical dipole located inside region | will be considered Transforming
Helmholtz's equations (2.19) to the spectral domain yields

HG e + G,

=8z —z) O=<z<hy,
FChe + kG = 0 hy <2 < ha, (2.42)

636’1” + k-%(?;_,, = 0 fip < 7 < 00
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The general solution of (2 42) 12 4 combination of u homogencous solution and @ particular

solution-
+ i — kT B LLYE 1 JTH
Gree = Claar™ 4 Dhem 50T g e T e 2ni’
200
Ty, = (_j*zﬂc—"hu—"m + Ly et 2] €243
(Foar = (oqapr Mf2-M0
where again the radiation condition was used to eliminate the term proportional to 7 an €y,
From the boundary conditions (2 £3), a et of restrictions for (7,.. can be obtained
. = 0 z =10,
2y (dy = i,
z = f'l
e = G, {2 44)

‘)z("-":?:z = :'2&?61143.&

=i

(-:ZH- - C"“’-M
Substituting {2 4.3) into {2 44) resuits in 3 sel of 3 hinear equations with 5 unknown coeelficients
At the inlerface between the ground plane and layer 1, 1 e. at = = 0, the upgomg wave can he

expressed o terms of the downgoing wave,

Chee = Dygge MM o ¢ 1 (2.45)
21k
From the boundary conditions at = — 4 and 2 — hy we get
- l .
I, = Itnile (C‘I::f e 21_&.'. ik Ry .L(I) : (2 46)
, ty

v which /75,¥ 15 the generalised reflection coetticient from layer | 1o layer 2 and is grven by

(14 RETVREM(L 4+ Ry e ~20et

1§ RTM LM~k 2.4

AL = mi
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From (2 45) and (2.46) the cocfficients C',. and 1., can be determined The remaining 3
unknown coefficients in (2.43) can be found in a similar way The final result is

Cher = g5,
(2.48)
GZ:: = s,
with
1 RT'MR‘I”M =2 kady
T My ey e : 2 cos(ki2)
ok, DTM{ — RTM =2y
[E—J*‘H() + EEMEJM(JH—IFM} 0<z< 5,
g5~
' l R‘I M 'TiMe—ZJA‘zdz .
+ i Iy = - 2cos(kzg)- (2.49)
2k DTV — RiMe-ukR)
[e—_;lfqz =+ ﬁ.]{zMP_,'M(,&—EM\] . f::": z 5 hfl:
2eoalkyzo)(1 + RIM)e—Hit —kats—h ) TM  gkatz—2hath) )
%= 2k, DTM(1 — R e DRy [em et 4+ R J-
The same procedure can be used if the vertcal dipole is located inside region 2. The final

expressions for &, and Gz, are also given by (2.48), where g5 #2nd gg now take the form

gs =

s =

Ecus(k'lz)(l + RIMe it
2 DTH(1 — REMe=kih

I:e hglzg -hp + R;;MPJRJ‘M—ZM-FM\

JEa k 3

[r*-”“” +ﬁ,g"liw¢ Jk;(:—ifq]} B <23 (2.50)
. et RI M = phatE =2 n] i
2)ky DTM [ 2
[o=hse 4 QLY a2 5 €2 hy
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Surmmary

To summarize, the spectral-domain Green's funcrion of a horizonlal dipole in layer 2 or a vertical
dipole in layer 1 or layer 2, located at the coordinates vy = (75, iy, 201, 14 gtven in ratrix form by

s 0 0

(.Eﬁ (ko ok, o, m) = PRLER LIt 0 0

i

_-I‘J:Qtti ”‘-'ig,-{/uﬁi Prya

.
— PJM- E "r"“:k"‘m f".x(l‘ o LHM z, _.__,u]

An uddiionad factor af e% 16 .4 accure in the above expression, which 1s due w the displacement

{:rn, i} of the dipole with respect 1o the ongin of the covrdinate sy stem

2.4 Electric and magnetic fields in the spatial domain

Once the dyadic Green's {unction of the microstrip structure has been determined, the fields in
gach regron can be caleulated with relations {2 6) and (29 The electric field in the spectral
domain can be found from relatron (2 8)-

(e, k3 = ADA,, — by A, — ik, 8, A,

— kyky Ay — g Ay | (252)

i

Fiko by z) — —220 0 2,
[E. fuges ) E",,f‘.i,g, (JE ,.'Aﬁ - !\.!%]Aw

[e',‘hfxﬁ i r’]f)/l.u kD A - b A

and the spectrat-domn magnetie field from relation (2.7)

Ty

— kA — A

N N L (259

LIV SR BT 9
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with

=1 fQ =z Ay,

2 ik =z kg,

-
Il

where A, is the magnetic vector potential, with A =A,F + A&, + A LE. Now let us assume
that there is a certain volume current distnibution inside volume V), which is located in region |
and/or in region 2. The magnetic vector potential caused by thig current distnibution can be written
in terms of the spectral-domam Green's function, when relation (2.9) is used. This relation can

be rewntten in the following way

/f/g 7o) () deodyedz

- Lff(frol) dirodygdzn

A7)

li

Ti"'

(2.54)

oD O h

= 471'1[ / [ (b by 20 20) T(has Ry 50020

— i — W O

ket e die,

FT Ak &y, 20},

m which G,{# (hp kg, 2,70 = e gy (3 Lk by 2, 20) (see (2.51)). I!\LT, ky, Za) is the Fouricr
transform, with respect to Ts and y,, of the current distribution J (ra, ¥, 2a), with

k) = / [‘;f‘\"TO‘\ Yo, s0) /5= B ddag ({2.55)
-

From (2 34) it follows that

ha
A (hp by, ) = /Cq (k,,i,y,z Za) - (fc,_,ky,zn)dz() (2.56)
i}
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If relation (2.56) is substituted in (2.52) and (2 33), an cxpression for the electric and magnetic

fields in region 1 and region 2 can be determined:

. ] W 1 .
t“("r“ y““’ = ﬂ / / (*J:‘ y:'f-')‘b i ik ;i- {“\,
- @257
! ?} /L /z Hhur L)
= 3 (-'e ( 1\\3,» ,z.m‘) ]( . y,/.pu)(IZu( aTy F "(“{ (”“,
A i e 4
and
i T
_‘ P g _ ¥ . — ki m “““ M WY
H(.J&U&A*) - 42 / / HUS !,,4)(' r.fk «_H,
o (2.58)
= 4 [ /(2 U‘r» _,./-,.ou) ]”i. k<r,~(1]tizot‘ Heat "k"y{“rf“y,
with
v=1 0 S e by,
=2 lff-u ‘_ oo h):
i which the dyadic function C:)l 15 given by
Q. 0, s
c=2:'-'(J‘r £1,: N LU) = (2 ‘at‘).l Cr;?; with+ — l,2 . (25‘:))
o Ty L]
WL Q0 QL
with
! Jud ity A " i .
(0 (b by oz — - fz [(mk‘ﬁ—ii;w; +ﬂ~§flfmz] frp ooy by
S ki
i ; Jad iy bt e e
(‘2711 A g o= " )2 [( 'M :) - M)(h + JA ” (r;+2] TR
AT
C“)“ ,(“.r by 20800 (2«!4: = :M:l [—4 el + tkah, &, M“} fry sl m iy,
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3

Jwi gy

Elkehyzzo) = = [+« K@y Goa] 0=z % by
EELAT
Jutin -
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Green’s functions of a grounded two-layer dielectric structure
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Chapter 3

Isolated microstrip antennas

3.1 Introduction

This chapter deals with the analysis of 1solated, lincarly polarised, microstrip antennas. The
antenna is built up of two diclectric layers mounted on an infinite ground plane, and has one or
two rectangular metallic patches. The lower patch is fed with a single coaxial cable, which results
in a linearly polarised far field. Circular polarisation 18 discussed in chapter 4 of this thesis, From
the electric-field boundary condition on the patches and on the coaxial probe of the microstrip
antenna an integral equation for the unknown currents i derived  This integral equation 1s solved
nurmerically with a Galerkin type of method-of-moment procedure, which includes the exact
spectral-doman Green's function of chapter 2, Once this current distribution is known, the input
impedance and radiation pattern can be determined. In the case of an electrically thick substrate,
a very accurate model for the feeding coaxial cable has to be used that includes the variation of
current along the coaxial probe and that ensures continuity of carrent at the patch-probe transition,
In section 3.8 some technigues will be discussed to improve the numerical accuracy of the method
and to reduce the total computation time

3.2 Model description

3.2.1 Two-layer stacked microstrip antenna

The geometry of an isolated stacked microstrip antenna with rectangular patches and fed by a
coaxial cable 1s shown m figure 3.1. The layered structure consists of two dielectric layers backed
by a perfectly conducting infinite ground plane. This 15 exactly the same structure as discussed
in chapter 2, section 2.2. Therefore, the notation introduced in section 2.2 will also be used here,
From a practical point of view, we may assume that both patches are situated within region 2,

33
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patches
= o
—_— .,

Side view Top view

Figurc 3.t: Geometry of an isolated stacked microsirip antenna embedded m a two-faver diglectric
Structure.

50 by 2 2 = 2y = kg The 2- and y-dimensions of the lower patch (located ar z = 3)) are
denoted by W, and Wy, respectively, and the - and y-dimensions of the upper patch {located at
z = =) are denoted by W5 and W,2. Both patches are treated as perfect electric conductors and
are assumed to be infintely thin, The centres of both patches are located at {1, ) = {0, 0). The
feeding coaxial cable consists of an 1nner conductor with radius ¢ and an outer conductor with
radius 4. The centre of the coaxial cable is located at {«,, v,) The inner conductor (also called
probe) 15 usually connacted to the lower patch and the outer conduetor 1s connected to the ground
plane. Another possible feeding structure that wall be studicd 1n this thesis 1w shown in figure 3.2.
Now, the inner conductor of the coaxial cable 1 not physically connected to the lower patch, i e,
zr = 2p. This so-called clectromagnenically coupled (EMC) microstrip structure has broadband
characteristics if the dimensions of the antenna are chosen properly (see section 3 9}

3.2.2 Thin-substrate model

Microstnip antennas, for which the patches are printed on an electrically thin substrate, have a
high quality factor, and therefore have a very small frequency bandwidth 1f the distance between
the lower patch and the ground plane is small compared to the wavelength 1n the substrate, 1.e.,

if =, = A, we may assume that the current distribunion along the coaxial probe is constant The
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Figure 3 2' Electromagnetically coupled { EMC) microstrip antenna.

prabe is represented by a cylinder with radius a. The z-independent current distribution on this
cylinder is then given by

;ffgbe(T Y,z ) :ij;m'qbo:‘(mwy:z)
3.1

_ I - :

=& 2m6 (\/(,I —a)t -k (g — us) — a) L 02y,

where J* i the port current at z = O and zp is the length of the coaxial probe. This current
distribution is now used as a source exciting the two metaflic patches of the antenna, Note that this
model only works well if the probe is connected to the lower patch. Therefore, the configuration
of figure 3.2 cannot be analysed with this simple source model. This thin-substrate source model
has been often used succesfully in literature to analyse microstrip antennas [5, 28, 56], because
most of these microstrip antennas arc narrow-banded and therefore have a relative thin substrate.
Microstrip antennas with a large bandwidth are usually fabricated on electnically thick substrates.
Tiis means that the simple source model, represented by formula (3.1), cannot be used any more,
because the cwrrent distribution along the probe will not be constant. A second major drawback
of the simple constant-current source model 15 the fact that the condition of continuity of current
at the probe-patch transition 1 not fulfiled. A better and more general source model is presented
in the next section.

3.2.3 Thick-substrate model

Figure 3.3 shows a detailed view of the feeding coaxial cable. The inner conductor of this cable
is represented by a cylinder with radius « with perfectly conducting walls. Tt 15 assumed that
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Tigure 3.3 Detailed view of the feeding coaxial structure.

the z-directed surface current on the eylinder does not depend on the angular coordinate ¢. This
surface current is unknown and will be determined with the same procedure as the currents on both
patches (see section 3.3) Further, a special attachment mode will be used o ensure the continuity
of current at the probe-patch transition (see section 3.4) The clectne field 1 the coaxial aperture
at = = 0, act a3 a source exciting Lhe antenna, 1 ¢., the probe and the two patches.

From the analysis of wire antennas 1t was concluded that at frequencies for which 44 = 0.1, with
k — 27 f /Sikg, accurate results are obtained (f the fleld at the coaxial aperture 18 approxunated by
the fundamental mode only, 1 ¢, the TEM-mode [54, p. 35]. The cleetnie field of the TEM-mode
in the coaxial cable is the same as the electne field of the corresponding electrastatic problem for
the coaxial cable [32, p. 631 When higher-order modes are neglected, the eleciric field in Lthe
aperture of the coaxial cable at £ = 0 is given by

. . Vo
Erm Bt = — Y as<i 32
Pr) s Ep (M) . ln(b/ca)( ooyt h,

whete + = 7 = 7, = (r'cong 7 sing 03, with 7, = (1, 4,,0) V¥ 1» the unpressed port

voltage between the inner and outer conductor of the coaxial cable. So for a given port voltage

VP we have 1o determine the corresponding port current /# From the equivalence prineiple

[32,p 111}t follows that the onginal problem of figure 3 4a can be repluced by the equivalent
raf

problem of figure 3.4b, In figure 3.4b a surface magnetic currcnt J\::ifrm 15 placed at the former

coaxial opening, immediately above an infinite ground plane The approximated magnetic current
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ground plane

a) original problem b) equivalent problem

Figure 3 4. Egquivalent magnetic surface current af the coaxial opening.

distribution at the coaxial opening is now given by

= . o =4 Vp
M:?rtm(‘r") = Mpau(r)VF = £.(r) % & =

- D (3.3
7 ln(b/n.)e”h aETEh

14

In the literature this source model 14 often called the "magnetic fnill excitation model” [34, p 33]

3.3 Method-of-moments formulation

In this scction the thick-substrate source model of scetion 3 2 3 will be used. The magnetic
current distribution (3 3) 1 the coaxial aperture is used as a source. The current distribution on
the probe and on both patches of the microstrip antenna are the unknown quantities that have to
be determined. At the end of this section the equations for the case of the thin-substrate model
of section 3.2 2 are gmiven The boundary conditions on the two patches and on the coaxial probe
are used to formulate a system of integral equations for the unknown current distribution 7 on
the antenna ‘Fhese integral cquations are solved by applying the mcthod of moments [31]. We
will start with the boundary condition that on both patches and on the probe the total tangential
clectric field has ro vanish

F,ox E9NF) = & x (E5(7) + (7)) =0, eSy, (34)
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in which the surface 5, denotes the surface of the patches and the probe and where Fexg ) and
f’*(v‘") represent the excitation field and the scattered field, respectively, and where 7, 15 the unie
normal vector on the metallie surface under consideration The scatrered field results from the
induced currents on hoth patches and on the probe. The excitation field is the electnic freld due
to the magnetic current distribution in the coaxial aperture at 7 — 0 The scattered field can be
expressed in terms of the unknown current distribution J and the dyadic Green™s lunction g by
using refations (2 6) and (2 9) Equation (3 4) then lakes the following form

Fox ENR =0 e [[G07 51 Fias
o (35
poyY

2

+ex®V ( v /f‘j(':', o) - \‘f(ﬂ»'lffsu) ,TESy

Integral equation (3 3) can be solved numericalty with the method of moments The first step tn

the method of moments 15 the expansion of the unknown currents 1mte a set of basts functions;

Tl gz = 3 Ladla, i 2, {3.6)

where 7, are mode coefficients that have to be determined j;,( oy, ) 1s called a basis function
ot mode  1f one wants to obtan an exact solution for the current distribution on the antenna,
(3.6) has 1o be an nfimile surnmation and the set of basis functions have to form a complete
set In praclice, the summalion 1o (3 6) is truncated at 4 maximum value + — N, und thus an
approxination of the exact solution 15 oblained. The current distribution on the patches and on

the probe 15 now given by

Namaz
Ty = % L
7
‘ Mol ) .
= LT w0+ S LI 6 z) (3.7)
n=l
T4 A ATy ~
t Z {:-r »:’T,j‘ (f 3 i zn.)»
e N E
with
S AEN P2 e s N TN,

sy obow o N+ L+ N,
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where the basis function j‘”(:u,;y, z) represents the attachment mode at the transition between
the probe and the lower patch, j{ (z,y,z) is a basis function on the feeding coaxial probe and
JP(r.y. 2,) 15 & basis function on one of the patches. An altachment mode 15 used to ensuee
continmity of currenl along the patch-probe transition. More details about this attachment mode
will be given in section 3.4.3. There are N, basis functions on the probe, [V, basis functions on
the lower patch and N, basis functions on the upper patch and there is | attachment mode. The
total number of basis functions is therefore NV, = 1 -+ N, + N, + Nz, More details about
the type of hasis functions that we will use are given in section 3.4 The scattered clectrie field
é*"( r,y, z) can be expressed in terms of the current distribution N (x4, %)

f’(rw y.z) = L{j(m,y, EN S (3.8)

where L is a linear operator. Combining (3 8) with (3.7} gives

Ninaz Ninasn

érs(-fiyiﬁ) = Z InL{(fn(T,%z)} = Z I'reti:(a':y*z) (3 9)

n=1 n=l

Substituting the expansion (3.9) in equation (3 4) gives

Powns . -
£ K ( Z LEN Ly, z) » £ {22 ,z)) =0 (3.10)

n=1i

on each patch and probe. Now, we introduce a residue according to

Nuan ‘

Riz,y,2) = & x ( 3 L€y )+ E5(x.y, z')) e
n=|

This residue has to be zero at all points of the two patches and on the probe This condition will

be relaxed somewhat. The residue is weighted 10 zero with respect to some weighting functions

J,,,( L.y, =), such that

(1? 3 cj:'re} = [/; R{'T, U 2} -..i'lz(lmw EI:L’) 45 =10 5 (312)

form = 1,2 ., Noae, where 5, 15 the surface on which the weighting function Jon 18 nonzero,
Note that the set of weighting functions, also called test functions, is the same as the set of
expanston functions. This particular chowce 15 known as Galerkin's method {31]. Tnserting (3 11)
into (3.12) gives a sct of linear equations

Nna s

f // (x.y,2) Tmlru,2) ri?S-kjS E94a g,z Tula, g, 2)ds =0, (313
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form — 1,2 |, N, Thisset of linear equations can be wntten 1n the more compact form

Ny

S L Z o + VEEVE =0, (3.14)

T
lormi = 1.2 ., Nyww In matrix notation we get.
[Z][£] + [V VP = [0, (319
i which V7 15 the input pott voltage at the base of the coanal cable and where the elements of

the matrices [7] and [V*7] arc given by

Zonn =4t [ / Extny, 2) - Tala,u, 2) 48,

v o= e ff )+ Joala,2) d (3.16)

= .-4q? / r -']-Z:’N(q RE j\;l‘,-,.,“{a:“ 1, 0) dady,
D ipein

where the reaction concept [59] was used to rewrtte Vi M.ﬁm(.ﬂﬁ: i, 0 1% the magnelic current
distribution in the coaxal aperture given by ¢xpression (3 3) The matnx [Z] contains Ny 2 N,
elements, [/] is a vector containing the N, unknown mode coefficients and [V #] is the excitation
yector with N,,.. elements. Tf an expansion of the form (3.7} ix used, the method-of-moments

matrix |2 and the excitation vector [V*7] have the following structure

Foa ‘Zaf! “an“

| - [zfu] EOBEHERE (3.17)
1zey 7] (e
and
V= v | (3.18)

(1]
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where the superscript a denotes the attachment mode, f a basis function on the coaxial probe
(feed) and p a basis function on one of the patches. [Z] ts a symmetrical matnx, because Galerkin's
method 15 used, 1.e , the expanston functions and test functions are identical. In chapter 2 of this
thesis a closcd-form expression was derived for the spectrai-domain dyadic Green's function in
a grounded two-layer configuration. Therefore, we will express the clements of [Z] and [V
in terms of this spectral-domain Green's function. If we look for example at an clement of the
submatrix [Z7F|, i.e., cxpansion and test function pertaning to the surface current on one of the
patehes, we get

Zr = A’ //S E;‘:(::z,y,z,“) jﬂ(r,y..zm) drdy

, 1 e =] -p - ‘ _,p .
= 4x /‘/3 4_7!_2" / Q?, (kza A‘ya Ty zr») " Jr;,(ﬁ'-\‘!: k"'y: 2,1)

ﬁ'\""‘”e'jk"ycik,(ﬁk"y] . \f.ﬁ(;‘::, Y. 2 ) dy
(3.19)

I

=E ) ) .
[ Bk by, 2oms 20) f&f(\!«rz,ky,z,,)]

. [,/]5- _;ﬁ (Ly ¥, 2m ‘)P_ka-t'e_?hﬂdmd‘y} dhydk,

[ 15 by zmam) Ttk by za)] - T by )bty
with

), if domain m is located on the lower patch,

By =

e

zy, 1f domain m 1x located on the upper patch,

1 which i‘;( B by, zm)_ ts the Fourier transform of the we-th basis function on the patch located
at z = 5, and where Cj;(kl, ky, z, 20) 15 the electric-field dyadic Green's function in the spectral
domain, given by (2 59). The definition of the Fourier transformation s given in(2.21) Only real-
valued basis functions will be used, so 7"(x, y,z) = T2,y 2), where j,ﬁ*(.:x".. Y. =} denotes

the complex conjugate of ._‘f,ﬁ(;c, 3, 2). The other elements of the method-of-moments matrix [ Z)
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crwr =y
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In(3.20) T*(k, &, »)1sthe Fourier transform of the attachment mode and J/ (4, &, 7) represents

the Founer lmnsfmm of the si-th basis function on the probe. The milegralions over & and = in
(3 20) can be carned out analytically Furthermore, it ¢an be shown that the two-dimensional
tegral over &, and &, i 27, 2/ and 71/, can be reduced 10 4 single, one dimensional integral

Maore details can be found in section 3.5 and appendix A. The elements of the excitation vector
' . - - =it
[V#¢| cunm be expressed in terms of the spectral-domain magnetic-field Green’s function ¢,
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.
vl = - [
o =

o
ikl A
V;n - /

where M frisilkz, .fcy.) is the Fourier transform of the magnetic ¢urrent distribution in the eoaxial

fcg, (ks ko0, 20) TRy, Ry, 20)20 | - 5,0k, by )dEsdlly,

[c;), (e, Ky O, ) B (g, gy 2| M (e, iy Yl

aperture of the anlenna, given by

2T (Jskel5b) — To(koBar)]

”’\.-/}'fru'r(:.km ky) = Mf,-m(ﬁ u) W J 52

e cosams koSt enie [ & ain o + 7, cos )

In {3.22) a transformation to cylindrical coordinates has heen miroduced with &, = kpfcos o
and k, = kgBsine. Jo(r) is the Bessel function of the first kind of order 0. Two of the three
integrations in ¥** ¢ and V2 can be carried out in closed form (see 3.5 and appendix B).

If the thin-substrate model of section 3.2.2 is used, no attachment mode and no basis functions
on the probe are used. In this case the matnx |27 reduces to

Z] = |27, (3.23)

where the elements of [Z77] are given by (3,19} In this case the method-of-moments matrix
equation takes the form

21+ Ve = [0, (3.24)

where I” 15 the input port current The excitation vector [V;#] differs from (3.21), because now
an electric current source is used mstead of 2 magnelic current source. Let £ be the cloctric
ficld dve to the constant current source on the probe. Then from (3.16) we obtain

(1Y 2w Ty B ddy

R
e

(3.25)
= 4 /jf , E (.9, 2)  Tpratel, y, 2) dadydz,
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where, again, the rcaction concept was used in (3.23), and where ;7_;,””-.,_“_(”1“, y.7) 1% given by (3.1).

Agan the clements of [V ¢ ain Green's function
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with

where JF,, che &y By} 15 the complex conjugate of the Fourier transform of the current distribution
on the probe

nww-e.(’l‘ A — f, J’n 1/ h | A v qul‘ kg,

3.4 Basis functions

In a method-ol-moments procedure a proper choice of the set of basis funclions s very important,
because only a limited number of basis functions can be used due to the hmited computer capacity
Lo general, two types of bases [unclions can be distinguished The first type are the so-called entire-
domarn basis functons, which are non-zero over the entire domain of the unknown tunction The
second type are the subsectional or subdoman basis functions each of which cxisls only over a
smail subsection of the domain of the unknown function.

Subsectional basis functions are very flexibie, so they could be used to analyse arbitrarily shaped
microslrip antennas A great disadvantage of subsectional basis functions, howewver, 15 the fact
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that they usually require a lot more computation trme and computer memeory than properly chosen
cntire domain basis functions Normally, only a few entire-domain basis functions have to be
used to obtain accurate results from a method-of-moments procedure, The atter is especially of
great umportance when arrays of microstrip antennas are considered (sec chapter 4)

3.4.1 Basis functions on the patches

In this thesis it is assumed that the patches have a rectangular form. Other patch forms can, of
course, be analysed with the same procedure as described in this thests. The only difference
14 the set of basis functions that is employed. Several types of basis functions can be used to
approximate the current distribution on the patches We have studied three diffecent types. In
section 3 9 the results obtained with cach type will be compared.

Entire-domain sinusoidal basis functions

Thus set of basis functions can be obtained from a cavity-model analysis of a microstrp antenna
[10]. They form 2 complete and orthogonal set that exists on each patch of the antenna. The m-th
r-directed basis [unction on the lower patch, with (v = 1, | N,), is given by

]v": (1 rj'l"’lj = ‘1)1,..11'1‘?("5%69": “31} = a’«‘ 8in (,’%;’2:{_(‘1 + Elu)) Cos (%‘?—T“’yﬂ— %‘i))' (% 87
! A2T)

with |z] = —-*l ly| = —'—, my=1,2,.. , m=012_. .,

and the mn-th y-directed basis function on the lower pateh, with (me = Ny + 1, Ny + Ny is
grven by

”m

Ty, ) = T, (o ;) = 6 cos (2 (r 4+ B fan (e (y + 5,

(3.28)

with |o] < B |yl < B m, =0,1,2, . my=1,2,. .,

where for every m a certain combination (s, ) has to be chosen. Note that the total number
of hasis functions on the lower patch 1s equal to N = N,; + N,; On the upper patch at = = 25,
a sumular set of basis functions is used with W, and W, replaced by W,o and W, respectively,
and x| rcplaced by 23 1 (3.27) and (3 28). Figure 3 3 shows the z-dependence of the first three
£-ditected basis functions of this set. The corresponding Fourier transforms of (3.27) and (3.28)
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Figure 3.5 a-dependence of r-directed entire-domain basis furcction,

have the form

Tirthy ky 2y = T2 (hy by 2)) = & By (miy, ke W b, (mg, kg, Wan ),

s 3”7

(329
H-‘{Lr(’\' RWZ;) - -’TPJ (A'\‘?k‘#‘\;:i) = ajFr(TTIpw kﬁ“ywi“!‘JF‘?(?”qa‘j:‘?j'»]‘vyl)a

iy
with

e Wy cos(h W /2)
{wpm)? — (£, W )?
— 2o, W sk, W, /2)
(npm? — (kW )2

1, odd,
}‘s (";;-a,r" h £ “Vrl ) -

T, BVEN,

and

ijizlk cos(h W /2}
(mym)® = (A, W )?
—2WA i, sm{ﬂ W t2)
(rie, T — 15, Wy, )2

m, odd,
Folrig, by, W) =

L)

My even

From convergence tests tn [57] and from tests descnibed m section 3 9 it became clear that by
using a set of entire-domain basis functions with r-dirceted modes for which s, = (O and with

y-directed modes for which n,, = 0, quite good results can be obtaned for lincarly polarised
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microstrip antennas. The other modes in (3.27) and (3 28} do not significantly improve the result,
This sub-set of (3.27) and (3.28) is given by

Ty g, 8 = .],f,:(.r y, 2) = &, sin { 7 ”(£+ Bty
( ) {3 30)
with [z| = %‘l, ly| = Ef—‘ m=12 Ny, my=12,. .,
and
Tevte g z) = T2 we) = 6 sin (B + 59)
(330
with |2 < % jyl < B m = N+ 1, o Ny + Ny g = 1,2,
The Fourier transforms of these basis functions arc given by
j:‘,’f(..im by, 2)) = If,_i(!s,,!-"y,zl) = & F (g, &y Wo)TL(0, Ky, W),
ToVh by, 5) = T8 (g, By, 2) = 6, F0, by, War )Py, Ky, W), (332)

with m, = 1,2, .., m, =12,

Entire-domain sinusowdal basis functions with edge conditions

The current normal to the edge of a patch behaves as vAr when the distance from the edge
dpproaches zero, 1.8, Ar — 0 If the direction of current is p.irdllcl to the edge of the pdl’.Ch
471 Tt could be cxpcctccl that when these edge conditions are exphcxtly umluded in the set of
basis functions, a faster convergence of the method-of-moments procedure can be obtamed. For
that purpose, the set of hasis functions given by (3.27) and (3.28) 15 modified with these edge
conditions. The n-th r-directed basis function on the lower patch of this modificd set, with
m =1k, ., N., 15 given by

TE(roy.z)) =T (e, 1)

™ T

T Wi ) T Wyl
sin [ o—(r + ——) | cos ¥t —
‘ (WM(‘ 2 (wy,“ 2 )

LI e W1 W

. . W
with o = & Jyl = 52 i, = 1,2, . my =012, .
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and the m-th y-directed basis function on the lower patch, with (= Ny + 1, Ny 4+ Nyp),is

given by
T B) = T (10, 7)
im0 Wy ) . 'mq?r Wi
Cos (r+ —}]sin ¥+ —
_z (er 1) (Wy, v+ )) (3.34)

VU= e Wil - 20/ Wy1y

wilth |7] = S8 |y| = —31, ey, =1, 1,2, m, =12, .

il
A similar set of basis functions is used on the upper patch. The Fourner transform of (3 33) and
{3 34) can be evaluated analylcally as a sum of two zero-order Bessel functions of the first kind-

gk 2)) = JB ik k) = E P my, b, W E ey ey, W),

My Ty

(3 35)
“E;::j(k:'i" Kyy 2} — T (ks Koz =8, Fsd(.”:"‘p» b, Wo )£, i My ke WO

Titp T,

with
Wyl 5 * "
e (0 (g ) o (5 - YR} odd
b
I—;e (""'r;r A‘JJ WH) =
™ W el 7 3 .
™ d| ey {--1(]( 2w ok 2 ) y (mlﬂ' ’E.:TWzJ.)} M, EBVET,

T g b W i, kW
| _.EI——'L {J;’) ( h27r + _:,T;-_J) _ J” (—J‘?ﬂ . A il )} 'i':"'c,- Oddw
]"-;,‘E-C (7'”-«;’ k!r‘? W!Fl) =

TH e THoT kW, LT ko W .
‘-71——”1 { Iy (—‘5— + —Lz"—') + Jy (—2‘— - “““-2 *-‘)} T, EVeN,
where ¢, and c-‘,’,‘p are given by

& - (_

witAap =112
iy, l) H

o, =1

iz 42
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Figure 37 Segmentation of the rectangular paich.

Subsectional basis functions

With rooftop subsectional bagis functions, a piecewise-linear approximation of a function can be
obtained. Figure 3.6 shows an one-dimensional example of such an approximation. Figure 3.7
shows the segmentation into cells on one of the rectangular patches

The unknown currents on the patches are expanded in terms of overlapping piesewlise-lincar basis
functions n the durection of current and in piccewise-constant functions in the direction orthogonal
to the current, i e., rooftop basis functions. On the lower patch we have Ny, o-directed basis
functions and N, y-dirccted basis functions The Fourier transform of the m-th subscotional



50 Isolated microstrip antennas

w-directed roollop basis funcuion on the lower pateh is given by {m =1, N}

Ty ) = L ke
= S hsme(ka, /‘Zis:nc(kybslz)e-‘-“““""m kol FUtin =1 )72 (3.30)

withk,, — 1, K,and{, =1, ,L,+1,

and the Fourier transform of the wn-th 3 -directed rooftop basis function on the lower patch 15 given
b}' (U! = -‘Vrl + ]-: :-N..r] + -Ni,l(_- -Nll ))

T,k m) = T8 (ke kg, 2))

T

= T bk, /‘z)bmc?(kybs P A PRLTIE R R PP : (3.3

withé,, =1,. A, t tand!,, =1, .. L,,

oy
i and where 77¥(u, y, 2) is nonzero i the interval 2, _ = 1 % 2, and i, | U 5 b4

where basis function J2 (2, 4, z) 1s nonzero m the interval vy, < v < 2y and .

¥tr

(see also figure 3 7). The dimensions of a subdomain in the 7- and in the y-direchon are equal to

@, and b, respectively  On the upper patch a similar set of basis functions can be used

3.4.2 Basis functions on the coaxial probe

The ¢oaxial probe 1 represented by a metallic cylinder with radius ¢ with perfectly conducting
walls. The current distribution on this metallic cylinder is expanded into a sct of basis functions
tf the thick-substrate model of section 323 is used. Because the coaxial probe 15 very thin
(e < Ag), we may assume that the current distnibution on the cowxial probe has only a --directed
component that depends solely on the z-coordinate, This z-directed current on the outer surluce
of the probe 1» expanded into a set of precewise-hinear (rooftop) basis functions, The ni-th basis

function of this set is given by

= L — N .
J-':’;(T’ hEl= ETrJA (\/“ R LR URE R L ”') T2}, (3 38)
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with
24
H(EL_Z)’ m:I, 0535%=
gm(z) = ;‘(: = ‘-ﬂn—l): m o= 21 Em—1 E z E Zns

2

f_(zT’°+l - Z), mo= 2, znfzX Tl
i
The first basis function at the base of the probe with m = 1, 15 a half rooftop function. In figure
3 8 the z-dependent part of the basis functions 15 shown, The total number of basis functions on

the probe cquals N,

Figure 3 8 Rooftop basis functions along the probe

The Fourier transform of the m-th basis functiony of this set is given by

Tz by, 2) = 8 Tolay/R2 + kD) goa(2)e5=r ehawr, (339)

3.4.3 Attachment mode

The so-called attachment mode 18 a special basis function introduced to ensure continuity of the
cutrent at the transition from the probe to the lower pateh. In addition, this mode describes the
rapid vanation of current on the lower patch near the connection point of the probe. The use of the
attachment mode accelerates the convergence of the method-of-moments procedure, Note that
the attachment mode 15 not needed if the EMC configuration of figure 3 2 15 analysed, because
n this ¢ase the inner conductor of the coaxial cable is not connected to the lower patch  The
attachment mode is built up of two parts, namely a part on the lower patch and a part on the probe,
The patch part of the attachment mode has a - ! dependence near the patch-probe transition. On
the probe, a half rooftop function 1s used 1n formula form the attachment mode is given by:

jd(-f: iy 3) = L’f"’{\mw 4, :ﬂ + j"«zf(:w, . 3)% (3.40)
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with

Foievay=| (e 5t ) G azrEh,

and

2man

=.p L1 — — r .
T e g, 2) = Fod (\f('.'” e LN CTE T I d) ;)—(L’ -+ EP),
o,
with  #) — — = 7 2 2,
2

where 1 = (r — Peo = 45, 0). Athree-dimensional plot of the patch part of the artachment mode
is shownn figure 3.9 A similar attachment mode Chowever, without a variation of current along
the coaxial probe) was used in [53] for the analysis of circular miLrostnp antenmnas.

Tests mt the literature [53, 63] show that excellent results can be obtained 1if b, is chosen properly.
‘The best results arc obtained if 014 = b, = 024, where A is the wavelength i the medium
ol interest A drawhack of this attachment mode 15 the fact that 1t cannot be used if the probe
connection is near the edge of the lower patch. In almost all practical nucrostnip confligurations,
however, this is not a severe problem, because the input impedance of an cdge-fed microstrip
antenna 15 very high and these configurations therefore have no practical interest. The Fourier
transform of (3.40) 13 known in closed form and 15 given by

Pk hgay = P02 4 T (R ), (3.41)

with

e . ‘ ! =210 ( kot 3 (B e
Tk g, 2)) = [ cona + &, sin e k=T pabun { -2 41 (hods) 2! ol £ ?)}:

b ke ki
= 3 2. . h, . A
S T . TP LI IS : I
T g by, 2y = £y TRy ooty ple-atgh - g s,
where a transformalion to cylindrical coordinates was wmtroduced with &, — kyifcos o and

L, = ko sinee. In the literature other attachment modes have also been studied. The attachment
mode introduced by Pozar in | 57] for the analysis of infinite array s of microstrip antennas descrebes
the variation of the current at the patch-probe transition more accurate, but (s nefficient from a
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Figure 3.9, Three dimensional representation of the patch-part of the attachment mode

computational point of view, because it involves an infinite surnmation of caviry modes  Another
disadvantage of this mode is the fact that it doss not include a variation of current along the coaxial
probe  This means that electrically thick microstnp antennas cannot be analysed properly with
the mode of Pozar. In [30] another type of attachment mode 15 used, where the patch current near
the probe-patch transition is approximated by means of a piecewise-limear function. Therefore,
this mode does not aceount for the rapid variation of the patch current near the probe artachment.

3.5 Calculation of the method-of-moment matrix [Z] and [V**]

The general structure of the method-of-moments matrix | Z] is given by the expression (3.17) inthe
case where the thick-substrate model is used Only 6 of the 9 submatrices need to be caleulated,
because of the symmetry in (2], te., [Z2%/] = |275f, [Z2%] = [Z%]7 and [Z2/%] = [Z*])T The
elements of the remaining six relevant submatrices can be calculated from (3.20) and (3 19). The
submatnix [Z*?] has only one element, because there is only onc attachment mode, [Z/9] is a
vector with N, elements, | ZP4] is 2 vector contaimng N| + N; elements, [Z//] is a symmetne
matrix with N, x N, clements, [Z7/] is a matnix with (N, + Na) = N, clements and finally [Z77]
1» o syrnumetric matrix with (N + N3) = (N} + Ng) clements. The integrals in (3 20) and (3.19)



54 y Isolated microstrip anlennas

can be sumplificd somewhat by introducing cyhndrical coordinates:

by = kardcosa,

k, — ko since, (3.42)

with 0 < f < oo and —7 < a <7

When (3 42) is substituted in (3 20) and (3 19), 1t is possible to carry out the integration over o for
the elements of 2, [Z4] and | 2/7] analytically. The a-integration interval of the other clements,
of the matnix [Z], e, {279, [Z7/] and [Z£77] can be reduced to the interval [0, £|. The integration
over z and zq in (3.20) and (3 19) ¢can be carried out analytically if rooftop basis {funcuens on the
probe are being used The expressions [or the clements of the matrix {] are given in appendix
A of this thests  The resulting integrals in these expressions have to be evaluated numencally
The computational and numerical details are discussed in section 3 8, where some numerical and
analytical techniques are introduced in order Lo calculate the elements of [Z] and [V4] with @
computer program in an accyrate and fasl way

The general structure of the excitation vector [V”] is gmven by (3.18) when the thick-substrate
model is used. Tt consists of three submatrices. Submatnix [V7*] has only one element, [V /|
contams N, ¢lements and {V°* 7] has Ny + N; elements. The elements of V7| can be caleulated
from (3.21), Again 4 change to cylindrical coordinates (3 42) is introduced. The integration over
cr for Vo7 and for the elements of |17¢* /] can be carried out analytcally and the c-integration
iterval lor the clements of [V ] can be reduced Lo the mterval [0, ). Agam, the integrations
vver 2 and z,) can be performed analylically 1f rooftop basis funcnions on the probe are nsed The
expressions for the elements of the vector |V ] are given in appendix B of this thesis. In this
appendex also the expressions for the clements of [V)**] are given if the thin-substrate model of
section (3.2 2) s used

3.6 Input impedance

As aresult of the method-of-moments procedure, we oblain an approximation of the exact solution
for the current distribution on the patches and on the coaxial probe. Engincers usually work with
port currents and port voltages instead of current distributions or electric and magnetic helds. We
will therefore represent the mucrostrip untenna by the enc port of figure 3. [(L
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Figure 3.10: One-port representation of an isolated microstrip antenna.

The rclation between the porl current and the port vollage can be described in two ways:

VE = zln-ﬂ’a
(343)

I =Y, V¥,

where £, is the input impedance and Y, 15 the input admittance., The relation between port
current J* and port voltage V¥ can also be written in the following form [32, p. 96].

oo (3 44)

= E’J_M‘

where 12, 4 the total complex power supplied by the sources. 115 defined as

Py — [ / / (€ Trnrea + H' Mosuree) dV, (3.45)

where j;wc.: and ,/Cim,r,_. are the electric and magnetic current distibutions of the source,
respectively. If we use the thick-substrate model of section 3 2 3, the source 15 4 magnetic current
distribution corresponding to the TEM-mode in the coaxial apertwre. This magnetic cwrent
distribution is given by (3 3) Substituting this expression in (3 45) yields

= ﬁ: - ./’-/_;7-(.” T’Z M}"Hd‘g (3 46)
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Note that 7 15 the total magnenic field duc to the electric currents on both patches and due to the
electnc current on the probe  We may therefore weite M in terms of the mode coefficients 7.,
withm = 1,2, ., Ny

i B 1y N, . [ A VY .
H=IH"+ Z L“HL -+ Z ]-"l,sz 3 47)
BT =+

in which the supseript 4 refers to an attachment mode, f 10 a basis function on the coaxial probe
(feed} and p to a bases funclion on one of the patches  1f we substitute the ahove expansion of the
magnetic ficld in (3.46) we get the relation

1 y -1 e |
iF - Ve.'.r. £ ] e Tpesey=| en]E (3 48)
TV = Tz e,

where the malnx equation (3 15) has been used. The matnix [Z] ' is the inverse of the method-

of-moments matrix [Z] and V4] is the transposc of [V™"]. Apparent]y, the mput admitlance can

be calculated from

P i -1, el
}m - V_r = miv ]

717 Ve (3.49)

In the literature a dilferent approach 14 sometimes vsed o calculate the input admittance {30],
[54, p 40]. One often uses the formula

{0
Yo — 1—1), (3 50)

where {0 15 the current at the base of the coaxial probe (2 — 0), which can be deternuned by
solving (he matnix cquation {313}, Formula (3.50) can be denived from (3.49) o one uses the

TEM approximation of the magnetic field in the coaxial opening:

_ 1o

2w

Rl o z) (3.5])
where ;2 iy the distance (rom the point {7, y, z) to the centre of the probe The expression (3 50)
15 based on an approxumation of both the electric and magnetic field at the coaxial aperture,
whereas (3.49) 1s based on a TEM-approximanton of the clectric field, while the magnetic field is,
ehsentially, assumed to contatn higher-order modes. In the case of an electrically thick substrate,
the approximation (3 50) gives [airly accurate results. However, from tests we have found that
the relative difference belween expressions (3.49) and (3 50 becomes very large (> 20%) if the
substrate of the antenna under consideration is electrically thin To avord errors, it s recommended
to use expression (3 49)  In addition, the overall computation time is not merggsed very much
when (3 49} 15 used, because the iverse of [Z] needs to be caleulated anyway.
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If the thin-substrate model of section 3.2.2 15 used, the electrie current distribution of the source,
Le , the constant current along the probe given by (3.1), is inserted into (3.45). The tota] electric
field at the source 1 now expressed in terms of the mode coefficients L., of the basis functions on
the patches

EF = Z I.ER. (3.52)
m=]

Substituting this expansion in (3 44) and (3.45) yelds

=1 ey Tt o= 1o ‘
Ve = Vel = e e G333

where the matrix equanon (3.24) was used. Apparently, the input impedance is given by

VE 1

Zn= 2 = 5 VT2 V] (334

At microwave frequencies one usually measures the reflcction coeffictent rather than the mpul
impedance or the input admuttance, hecause al higher frequencics it is easier to accurately measure
the incident and reflected power guantities than to measure the 1mpressed voltages and impressed
currents. The mcident power will usvally remain constant under varying conditions, whereas it
in very difficult to keep the impressed voltages or the impressed current constant [2, p. 51] The
reflection coctficient can be calculated by means of the well-known relation

Z'm - ZD

= In— %0 155
& zin + Z() ( )
or
Yo -- Vi
v (3.56)

in which 7y = ¥;! is the characteristic impedance of the coaxial cable. Usually Z, = S0Q.

3.7 Radiation pattern

In addition to the port characteristics of antennas, one is usually also interested in the radiation pat-
tern, since antennas are by definition made to radiale or receive electromagnetic power into/from
free space. The method-of-moments procedure described n the previous sections, yields an ap-
proximation for the current distribution on the upper and lower patch and on the feeding coaxial
prube The easicst way to determine the far-field pattern is by using the equrvalence principle
Thes means that the sources which are embedded in the grounded two-layer structure are replaced
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Frgure 3. 11: Equivalent magnetic current source.

by an cquivalent electric und magnetic current distribution oo the top surface 5 of the dielectnc
sfructure at = = ko Figure 3 11 shows the location of this surface & These cyquivalent sources
have 1o be chosen in such a way that the field above the plane 5 1+ equal to the field of the oniginal
problem ¢, £,7f We may postulate that the ficld in the region below the plane 5 15 a null ficld,
In this case the equivalent electric and magnetic sources on & must take the form

Tole gty = el H(a, g, k),
Moa b)) = E(r oy ) %o,

where H and £ are the magnetic and electrie field of the original problem  This lorm of the
equivalence principle 1s known as Love's equivalence principle [ 13, p. 35] Since the feld below
515 anull field, we can place 2 perfectly conducting surface just below 5. In this case the clectrie
surface current 7, vanishes Theretore, the field above the perfectly conducting surface S, 1 e.
£ H ahove 5, can be found from the magnetic surface current A4, — & » ¢} alone The presence
of the perfectly conducung infinite plane  can be climinated by applying image theory, 1¢ . by
replacing M, by 2M, and rermmoving the perfectly conducting plane 5 The electne ficld at the
point (@, ¢, =}, with = = Jy, can now be caleulated from [13, p 36)

= :.) B v /_ 2]\:1 _ o thili =) 48 3 8
&) = = /; a("n)m L5, {3 58)
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Figure 3 12; Coordinate system,

where 7y = (n, yo, 20} represents a source point. In the far-field region it is assnmed that
|7] 3 7). Under far-ficld conditions relation (3.58) takes the form

phoe 2

E7) = 2 x [ Mulao, o, ha)e® Pdzodye, (3.59)

where &, is a unit vector in the F-direction. Far fields are normally expressed in terms of spherical

coordinates (*, 8, ) instead of Cartesian coordinates (z, v, z). The coordinate system is shown
in figure 3.12. The mner product & - 7 can be written in the form

. ITo + Yijo + 22 , )
g Ty= %‘M = gpsinfcose + ypsinfsmo + zoc08 8. (3.60

Combining relation (3.59) with this last expression yields

—ahyr
E_.(?"j _ ikoe ™ u--—ffi"""“mgﬁé", v
dary (3.61)

/ﬂ 2M (o, o, hz)eﬁcmzu ain 6 o ¢'+J.'Min95in¢]dmodyo

Now troduce the spectral-domain coordinates &, and &,, with

by = kgsinfcosg,
(3.62)

ky = hpsinfsing
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The integral over the surface 5 1n (3 61) can now be expressed in terms of the spectral-domain
electric field at z —= h;

// M (i gy o, hade ST TR0l gy i,
PN
= :'N..')

— / / \‘f{' Fan g, fig) % @ge bR (3.6%)

—a—Od

—= F(k, &y ha) % )

Using this result, we are able to construct & closed-form expression tor the fac field from (3 61)

= /-‘E‘-UF 2w thyfra i i = n . o
7Y = S R, Bk, ey, Bz = 7L
27T !
./'"-‘1,1‘( Tk et Lae i (3.6
= M st (5, (Lt by cos cos

=B (b k) cos@sing| + o B GR by, fa) sing + E (kb ) cos ]

with F = F.0, + £oF, 1 FLT, The electne field i the speciral domain can be wntten in torms
of the current distribution on the Jower and upper patches, i ¢, NLTWN z)) and ;?-"(.z Ly oy ), and
the current distribution on the coaxal probe 7/ { 7, v, z). Atthe plane ; = /i; the speetral-doman
electric ficld 14, according to (2.57), given by

i, 4 LNTY: Cr-)z (Lo Byhy 2] "fv(‘&"r: K 2

T2

(3 63)

=f. X —- X =1 . . - )
-i-€32 th., LM fis, 3‘1) IR i"".-’ :_.’21 + [632 (A, .ls“,l, {5y, ) - ff( Ay, A‘é

1

iz

3

Note that we have neglected the contribubon of the magnetic current ~ource i the coaxtal
aperture. Onee an approximation of the current distribution on the patches and on the probe hay
been delermined with the method of moments, the far-ficld pattern can he caloulated without any
numertcal difficulties from (3.64) The remaining mntegration over &y in (3 63) can be performed
analytically The correspending magnetc field in the far-field region can be cateulated from the
electne Neld by using the relation

FH— L, 2 & (3 66)

Jan
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If the microstrip antenna under consideration has only a single patch (2} = 2} and is linearly
polarised with y, = 0, the far-field pattern can be approximated by a very simple closed-form
expression. Tt is assumed that the current distribution on the patch is w-directed and that it has
the same form as the first bagis function of the set (3.30). The current on the patch and its
corresponding Fourier transform are now given by

i = W. . W-‘:l:l-
! ! - i E
j [T £, 5in (----—---(:r + ))
W2 (3.67)
= ‘ 2aWo cos(k, Wo /2 ‘
Tolig by 2) = & [ T l_LcEjC( s l);/ )} Wy isme(k, Wi /2),

where the amplitude of the current has been normalised to | The far-field patiern in the E-plane
(¢ = ") and H-plane {¢ = 90"} can be calculated from the following formulas:

E-ptane (¢ = ()

T Jkﬂe-okwem(mma [EWWIIWW cos(k, W2 /2)

. o m 3.68
i.‘-(?_') - - (k".r.mf.r])2 :| Q{II(A'-F’ A’F’ hz""l)ﬂm ( )

2y

with &, — &y4inf, &, =0,
and in the H-plane (i = 90°):
— gioye ~kon 2W,=l Wyl

E.J*‘u"’-: cos d
2

ff(f") o e ging(k,W,1/2)} QF (ke ky, B2, 2,) cos Ay, (3.69)
with &, = O, &, = kgsinf.

Figure 3 13 shows the E-plane tadiation pattern at resonance of an electrically thin, single-layer,
microslrip antenna (h2/A = 002) calculated with approximation (3.68) and with the exact
expression (3.64) Clearly, the approximation is guite good in this case. Infigure 3.14 the B-plane
radiation pattern at resonance is shown of an clectrically thick, single-layer, microstrip antenna
with i, /4 = 0 11 We now see a slightly larger difference between the approximation (3.68) and
the exact lormula (3.64), which is mainly caused by the currents on the coaxial probe.

Mote that the far-field pattern derived 1n this section 15 essentially a linearly polarised field, because
only one coaxial cable was used to feed the microstrip antenna. If two coaxial cables are vsed
with a 90 degree phase difference, a cironlarly polarised far field can be obtained. More details
on circular polansation can be found in section 4.6 of this thesis.

An important antenna parameter 15 the antenna gain The gain of an antenna 15 defined as

G, =nD,, (3,700
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Figure 3.13  Radiation pattern of an electrically thin microsinp anfenna af resonance, with
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=y =k =1 = 3173 s, W = 11 mm, W,

gt — UTmim £ =233 ¢, — 4 prmoand
iin — U



3.8 Cgr_nmgltational and numerical details 63

it which 72, ts the dircctivity of the antenna and where 7 15 the antenna efficiency which sccounts
for the losses in the antenna. The directivity of a microstrip antenina can be calculated once the
far field, given by (3 64), is known;

max{|£(6, 0)|*}

P, =4 (3.71)

/!

T2 N
f |E1(0, )| sin 0dfdg
O

o A

3.8 Computational and numerical details

3.8.1 Intreduction

A major drawback of ngorous numerical procedurcs such as the method of momems or the
finite-element method is the relative long computation time and large memory requirements of
the computer on which the code 15 implemented. The most difficult and computationally intensive
part in our method-of-moments procedurs 18 the caleulation of the elements of the matrices [ Z] and
V7] of equation (3.15). The elements of these matrices ate integrals with infinite boundaries that
have to be calculated numerically. Once all elements of |Z] and [V*7] are known, 1t is relatively
tagy to solve matrix equation (3.15), because the order of [Z] 14 usually not very large. If, for
example, entire-domain basis functions are used on the patches, only a few of them are needed to
oblain accurate results. However, 1f finite arrays of microstrip antennas are studied, the order of
[Z] will be larger and the numerical inversion of this matrix may become a problem (scc section
47) The numerical inversion of the matrix [Z] is carried oul with routines of the LINPACK
library [21] for the mversion of complex symmetric matrices. Note that the software 15 wntten in
FORTRAN-77 and has been implemented on several types of computer workstations (PC-486,
VAX, HP). Tn this scetion some methods will be discussed that make it possible to calculate the
elements of [Z] and [V**] accurately with an acceptable use of computer time, Bach element of
[Z] can be represented by an integral of the following form

==

A / drn ﬂ(ﬁ)d@ (372)
]

The clements of [V*] can also he represenled by an integral of the form (3,72) The infimic
1, 3] and [3,,,o0), where 4.,

A-integration interval can be divided into the subintervals [0, 1],
is defined as

JRelen). of Relen) > Rele,y),
b = (3.73)

\{RE“(E,-;)_? if Re(ena) = Re(eq),
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and where Rele, ) 15 the real parl of the relative permattivity of layer 1.

In the first integration interval, g, {7} has a branch singuldarity at 7 — 1 1nthe second integration
interval numerical problem occurs due to the presence of poles in the Green’s function which are
caused by surface waves 1n the grounded diclectric structure. In the last integration interval no
singularilies vceur. Because of the fact that g, (#) 13 a slowly decaying and strongly oscillating
function for large (3, a so-called asymptotic-form extraction technique 15 miroduced in order to
reduce the total computation time and to increase the numerical accuracy The integration aver
this extracted parl can be carned out in closed form. This results in a substantial reduction of the
requircd computer CPU.time. Techniques that can be used to avoid nemerical problems o each
of the three mtegration intervals will be discussed in the following two sections. The remaining
mtegrals are calculated with standard numerical integration routines of the package QUADPACK
[52]. These routines use efficient Gauss-Kronrod integration rules and can be used to caleulate
integrals of real- or comnplex-valued functions. These routines also give an estimate of the absolute

error in the approximated mtegral

3.8.2 Surface waves and other singularities

In this section the numencal problems associated wilh the singulanties that oceur i the 3-
integration intervals [0, 1] and [1, /3, | arc discussed. The first singulanty m g, (61 (see (3.72))
ocgurs at the branch point 5 — | At this point, the dertvative of 3., () is infinile, Consegquently,
many integration pointy are neaded near this point in order 10 obtamn a good accuracy i the
numerical integration  This singularity at # = | can be avorded by introducing the change of
variables 1f — cosf in the mnterval [0 1]:

| rr."Z
[u” ol - / Gon [ CON F) 810 T 6FF, {3 74y
i i

and the change of vartables /7 - coshfin the mterval [, 4. |

dan m‘c‘mgh\ de
[ TR B A VOO0 B / thn o LCOSR T sinh oot 1375
| I

The first integral 13 74) can now be caleulated with a standard numcreal integratio: ronting In
the second mtegration mterval |1 | poles oceur due to surface waves that exast i 1he grounded
dielecine structure The seros ol the tunctions T, and £, grven by (2400, cortespond L solutions

of the Cchatacteristic equation for TM and TF surface waves in the diclectie steuctuwre. The guiding
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conditions of these surface waves are given by

T. = jkzkg Sin(‘]ﬂ;l(i']) CGS(jk;dz) + kika COS(k;d]) COS(A"gdﬂ

—]C% sin(i;d,) S'ln{.fﬂ?g(iz) + jhiksy COS(’C;Cﬁ) sin{kzdy) = 0
(3.76)

T = kokag.em cos(kyd)) cos(kada) + 7i2e,, cos(kd,) sin(kedz)

—kykaet sin{kd)) sin{kaely) + phikas,q sin(kyd)) cosihzdy) = 0

The 7eros of 1., and T, give rise to poles in the spectral-domain dyadic Green’s function. It
can be shown that these poles are first-order poles that are located just below the real S-axis 1f
the substrates are lossy. Although the poles are not located exactly on the real A-axis, they do
give rise to numerical problems when an integration is carried out along that F-axis. The exact
location of the zeros of the complex functions T, and T, can only be found with numerical
techniques. However, it 15 possible to say something about which TM- or TE-modes appear in
the microstrip structure For that purpose we will assume that the dielectric losses are negligible,
ie,tand =0 The zeros of T, and 7, now lie on the real axis of the complex f-planc and they
are located within the interval [1, 4 |. In this interval ks, defined in (2.23), is imaginary and the
z-dependence of the fields in the air region will be of the form exp(—Aoz4/ 52 =y ) (see (2.25)).
Note that we look only at positive values of 3. Not all the TM and TE surface wave modes are
excited in the dielectric structure This depends on the permittivity and thickness of the dielectric
layers and on the frequency of operation  Now let 5, be the radial propagation constant for the
k-th surfacc-wave mode. A certain surface-wave mode £ turns on when 8, = | [1]. Inserting
4 = Lnlo (3 76) yields

tan{kyds /2, 1= _E \/_ an{knd| /e. — 1), (3.77)
rly e —
for TM modes, and
ltln(kg(fz\/iiwz —_l) = ﬁcot(ﬁqd \WEr — {3.78)
Er

tor TE surfacc-wave modes. When we introduce the notation

ta = Kpdavesn -1,
(3.79)
o= dl\/Erl -1

daviese — 1
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Figare 3.13. Graphical representation of the TM ard TE cut-off conditions, witit ¢ = ¢paida /0,4
and b =y /i,

the equations (3.77) and (3 78) take the following form

. =y is I
tan{ ;) = —ELC'latn((‘:n(j), (3.800
£t
for TM maodes, and

tan{vy) = (j-g Cleot(Cry), (38D
o

for TE surfuce-wave modes. The cut-off conditions for & certair mode can be made more clear
if both sides of equations (3 0) and (3.81) are dwisplayed graphically. Figure 3.15 shows the
graphcal representation of the TM and 1'E cot-oll conditions for a fixed ¢ and a variable
The lowest order TM surface-wave mode i always above cut off. This mode s denoted as the
TMy, surface-wave mode with » sero cot-off frequency and with a propagation constant 4, in the
meerval | = fh < 4, The next surface-wave mode is the TE; mode From figure 3.15 1015 clear
that il 1, < .y, with g being the first root of (3 813, this first TE-mode 15 below cut off. This
imples that, of the condrion

tan(z,) = :j—lc cot{Cry), (3 82)

|

15 fulfilled, only the TMa-mode exists in the layered strocture In almost all practical microstnp

configuratons, condition (3.82) {5 satisfied
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If dielectric losses are introduced, the vatues of # for which the functions T, and T, are zero will
be complex’

B = xie + 1, (3.8

where 1y < (. Sothe {8, } are located just below the real axis of the complex 8-plane. The exact
location of a zero &y is determined with a ninnencal routine of the library MINPACK [30], which
is a very robust routine based on the Powell-hybrid method. Now let us assume that only 7T, has
one zero, locatedat § = Ay = yo +7ip with 1 < o = &, and 1y < 0. The S-integrand in (3 72)
may he wrtlen in the form

h(A)

Tm(3) (384

G () =

where h(3) is an anatytical function in the interval 1 < 4 = 3, . Because the function 7, has a
ﬁn,t-order zero at 8 = fo, gmn (G} will have a first-order pole at this point. In the neighbourhood
of this pole, ¢ »(3) can be expanded 10 a Laurent seties. The singular parl of this series is given

by
Ay
my ! :5” fs
qﬂ'bﬂ(ﬁ) ﬁ""ﬁn’ ( 8 )
where Ry 15 the residue of g at § = 4y
8- Ay {3y
e [ = = e— 3
Bg = hm (5 = Bo)gmn(B) = k) i) 735 = 7 (7 (80

with

UT,. (1),
By = ?....f....ﬁ_ éﬂ

B =f
Numernical problems associated with surface waves can be avoided by extracting the singular part,
denoted by 73277, from the onginal integrand g..

Tk B A

Ao

/ i o LiFME = f('g,:, W) = an BECEN I / gitt i1 {387

Fep

it

The integration over /4 of )7 can be performed analytically

iy 3 x
R )
/ (‘I'-‘f [dyd 4 = 2“ In [l. ) i jl

(=)

! 13 88

— \a

i
v arctan [

‘ [vo -
] + iy argtan



68 . Isolated microstrip antennas

In the case of a lossless substrate (1 T 0} the integral of g2 takes the form

™ T

i,

I

.
/ grt (i = Ayln [1 e il (3 89)
‘| (\"0 -1 }

The remaimng integral over f in (3 87) 15 well-behaved and can he calculated by stundard
numerical integration. This is illostrated in figure 3 16 where the real part of the original integrand
Fa (44} and of the modificd integrand gy, . (/) — 929 3) are shown for the interval 1 <0 §7 < 4f

for & typical microstrip configuration

3.8.3 Asymptotic-form extraction technique

In the third G-integration interval, i e, [, o), no singulartties oceur in the integrand g,,, . (9
of (372). Tt s therefore possible to perform this integration numencally up o a certan upper
himit fHnae. The upper lirmt &, has o be chosen carefully to ensure that the relative error
of the calculated numencal approximation of the mtegral (3.72) 15 sufficiently small. A great
disadvantage of this direct integration strategy is the fuct that g, (i} 15 a slowly decaying and
strongly oscillating function. I'his means that a lot of computer time is needed to obtain accurate
resulls. This situation becomes even worse if one wants to analysc arrays of microstrip antennas,
beuause the frequency of oscillations in g, ,{8) 1ncreases if the distance between the two basis
functions under consideration increases (arrays arc discussed 1n chaprer 4)

These numerical problems can be avoided 1f the so-called asympratie-form extraction technigue
i« used. The wsymptote form of g, .07 for large J-values 1 substracted from the onginal
integrand, which results in a rapidly converging integral The infinne integration over the extracted
asymptotic part of 4., ,(if) can be cvaluated in closed form. This leads 1o 4 sigmuficant reduction
of the required computer time (CPU time} needed to caleulate the elements ol | £} and [V7).
From numerical tests, we found that the total computer trme for a typreal mrerostrip configuration

15 reduced by a factor 20 or more when this methed is applied. In the spateal doman, ie  the
{r,y, z)-doman, the dyudic Green's function in the dielectric structure has a /477 — 5y|-
singulanty, where 75 15 a source point. This source singularity i responsible for the asymptotie
hehavior of the dyadic Green's function in the spectral domain  1f the z-coordmates of the two
basts funcuons of the element 7., ., intersect each other, the spectral-domain Green'’s function
decreases slowly {~ 172} for large values of 4. On the other hand, if the -coordinates of these
twa basis functions do not interseet, the asymptotic form of 4., » (%) will decrease exponentially for
Jarge /4 In the latter case, the asymptotic-form extracrion technique obviously need not be nsed.

Now let @, (/) be the asymptotic form of ..., (4). Then an element of the method-ot-moments
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Figure 3.16: Real part of g, o(8) and g, .,(3) — gi(3), with by = 6 08B mm, £,y = £, = 294
and f =3 GHz,
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Figure 3 17 Real part of original integrand G () and modified integrand o, o (5) = B o3
withi g = 608 mm, ¢,) — e, =29 and f = 3 GHz

matnx [7] may be written ay

Z-m:'n = ‘/(\"u”{(l".'i)(f['),
Lb
} / [ w{i3) = G0 (F1] i+ j s (B33 (3.90)
{ 0

o = / o Lo nd A

The improved convergenee ot the integrand of the first mtegral 3 W - dlustiated m figue
F 17 Inthus hgure the real partof y, 097 18 compared with the real part of the modined integraned
de UV Gd larthe case of two 1-direeted subdomain roodtop basts lunctions on the coaxoal
probe for s = 20 N = By From s figure we may conclude that, with the asymptone-fonm
catraction technigue, the number of integration ponmts which are needed to calubate the imegral

with o numenval mlegranon procedure, - muoch lower than the number of pomis dar would be
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required for an accurate numerical evaluation of the original integrand. In the following part of
thrs section we will discuss how this asymptotic-form extraction technique ¢an be applied to the
calculation of the elements of sach of the submatnces of |Z] and of [Ve7], given by (3.17) and
{3 18). Tt should be noted that we will only consider the case of entire-domain sinusoidal basis
lunctions on the patches, given by (3.30) and (3 31) From convergence tests (see also scotion
3.9 11 was shown that wilh this set of basis functions very accurate resulls can be obtained cven
if only a few basis funetions are used in a method-of-moments procedure. The asymptotic-form
extraction technique can, of course, also be applied if different sets of basis functions on the
patehes are used. In the followmng part of this section it is assumed that the length of the coaxial
probe s nol longet than the height of the first layer, 1e., 2 = k. An extension to the more
general case 18 straightforward,

i. [ZP?]: patch modes —— patch modes

In section 3 4, several types of basis functions that can be used on the patchcs were discussed.
Further on, in sectton 3 9, 1t will be shown that very good results can be obtained if the set of
basis functions given by (3.30) and (3.313 15 used. Norroally, only a few modes of this set are
needed in the method-of-moments procedure to oblam fairly good results, This is essential when
we are gomg to look at arrays of microstrip antennas in chapter 4. We will therefore present
the extraction technique only for this set of basis functions Note that the analytical technique
presented in this scotion for the case of isolated microstnip antennas can easily be cxtended to the
case of an array of microstrip antennas,

The catracted part Z'P | of the asymptotic-form extraction technique 1s in this case given by (see

M1

alyo (A.13) of appendix A)

i

. (e o
z2, =[] |6 Rz
0o (3.91)

f—';‘(ﬁ, 0, Zm) Sppl(mn, 11, 1, 0, a)kéﬂdﬁda,
with

77, if doman o is located on the lower pateh,
T —

i

73, f domain m: 13 located on the upper patch,

=L =£
where (), is the asymptotic form of the dyadic Green's function (), for large-valued 3, ie.,

ki. kg and ks replaced by —jky5  The numbering of the elements of the submatrix [Z°7] is now
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m=12 N +Nyandn=12,. . N +N; The functton S, (rm, 1 n, 1 i, ) is given by

LR
(A 14) in appendix A, Both patches are Jocated in layer 2. Note that ¢}, 1s extracted from the
ongmal integrand for all valnes of & We are only interested in 7- and y-directed basis functions

- £
ot the patches. Therefore, the following asymplolic Green's function ¢ 15 used here

Q. QF, 0

= f

itz =1 Gr o GE o | (3.92)
0] 0 0
with
—ditio || i cos® a .
Q= 23 £, T T
wdrr T
0’ Lin # Ty
- jud bty [ 42 sin® o] o
5 Tkl T v Sy T Ea
62;,, " A‘U x rh
0’ Loy 7(: L
Jwiiighd s 20 .
- - AL, m T
CL?Z;,.:' - Cg{; vy e
Q, iy T I
with
tee -+ Erz)/z, if B = 3, = lg‘l’
Erh I ey, Wiy = 2 2 ha,
(E,z -+ ])/2, lf z“: =z, = !pz

From (3 ¥2)1Lis clear that £57, 1y nonzero only if the basts funclions i a, s and ]:’j, {,re, )

™ T

ate located both at the same z-coordinate, ie , 1f z.,, = z,. Qur task is now to [ind a closed-form
expresston for the infinite integration over 3 of the exwracted part of the integrand. The integral
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over [# in (3.91) depends on the type of basis function vsed on the patches, Now let us consider
two z-directed basis functions of the set (3.30), both located on the lower patch or both located
on the upper patch, with m, and 1, both odd, In the following part of this section we: will present
an analytical method to determine ZP?_ | for these two basis functions  The procedure for the

caleulation of ZI?_ for the remaining basis functions of the set (3 30) and (3 31), on both the

mmn

lower and upper pateh, 15 analogous. Substitution of (3 32) and (3.92) in expression (3.91) yiclds

H 42 el
. :4A/ __13_ [1 _ dcos (‘x]
sit? o Evh

(3.93)
cosi( B /2) sin®(F£/2)
(n,m — BY) ey o+ AvY(mpm — G) T + 84)3

s dfide,

with ne, and n, both odd and with

A= — By im,n, W2,
ko '

v = hpcosaW,,, £ = knsinalW,,

Weoo of 2 =20 — 2,
W.rf =
3 i
W, f 2= 2, = 5,
‘ o
W if 2y =z, =1.
W, =
uf

Wo W z=z07 2

The term cos® (37 2) ain®{A£72) in (3 93) cun be written as a sum of exponential functions.

. ) . 1
cost (4 /2 sint(3E2) = I Tl + gi—:01, 13 94)
1
with
il o 7 - Tk + 2¢ Iy 4 !‘._““"H'E’ +f‘J'”‘T [

Since the integrand ol £, is an even function of 4, the inlegration over -3 ¢can be extended 1o the
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Frgure 3 18, Madified integration contour if i, # my.

interval { oo, o) This results in

ol ] -

B cost{fin/2) sint (€72}
(ri,m — B3 b Ay ) (T — Ay i(a,T + 3942

N

didder (3.95)

I
1

=24 f Lo,

»I0° cx
3
wilh

(3.96)

; ¥ [l "’—:m—:] cosi( 14727 s (fE/2) y
"y — i
pl) / (ripm — [y ) + J“'&)(.JN A= ) (T + [J”\r)f?il(

R

The wtegral £, can be calculated analytically. First, the integration coatour will he deformed
such that values of 1 for which the denominator of the A-integrand s cerv are aveided  The
second step 1s the expansion of the rerm cos?( 5~ /2) sin?{ 5 /2 into exponential functions, given
by (3.94) The mtegral [ 15 then wiitlen as a sum of [0 miegrals  Bach of these 10 itegrals
can be caleulated by closing the integration contour wath a semi airele and applying Cauchy's
Theorem and Jordan's Lemma. The location of the semi circle, Le above or below the f-axis,
depends on the urgument of the exponential function.

Two situations can be distinguished: 1) 1, 7 ny, and 2) my, = 1, We shall take a closer look at
hath situations.

iy, 771,
The integrand of £,,(¢v) 15 analytic for all complex 5. We may, therefore, deform the J-integration
contour 28 illustrated 1o figure 318 This figure shows the modified inlegration contour n the
complex J-plane.
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TN S
7o G

Figure 3.1%: Integration contour for t = 0

Based on this modified integration contour, the integral J3(a) is given by

% | — E0a] cos?( 3~ /2) sin(5£/2
e = - k- YD SN son
d ngT = B (7 4 By)(mym = fvy)(mpm + B9 52

]
where f denotes that the integration 15 along the contour shown in figure 3 18. 1f we substitute
-

(3 94) in expression (3 97), Tx{a) can be written as a sum of 10 integrals of the general form

[] - ,’-"’“_\.Mjg] Palil

(= o Fob —if[3. .
ae {{(w g £ BN (T — B} 7 BB 299)

The integrand of the above integral has four poles of order 1 at § = £(m,w/+)and & = £(n,7/4)
and a pole of order 2 at & = 0 A closed-form expression for the integral ({f) can be found
by using Cauchy’s theorem and Jordan®s Lemma [78]. Two subcases have to be distinguished,
namely 1) ¢ = Qand i) ¢ < 0.

L0
The original integration contour of figure 3.18 15 closed by the semi-circle '} of radius p, shown

infigure 3.19 Tf ¢ > O the integral over Cf tends to O as p —— oo according to Jordan’s Lemma.
If £ = 0 the integral over (7 also tends 10 0 as p — oo, because the integrand i of Q3% as
|B8] — m The integral (7 (t) 1s equal to zero for f 2 0, becavse no sgulanties arc located in
the region enclosed by the integration contour of figure 3 19:

Giiy=0 for =0 (3.99)
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Comphix
A piene

Pigure 3.200 Integration conrtour for { <0

Fe 0

Our integtation contour 15 now closed with the semi-circle 77, shown n figure 320 In the
region enclosed by the integration contour 5 poles are located. According to Tordan’s Lemma the
wintegral over O tends o 0 as p — oo, Then &) (#) can be expressed in terms of the 3 residues:

Gy = =2y Res fildf 1+ Res fild v+ Res £{5,1)
g oa BT 4w R Ho
" (3.100)

4+ Res fi{id v+ Res fi{id, 4

H- il e —ET

where the function [ (2, £) 1 given by

L

[] _ 1:“Cﬂh"<~] i ‘
(3 101)

HIGRES

(TJ.;,TFI' —Am,r .f'h)(rﬂri,x,vr — v )(mm o+ )R
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The residues in (3.100) arc given by

nem TR mir? cos? o
. L I~ I
Res f](ﬁ,f) =2 [T ) 2 |: -t T ]
w_ _mar i mp{ﬂp — Ty T Ern
T
impr: s g a
. S nIw cost
Res fi(8.0) = EETI 2 s 2
N 2zini(mi — »l Vo
M= et ’
.,
. ; gt
Resfi(5,1) = —5—. (3.102)
minlr
oo £
pre s s
. —%& 7 Ti, ™ CO8°
Res fi(d4.f) = E
2atnl[m2 — ] 22,
g 1M T M T
4= _'_
Imprt 33 3
—ne mirdcos? a
Res fi(f,t) = P T L —Pz— .
g 2 T?'LF',[TLF - m‘,iﬂ FEE
4w

=

Substituting these results in expression (3.100} grves a closed-form expression for the integral

Gyl

o 2t 21 mfﬂrz cos? o gl
Gilth= g - i =k | T At T
B el A 2l " (3.103)
o S
_ 29  mpTieosta npTt L2 0
ndmdm? — vl 22e, w

Define an auxiliary function F\ () with Fi (1) = &i{t) + & (=t} Then according to (3.103} and
(3.99) Fy(f)1s grven by

it = 2|t N 2y [ T cos’ o vn Tt
R PR — 2
minZod T omArdn — ] V2 E v (3.104)
2 n;;ﬁrz e
+ 2rd[m2 — ni - 2 in
nirimz — ni] e,

MNow that F () 15 known, we can also caleulate the original integral g, I can be written in terms
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Figure 3 21 Modified mitegration contour for the case that my = n,.

of the function Fi{#):

o / [1 - ] cos? (81 /2) sn’{ 86/2) "
alte) — o - N - - T =7
e (r,m — A )T + B3 (mem da ), + iiw)fﬂ(

1 N . ) i
- ]—(\) { 2F|(0) — 250 +2F1(r€) + Fils b E) + FI{W —E\’} v (3.103)

with i, =7,

2.m, =n,

The same procedure as presented in the case when ni, # 3, 15 used now. The mtegrand of [y,
given by (3 96), 1 alvo in this case analytic for all complex 7. We may therefore use the medified
integration contour of figure 3.21 to determine 75 [y s then given by

T — A7) 2, T g R

e

2 cost st 59 /2) Sin(HE/2)
Lior) = / [l ¥ cos __r] : cos®( A/ 2) Sin(BE/2) i (3.106)
. & i

(= =]
where the symbol .[ s used to indicate that the integration contour of figure 3 2115 used. Now

shbstitute (3.94) m cxpresston (3106} The wtegral f.{a) cun then be wrntten as a sum of 10
mtegrals with the general form:

/ 3 cos? i
Gt = f 1= =7 ‘ —y (3 107)
a [ Er iy } (M, T = A mpm | fim )22

The integrand of €3{1) has three poles of order 2 at if = £epr/yand 5 — 00 Again two subcases
can be distinguished, e, 1) f = Qand i)t = 0
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Complex
-planc

Figure 3.23; Modified integration contour if t < (.

W
=

The integration contour 14 ¢closed with C'F, shown in fig. 3.22. According to Jordan’s Lemma the
integral over CF tends to Q as p — oo There are no singularities located 1n the region enclosed

by the integration contour of figure 3 22, so &3 (f) will be 7era in this casc:

Coty =0 for £20 (3 108)

The integration contour 13 closed with the semi-circle 7 as shownn figure 3,23 Again Jordan's
Lamima can be used to show that the contribution of the integral over O tends to ¢ as p — oo



&0 ‘ Isolated microstrip antennas

MNow let
[1 B i3 cos? n} i
e Evh
fai 3, 4) = ‘ =, 31K
Bt5, 1) (rripm — )2 {mpr b 15)2427 (2 109)
then {7211) is calculated from
Ga(ly = =27y Res falB.t)+ Res R0 0+ Res oA {)
|_+";"" &=l f~s=‘—“_;¢f
2 t miwtcos? o vy, (3.110)
— ot - 2. ©O§ —
T T HEE L h
B JE _
_ _3_ T CosT un :m,r,vrf“ P
'raa};_'rr" A2E ¥

If we define an auxiliary function £ 5(¢) with F2(2) — Ga(f) + (F2{ —1) then [ can be expressed

in tcrms of this function /5 as

‘ = el
(e = B ) {mym + b’w)zﬁ*{

Tek

- i Feosa cos?{ /i~ /2) sin®( 176 /2)
Ity — ff1- L

B

(3.111)

-1 .
- ﬁ{—ﬂ:(ﬂ) —IF) + IFAL) -+ By v E) b Byl - 80}

with iy, — ny, The remaining integral over v in (3.95) has to be evaluated numerically. If one
properly divides the sv-integration interval into two subintervals, only a few mlegration points are
needed (o obtain an acceptable accuracy, These (wo mtervals arc [0, e} and [ova, 7/2], where ay
s the value of o for which « — £ — (0. Fortunately, the integration aver o only needs to be carried

out for one frequency point

it. Z*: attachment mode —— attachment mode

A detarled expression of £ 15 given by formula (A 2) of appendix A, where 1t was assumed that
the lower parch 1s located at the interface between layer 1 and layer 2 (2] — 4 ). Now let £ be
represented by the following integral

2% ™ i (3 112
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This can also be written in the form

ze = [guds= [ o0+ [ g(8)8
[ 4] )
= [ee @+ [ (63 - @) g + [ s G113
h ¥ 1
— [z-em _ Eaa} + Eaa‘
with

Z = f (88,

£

where 72%(4) 15 the asymptotic form of the original F-integrand g**(4) for large-valued 5 Note
that in this case the extraction lechmque 15 only vsed when 3 > u, because the asymptotic form
7(A) has a 1/5%-dependence for # | 0 The exact value of v is not very critical, In our
simulations, we have used v = 30. The asymptotic form of %¢{#) can be found by substituting

ky = v kot ke = —jhgfS and kv = — ka3 in the original expression We then finally arrive at
() = T pior | BIH(koiiba)  16T)(koidba)J(koBa)
- : kn (£r1 + £r3)62kE G (€1 + Enn )b fike] 32
2e2 T kafie) 4T (kofia) ko I} kafin) (3.114)
(g0 + ) 2 hhgd &I

z =y

(4E|‘I h 125r2) Ig’(knﬁd)
o - &2 d.ﬁa
Eaiga t e REAY

The above integral contains four types of mfinite integrals Al of them can be evaluated an-
alytrcally or can be approximated by a closed-form cxpression. These five integrals have the
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form

I = (Lr,f:?b

/
o /In(.k(,:ia)“ ;)

kg da) ‘
I = / e, (3 115)
T I kalih,) In(knfi
Iy = / 1 Fo) '.,:2(‘( ﬁfﬂ)d{'}:
T I kg
A
The first type of intepral can be evaluated analytically if we choose + = (.
RGN, 4k b,
= i=
L= [ ar= (3 116)

The second inlegral cannol be evalualed analyhically, but can be reduced to an mtegral over a

fintte interval for & = O [7]:

F 1Mkl
/—n( ‘[_3 (nrf{f
. {3

(3117

1 1'2 ' ]
-~ lf"g E i i [ -/ Lr‘, r,

[z

where 0 — 0 577215 15 Buler's constant The third integral £> can be evaluated i closed form
[27.p 634]

no= [ Oy

lis

Fibnia)  dhen 1114
! { _ i +2A“H (r‘/ A”””‘) + _j“( ‘”-3:(‘;” (3 118)
i T

_2‘“0” L)( RLRE -‘TI(A(\ |fr)
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The integrals f, and I cannot be evaluated analytically, but can be approximated by a closed-form
expression For large-valued 3, the Bessel functions can be replaced by their asymptotic forms,

80
- =ad i —_— E M 4 _}lw‘
Jofir) = ”Tr::; {cos(*:: 4) R + O(ﬂ)} . (3.11%

For the sake of simpheity, only the first term in the above expansion will be used here. A better
approximation can, of ¢course, be obtaiped if more terms of the asymptotic expansion of the Bessel
functions are uscd. Considering only the first term of (3.119), we get

T (ko Bb) Jolkoiin) |
o= 1k ";20( 09) 4

N /m 2 cos( kb, — qTT) COS(kOBC‘ " g)dﬁ
S : 73
! wkgyban i (3 120

L 2 | cos koula + ba) _ sinkgv(a + &) l e
T/ bt ((ca *b) [Zkﬁﬁl(ce + b2 keor{a + by) + z“(kﬂv(ﬂ + ba))

‘ o [sinkgvie = by)  coskouia —b,) 1 .
— by )" v — _""'-i‘_ba +
*+ e —b) [2&5?;2((1 =0 T ke by T 2ohevle = b))
where co{ ¢} and i) are the cosine and sine integral, respectively, defined by
)
5t
) = —/%dt,
P (3.121)

(=]

sz} = —/%mcit

@

The integral s is calculated by a simular procedure

iii. [Z%]: feed modes —— attachment mode

The extracted part 272 can be found by substituting &, = &y = k3 — sko/ in the integrand of the
expression of Z{2, given by formula (A.5) of appendix A. The extracted part 212 is only nonzero
if subdomain m on the coaxial probe touches or overlaps the attachment mode.

(==}

_215(’-‘3\1){3&) ) .
/Wdﬁ, m=N, -1,
Zf = EM x ]‘ e b3 koBe) | 4 ko) Jo(hufia) 5122
= § IZH bahﬂzk(;(é‘rt 4 E,-:l)
{4e, + 8.z) l&(.f,‘;(-.{‘,'?a) BJF(%BM)
- tias . m =N,
W05 + £02) RBRL i, n .
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withm = 1,2, .| N; and where it is again assumed that the lower patch is located at the interface
between layer | and layer 2, 1.¢., 2} = I} 'The three types of integrals in (3.122) have already
been discussed in the previous part of this section and are given by (3.1107), (3.118) and (3.120).

iv. [Z"]: feed modes — feed modes

The numbering of the elements of the submatnx [Z7f] s now w — 1,2, ., N, and n =

1.2, N, Inthis case, three situattons can be distinguished, namely v = n, 0 =1 1 and
# = — 2 In the first two cases, there is an overlap between subdomain : and subdomain v
The extracted part 77/ is again found by substituting k; = Ay = A+ = — by meapression (A 9)

of appendix A We then gel {with 2, — i)

e B

Zi, = [ B(AIZATY (508, (3 123)

with for m = n,

[ 12 ‘ Tre g
— — 44 —_— Vo 2N B
hEk (I?.:.:..( 4}) " g ! " :
l 105,-| + 145,-0 ‘ 1?-&:‘,1
= —dh | =, 2 A,
Nk (ﬁ-.,,.u(s,.] o) ) A A
1 /14 b,
— —4h —, mo=2A e =l
}.—ff - Jeitin . fiz!f\l‘ﬁ (.k':'{j ) 3‘:’% ' J il t
L £ {32 ' - = )
ﬂl. _12;T. + 162,; —4&) f‘.z_,‘“ m 28—
f‘»'ﬁﬁ M,,:’f(.*",q + #r1) ‘ r‘;‘-,‘}';
! & e
oo | — =2/ — (TR S
pals (i,u 2 P) MR o I e
| Ae, + Be,z heEL ‘
g | ————— — 21 —, = 1A
e (l:‘;‘.f’i(a; e 2 ) + T ] 1 v iy
and forn = w1,
. . [ b hitet
it i) = e |20 e 5
e 147 neid [ L(,;j] + lzg‘a}’

and for n 2o - 2,

F) IR
h -:L:]"‘» o= H — 2,
I = £ iy
0 otherwise
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Consequently, ZZf, 1s nonzero only 1f subdomain m intersects subdomain ». Note that we
have assumed that the length of the probe is not longer than the height of the first layer, 1,
zp = hy The same assumption was made m appendix A. Apparently, two types of integrais have
to be calenlated. They are of the same type as integral I and f5 given by (3.117) and (3.118),

respectively

v, [Z*]: patch modes +— attachment mode

The extracted part E’,f;” is only nonzero 1f basts function m 15 located on the lower patch, Le.,1f
#w = 2;. The extracted part can be found by substituting & = &z = ks = — k7 in expression
{A17) of appendix A. This gives

I oo ‘ ‘ .
S i [/ (_Ju]](ﬁ,()[ibu} ?JO(AQBG]
o b

Era Einby koh
5= _mﬁ—)) Sarlm, L1, 8, 0)dBdry, 2z, =z, (3.124)
24
0 T = Iy,
with
€y = %ﬂ-, for zi = hy

Note thatm = 1,2,. | Ny + Na. The function S,¢(rm, 1,1, 2, a) is @iven by (A 18) in appendix
A We have three differcnt types of integrals in (3.124)

N = f TitkoBba)Spp(n, Ko 1, 49, 61,
V]

F2(a)

f Jolhofa) Sy (m, 11 3, c)d3, {3.125)
]

=24 .
kit
Ia) = /‘h(ﬁﬂgﬁﬁn,l,lfﬁ,&)dﬁ
&

Let us first take a closer look at the mtegrals fi(a) and Ia(n). The integrands of both integrals
are even functions of 4 They can therefore be evaluated by a similar technique as used for the
cakculation of the extracted part of the elements of [Z77]. The only additional factors are the
cero-order and first-order Bessel functions in the integrands of {1 () and f3(a), respectively. The
Bessel functions can be represented by an integral as

2m

l i

'-fni‘i“.) = E'/Ej:mnoe—madgn (3 126)
0
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This integral representation is used to write the numerator of the integrand of Frer) and £3(o) as
a sum of exponential functions, similar to (3.94). As a result, a sum of integrals with a simalar
form as (3 98) 15 obtained

The second integral in (3.125) is an integration over an odd function with respect to /4. We
will present a method to caleulate [y for the case of a o -directed basis function of the set (3.30)
pertaining 1o the lower patch, with »i, odd. The provedure for the other basis functions of this set
15 analogous to the one presented here. Substitution of (3 32) and (A, 18) into expression (3.125)
arves

HE2 i
hn) = Eﬂffﬂ boiia) DT D I/ 2) stnli) conl ) s (3.127)
IR Cx (g — {T"r)(r?',ﬁr + A~
with
4 L6 ymm, W, |

ko

v = kpcosaW,, £ = bnsinaW,,

o= hyCOS G, 0= kpsinery..
Using the mtegral representation (3 126) of the Bessel function Jy (A} we may write

Tuthafin) cos{34/2) sin( 5 20 sinf v ) cos{ Au) = u—ﬂ/{qgm:m Foopl =i, )} 0. (3 128)
i 0

with

t'."z(ﬁ 0N — ({,._nf:(w2+£fz Pefarkry l) | ((‘_;mwz LEiZdmpdo ) )

_ ((w;ﬁf'r12+--5:2—|«+u+n _ l) _ ('Pu..rcl-uz+{12--u R l) _ ((, My e2=Leiw Tl _ Il) (3129
({_;,H(:w? Lt —ptT) l) + (rﬂl,‘»‘iwfz-ffz—u+p+ﬂ E) + ({I_‘n‘iwwz—f,ti- fe=fenkT ) l) E
where = = Apasm . Cauchy’s theorem will now be applied to find a closed-form expression for
F(a). The modified integration path of Agure 3.24 will be used here The mtegral (o) 1 then

given by

[2(('}* =

i, (3.130)

LOb 9 [j ; cosl 3/ 2) s FE/2) sinl 2 conl )
- ol fnd ) - -

SIM (i m — @) + fvy )0
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[ | ey
0 m,T
B B

Figure 3.24: Modified integration path for L{o).

where -r/ denotes the integration path of figure 3.24. Tf we substitute (3.129) in (3.130) we can

1]
write [; as a sum of 16 integrais of the general form:

)

Gty = il i (3.131)
A / J (mgm — By (e + 616 “

Two subcases can be dwslinguished, namely £} f = Qand 1)1 = 0

t=0

The ongimnal integration path 15 closed with the contours ¢ and CF as shown in figure 3.25 If
= O the integral over C: tends to 0 as p — oo, because the integrand behaves as O(F") as

;‘f — oo, Furthermore, there are no singularities located in the area enclosed by the integration

contour of figure 3 25. So the only contribution to the integral G{#) is the integration over €7

/ e - 47 3132
i 3.13
f (wriy — B~ )(mym + )3 7 ¢ )
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Cmnplt_x
8- plane
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Figure 3 25 Integration contour for t = (.

This integral may also be wrilten 1n the form

i -1
o g
() / (myT — H'v JrnyT 3 )

e | = et

15
(uem’ — AT ;M)H{

(3133

| =ty

LR
= f — d
(e ) (T 4 3 )y

Divide the integrand of the above integral inlo two parts and use relatton 3.4 3 5 of [27]
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aives
—]. 7 ]_ — E—N
G{t) = —“/ — — iy
(= ) (B )y
= ; .7 e * Tl
- e | "
” {2""” Du(BE ) 2 ()
= -01‘_2 {EC + ln(—‘]mﬂ Vot ln(‘impﬂ)
Imiw - (3.134)
Jrmpme T t - o "
NG AN S WL i )}
0

Tl

"

-1 Tt mamt
= —— { +1n —a | —E—=)cos| L
g™ i i

—ut | —~—— | $10 \
¥

fort = 0, where C is Euler’s constant and where E+(r) is the exponential-integral function defined

iy E

~

ds

k=)

Exz) = - / %cit, {3.135)

x

and where s1{} and c2{c) are the sime and cosine miegrals, respectively, given by (3.121), The
exponential-integral function Fv{r) can be expressed in terms of the sine and cosine integral-

Euld,r) = mlx) & gse(2) (3 136)
This property has been used in (3.134).

t 0
The integration contour for this situation is shown in figure 3.26. There is one singularity located
mside the integration contour. The contribution of the integral over € tends to 0 as p — o0,

S0 C(t) can in this case be cxpressed in terms of the residuc at 3 = my, 7/~ and the integral over
Co

-

] e — ]
Clty= =21 R?h ((’rrapﬂr — ) (myr o+ ﬁw)[ﬁ)

o= (3137
0

(;Jﬁé -1 y
__L {mym — B )mm + 84)8 13,
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N\

Complex
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Figure 3 26. Integration contour for t < 0

The residue at 7 = i, 7/~ 15 given by

L L v
Re - =—- S (3 138
e (( w30 (T + [I"»)ﬁ) 2l (r ) ‘ )

5 o npm

The integration over 7 can he rewriiten in the following form

| Y S C
B . i - —  —
A {mgr i3, 4 0 5" ! (ﬂrl - ,}y) (3}:5 | w) Y '

{3 13

This is exactly the same integral ag in (3 133), because in this case / = 0 So we can use (3.134)
as a result of the integral over ¢, Combining (3 [38) and (3 134) with (3 137) gives

. : ©riprs 1 . m,, Tt
o — ((’ v [) 2.1 {( +In’£
; S ¥

2
I
T

HipTF i Myt
=% - Cos = 4% | ——— 1 sIN
Y o v

(3 140)

for? = 0
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Define an avxiliary function F{1) = G(t) + G(—¢). The original integral I(a), given by (3.127),
can now be expressed in terms of Fi(#)

,flcosct cos(A~/2) sin(BE/2) sin( Br) cos( )
= koffa) ‘
hle) /JO( of (gt — By )(mgm + B4)53 43
Acosa
= Wf{f( J2HE vt u+ ) Fa2+8/24 0 —p+ )
. ‘ (3.141)
—F(v24+8/2—vHutT)— Flv/24 62— v —j+T)
—F(v 2 -2+ vtp+r) - Fly/2=E2+w —p+7)
Fi{n/2—Ej2 —whp+7)+ F{v/2~E/2— v — u+7)} d6,
with tr, odd. The f-integration mterval can be reduced to [—§, Z]. The f-integration mn (3.141)

¢an be climinated if we assume that the radws of the coaxial probe ¢ is equal 1o zero. This saves
some computation time while (he final results do not change significantly, because in almost all
practical configurations 4 <& ). Now that we have found a way to calculate the three integrals
I, I and Iy, we can determine Z,,b by evaloating the remaining integration over ¢ in (3.124)
numerically. This can be done very efficiently if the a-integration interval is divided properly into
subintervals such that the boundanes of these subintervals correspond with valves of o for which
the derivative of the intcgrand is discontinuous The integrations over thesc subintervals can be
carrted out with standard numerical integration rovtines of the package QUADPACK [52]. An
advantage of the asymptotic-form extraction technique is the fact that the integrals in Zf:;“ need to
be evaluated for onc frequency point only, because these mtegrals are frequency-independent.

vi. (Z¥]: patch modes — feed modes

The numbenng of the elements of [Z#]ism = 1,2, . N« Naand n = 1,2,. , N, The

extracted part Z#/, is non-zero only if the domain of basis function #» is located on the lower

LETR Y
patch and if the domain of basis function » on the coaxial probe touches the lower pateh, 1.e., if
7 = N, and if =p = 2. If we assume that the length of the coaxial probe 15 not larger than the

height of the first layer, the extracted part 1s given by

0, Ty | T A

grf = (3.142)

w L . . B
hgrhio / / ]n“i.uﬁ(o nf(??? l,lj:ﬂ.)dﬁdo, Fntl =5y
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with
St e L,
Ep = — - if iz = by

The integral over /7 in {3.142) has exactly the same form as integral f2(n ) in (3 123). 50 we can
use the same methods to calculate the above integral over /i, The remaining inlegration over i (s
again divided into properly ¢chosen subintervals,

vil, V*%4: attachment mode

The expression for V% 14 given by formula (B.1) of appendix B. The mtegral over i converges
quickly tn most practical situations. However, i the prebe part of the attachment mode intersects
with the ground plane, e, if /2 = z (N, = |}, the integral over /3 converges very slowly For
this situation, the asymptotic-form cxtractron rechnigue will be used to speed up the convergence.

Subsuiturion of & — k3 = ky — — o/ into (B 1) of appendix B, gives the extracted parl V¥ %
0, 2,
v - - (3 143)
—4ntid V2 Lhofa) . ,
J ol ih) — Fo(kg o ), / =z
In(hfn) / NREE L Jo(kolt) = Tulkafia)] 43, 472

The above integral can be calculated with the same methods that were used to armive at (3.113).

viii. [V¥{): feed modes

The asy mptotic form of the ongmal #-integrand can be found by inserting £ = Ay — 4y — — jhpid
into (B 4) or (B 3) of appendix B. With <ome algebraic mampulations, it is easily shown that the
extracted part V25 7 1y given by

13

. 4r2? T :
1ot roo_ 1Tt Tk , i ‘]“ ‘\UH( - -']) knfis
In{l/a) / (ko) L0 = Ak
1 2
— = | A, om =1,
( W20 At ) " (3.144)
#, e e el P =
P2 mo R
i} w3,

with v+t = 1,2, | N,. The extracted part differs from zero only of the subdomain 1 touches
the ground plane The type of integrals that oceur n (3.144) have the same form as the integrals
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discussed in (3,113} and can therefore be evalvated analytically.

ix. [V=®];: patch modes

In this case the asymptotic-form extraction technique need not be used, because the A-integrand
of V27# (see expression (B.5) of appendix B} decays exponentially for large vatues of 3 (~ ¢=7).

x. [V{*]: thin-substrate model

The expression for an clement of the vector [V)**] when the thin-substrate model of section 3.2.2
15 used is given by (B.6) of appendix B Again the asymptotic-form extraction technique can be
applied to speed up the convergence of the integral over # The extracted part Vf,‘,, differs from
zcro 1n this ¢ase only if the domarn of the basis function m is located on the lower patch of the
antenna and is given by

tm
ETI + &.2

% oo
e ey )f/Jo oBa)Si(m, 1,1, 8, a)k28dBda, (3.143)
a0

withie = 1,2, .., Ny + Na, m which it is again assumed that z| = f; and where S,¢(m, 1,1, 3, a)
1» given by expression (A.18) in appendix A. The integral over 3 that appears in the extracted
term Vfﬂ‘e is of the samc type as the integral [, given by (3.125), and can therefore be evaluated

n ¢losed form.
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3.9 Results

The calculated results presented in this scetion are obtained by using the thick-substrate model of
section 3 2.3 The anienna characteristics are found by solving the matrix equation (3 15).

391 Validation of the model

Iny section 3.4 of this thests several types of basis functions were discussed that can be used 1n
& method-of-moments procedure for the analysis of microsirip antennas. The question 14 now:
which sct of basis functions and how many of them must be used on the patehes and on the coaxial
probe to obtain accurate tesults with a runimum use of computer time and computer memory ¢
And, wher 15 a solution accurate cnough? This last question may be answered 1f we Luke a closer
look al the tolerances of the materials and at the production techniques of microstrip antennay T,
for example, Duroid 6002 with ¢, — 2 9415 used, a lypical error of £11% 1n the nomrmal value
of the permiltivity £, vccurs, and an crror of £3% in the thickness of the substrare. The patches
can wsually be ctehed with an accuracy of =1%. Other errors that can be made are an inaccurate
postioning of the coaxial cable and a misalignment of the patches in a stacked configuranion In
adddition to these construction errors, errors will be made in the measurements We have done our
measurements in the Compact Antenna Test Range of the Bindhoven University of Technology.
A HP 8510 B network analyser was used Lo perform the actual measurements. Errors in the
measurements can be minumized il a proper calibration set 15 used  For an accurate measurement
of the input impedance, one has to be surc that the reference plane is positioned very accurately.
I summiary, ¢ number of errors can oceur when a microstnp antenna is constructed and measurad,
It is therefore useless (o put much effort in the development of an extremely accurate model for
the analysis of rmerostnp anlennas. A certan error level in the predicted characteristics of a
MUCTOSIIR antenna 1s acceptable.

Table 3 1 shows the caleulated resonant frequency and the corresponding maximum input re-
mistance /Y, for three single-layer, linearly polarised (y, — 0) mucrostnp antennas with varying
thickness ‘The resonant {requency 1 defined as the frequency for which the real part of the iput
impedance, 1¢., [y, has it maximum  The calculations were made with the thick-substrate
model of sechion 3.2.3 with rooftop basis functions on the coaxial probe The dimnensions of the
antennas are given 1o table 3.2 The calcofations were done with cach of the three sets of basts
functions of sectton 3.4 | The first two scts consist of entire-domain basts functions, where the
first set {set 1) 15 given by expressions (3 30) and (3.31) and the second set (set 2) is given by
(3.33) and (3 34) and includes the behaviour of the current near the edges of the patches. In
[44] 1t was shown that with [4 r-directed hasis functions and 4 4-directed basis functions of set
2, accurate results can be obtained. The third set {set 3), given by (3.36) and (3.37), containg
subsectional rooflop basts functions
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Number of modes | Antenna ] | Antenna 2 | Anlenna 3
foasetl | N:=4 N, =1 [ 0623GHz | 1.875GHz | 61 GHz
Bo.setl | N.=4 N, =1 | 8682 380 5002
feosct2 | N, =14 N, =4 0624 GHz | 18653 GHz | 6.1 GHz
Ry, set2 | N, =14 N, =4 | B0Q 500 5680
fooset3 | 15 subsections 0623GHz | 1.872GHz | 613 GHz
I, 38t 3 | 13 subsections 8602 370 58402

Table 3.1: Calcwlated resonant frequency f, and inpat resistance Ry, for three sets of basis

functions
Antenng | by (mm) | batde | apfmm) | e, | W, tmm) 1 W, (mm) | x, (mm)
1 |56] 3175 00l 3175 2.56 | 150 73 15
ZEUT 3175 003 | 3175 2.33 | 496 49.6 723
IEUT 6.61 .22 | 6.36 2331115 11.5 4.6

Table 3 2; Dimensions of antennas 1,2 and 3, with hy = 2, = 2 and tané = 0.001

The differences between the caleulated results with the three types of patch basis functions arc in

most cases smaller than the material tolerances of a typical microstrip structure and the expected

errgr of the measurements. The resonant frequency can be calculated with a better accuracy

than the resonant resistance. From an engineerning pownt of view we may conclude that each

of the sets of basis functions of section 3.4.1 gives acceptable results. From a computational
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point of view, however, it is recommended (o use the first st of basis functions given by (3.30)
and (3.31). Usually only a few modes of this set are needed to obtain fairly accurate results
From convergence tests mn [19] and [57] it was also concluded that with the s-dirccted basgis
functions with (g, mi ) = (1,0}, (3.0), (5, 0), (7, 0) and with the y-directed basis function with
(g, eg) = (0, 2) from set 1, accurate results can be oblained for a lincarly polarised microstrip
anlenna or microstrip array. ‘This is especially important when arrays of microstrip antennas are
considered (sce chapter 4).

Antenna | ko fmm) | dafA. | o | Wy (mm) | W, (mm) | x, (mm) Ref

4 3175 007 233111 17 4 F11]

5 218 0.09 | 205|079 67.9 22 EUT [67]
6 1.27 0.01 10,2 | 20 30 35 621

7 1.27 006 | 102]95 15 1 55 [62]

8 254 0060 (102119 30 3 [62]

o 0.79 001 | 222|325 40 8.5 1621

10 0.79 002 [222]125 20 425 [62]

11 £.52 002 | 22225 40 85 [62]

Table 3.3 Dimensions of antennas 4 to 1], with Iy = 7 = =5 — 2.

We have compared our caleulations with experimental data from several publications i the
hterature [69]. In table 3.3 eight microstrip antennas with varying thickness are given  All
antennas are hinearly polarised and are constructed on a single substrate layer (b, — = —
#3). Figure 327 shows the relative difference between the calcubated and measured resonanl
frequencies of the antennas of table 32 and 33 In figure 3 28 the corresponding relative
differences hetween the predicted and measured maxamum value of the npul resistance #,,
15 shown  The agrecement between the calculated and measured results is in almost atl cases




3.9 Results 97

Afin %

6 4+
+35

+3

- -

.5 i i 1 1
0 0.08 0.1 0.15 0.2 6.25

haf A

Figure 3.27: Relative difference between caleulated and measured resonant freguency.

AWin %
50

TS

30’—

20

+oa

6+
+2
1

l++9 +in 43¢ 4+ +5

14

+13

1 N 1 1 W
0 095 0.1 G.15 0.2 0.2%
by A

Figure 3 28 Relative difference between caleulared and measured resonant input renistance R,

quite acceptable. The caleuiated results of antenna 6 to 11 are in much better agreement with
the cxperiments of reference [62] than the caleulated results presented in (62). For cxample,
the relative difference between the predicted resonant resistance (calculated with a method-of-
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moments procedure) in |62] and the measured resonant resistance of antenna 11 15 more than
46%! The relative differences in figures 3,27 and 3.28 arc 1n most cases not larger than the
tolal error which could be caused by matenal tolerances, construction errors and errors made
duning the measurements. The relative differences for the resonant resistance are significantly
larger than the relative differences for the resonant frequency. One ol the reasons for this larger
difference iy the fact that the measured resonant resistance 1s more sensitive to efrors made
during the measurernents, In addition, from table 3.1 1t was already concluded that some error
in the predicled resonant resistance can be expected. Other authors [62] have observed the sume
phiwnomena. From an engineeting pont of view, onc may conclude that (he model presented
mn this chapter is very suitable for un efficient and accurate analysis of mucrostnp antennas with
clectrically thin or with electrically thick substrates. Note that all the caleulations were done with

the thick-substrale model Cn the pateh sinusoidal entire-domain basis functions were used

3.9.2 Single-layer microstrip antennas

In chapter 1 of this thesis, it was concluded that for many applications of microstnp antennas,
a relative large impedance bandwidth is required It 15 therefore interesting o investigate the
bandwidth of u basic single-layer microstrip antenna, For that purpose, three configurations have
been analysed constrocted on three different substrates with a permittivity of ¢, - 1 07 {foam),
£, = 233 (Duroid 3870) and £, = 105 (Duroid 6010), respectively  In each vonfiguration a
square patch was used, 1e W, = W ;. The feeding coaxial cable has 4 imner conductor with
o = (1635 mm and 2n outer conductor with b = 2 1 mm, Frgure 3.29 shows the calculated
relative bandwidth versus clectrical substrate thickness fi2/3, where A s the wavelength in the
dielectne matenal. The relative bandwidth 13 defined as the frequency band relative to the centre
frequency for which the VEWRER 15 lower than 2 The excitation point is [ocated un the w-axis
(y, = 0). The location of the coaxial cable on rhe r-axis is ¢hosen such that o maximum
bandwidth is obtained The characteristic impedance of the coaxal cable 15 2, — 300 and the
design frequency 15 approximately 5 GHe From figure 3.20 it can be seen that the bandwidth
increases with mereasing substrate thickness. However, there appedrs (o be a cerfain maximum
bandwidth. This 15 caused by the fact that with mnereasing electrical thickness of the substrate,
the inductance also increases. The maximum bandwidth obtained with foam s abont 12%: and
15 obtained for a substrate thickness of fa/ 4 — 0085  If a substrate with -, = 2,33 15 used,
a maximum bandwidth of approxumately 15% can be obtained for ky/ A = (L15 Microstrip
antenhas on a high-permittivity material with £, = 105 are usually narrow band, except when
very thick substrales are used.

Note that square patches were used, because they offer the opportunity to creare a circularly
polarsed far-ficld pattern when the patch is excited with two coaxial cables. Circular polarisation
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Figure 3.29: Relative bandwidth of single-layer microstrip antennas, with Z, = 50£)

is discussed in section 4.6 . Furthermore, the width of the patch (here denoted by W),) has only a
minar influence on the bandwidth of a microstrip antenna,

393 Stacked microstrip antennas

A stacked microstrip antenna usually has two closely spaced resonant frequencies. This results
n 4 larger bandwidth or in dual-frequency operation. Two stacked mucrostrip configurations
were built and measured. The first antenna s made on a Duroid 6002 diclectric substrate with
design (Tequency of approximately 3.1 GHz Figure 3.30 vhows the calculated bandwidth of
such a stacked microstrip antenna versus the thickness of the second layer (dz) and versus the
dimensions of the upper square patch (W, = W,
given in table 3.4 The upper patch is located on top of the second layer, 1.e. 2 = iy = d, + 3

1). The other dimensions of this antcnna are

Ant | oy =z {imm) | & tanéd | Wiy (min) | (e, 17, ) (mam)

hZ 3.04 294 | 00012 253 (8.5.0)

Table 3.4 Dimensions of stacked microstnip antenna 12, with W, = Wy, o = 0.635 mm and

b =21 mm.
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378

W =W , (mm)

Figute 3 30: Contour plot of the relarive bandwidth of « stacked microstrip antenng, with
Zy = 5002

Note that Iinear interpolation was used between the calenlated points in figure 3.30. With the
configuration of table 3 4 a bandwdth ranging from 10% to 15% can casily be obrained. The
maximum bandwidth is approximately 16 5%. A stacked mucrostrip antenna on Duroid 6002
was constructed with dy = 3.04 mm apd with W,; = Wy, = 25 mm. The other dimensions
are the same as in table 3 4. In figure 3.31 the calculated and measured tnput impedance of this
antenna are plotted in a Smith chart  The curl that appears in the Smuth chartl llusirates that the
antenna has two closely spaced resonances, resulting in a relatively large bandwidth. Figures
3.32 and 3 33 show the corresponding plots of the measured and predicted amplitude and phase
of the reflection coefficient The agreement between the measured and the predicted reflection
cocfficient is good The bandwidth of this stacked antenna 15 approaimately 13%. Figure 3 34
shows the corresponding measured and calculated radiation pattern of this antenna in the B-planc

and measured H-plane far-field patiern 1s quite good, except for § &5 190" The muasured pattern
in the E-plane shows a certamn Quctuation. In [76] the Uniform Theory of Diffraction (UTE) was
used to show that these (luctuations in the measured far-field pallern of this antcnna are caused
by diffraction of the field at the edges of the ground plane. The influence of diffraction from
the edges of the ground plane can also be seen from the relative large differcnce between the
calculated and measured far-field patterns of figure 3 34 for # = 90" In vur calculations an
infinite ground piane and substrate are assumed. The size of the rectangular ground plane on
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Caleulated

Figure 331 Measured and calculated input impedance of antenna 12, with dy = 3.04 mm and
with Wy, = Wya = 25 mm

which the antenna was made is 46 cm =31 cm (length = width).

Another stacked microstrip antenna which has been built consists of (wo different dielectric
tayers The first dielectric layer 1 made of Duroid 3870 with a relative permittivity of 2.33,
and the top layer is made of foam with a relative permittivity of approximately 1.07. The other
dimensions of this configuration are given in table 3.5, Figurc 3.35 shows the measured and

Ant | k=g (mm) | hy = & (mm) | £ £y | Wiy (mm) | Wi (mm) | 2, (mm)
13 1.57 6.28 233 1.7 29.5 35.4 13
Table 3.3 Dimensions of stacked microstrip antenna 13, with W, = W, Wo, = W 1, = w,,

tand; = 00012, tanf = 00008 o =0635mmand b =2 | mm.

predicted reflection coefficient. The calculations were performed with the thick-substrate model
of sectton 3.2.3 The agreement between the calculated data and the measured data is fairly good,
There is a difference of 3% between the measured and calculated resonant frequency, which 1s
probably due to material and fabnication telerances. In addition, the model for the attachment
made will not be very accurate in this configuration, because the coaxial probe is connected
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Figure 3 35: Measured ard caleuiuted reflection cocfficient

near the edge of the lower palch. The antenna was originally designed with the thin-subsirate
model of section 3 2 2 usng only 2 cotire-domain sinvoidal modes on cach patch, e with
Noo= Ny — N o= Nz — |20 The prediced relative bandwidth with this model was
approximately 19%, where the achieved (and also measured) bandwidth s approxumnately 7%.

3.9.4 PBroadband multilayer structures

The second stacked microstrip antenna presented in the previous section was made on a multilayer
structure with foam (¢, == 1) as a top layer. The measured relative bandwidth of thiy antenna
was about 7%, which is of course not very spectacular It 1s, however, possible to abtain a larger
impedance bandwidth with mulnlayer structures. In the literature some designs of broadband
stacked multilayer microstrip antennas have been presented [39, 751, where o relatively thick
fram layer was used A <erjous drawback of these foam-hased antennas i< the fact that they have
a high mutual-coupling fevel when used moan array configuration Because of the low permittivity
of foam, the length of the upper patch 15 approXimately equal to A /2 This means that m an
arrdy configuration, where usually an element spacing of A, /2 15 used, the distance between the
edges of two adjacent array elements will be very amall, This results i a high mutoal coupling
level Wea have studied another multilayer configuration with broadband characlenistics and with
a low mutual coupling level in an array configuration PFrgure 3 36 shows the side view of such a

stavked two layer configuration. The bottom layer 1» made of Duroid 6010 with @ high relative



3.9 Results 105

hy- < N
N -

Wzl

Figure 3 36: Stacked rwa-layer microstrip antenna,

permuttivity of =, = 10.5 and tan é; = 0.0023. The top layer is made of Duroid 3880 with
£.p = 2 33 and tan 4; = 0 0012, Due (o the high permuttivily of the first layer, the dimensions of
both the lower and the upper patch will be much smaller than Ay/2. Theréfore, one could expect
that this type of microstnp antenna will have a relatively low mutual coupling level in an array
configuration. A drawback of high-permittivity materials is that more power will be lost in surface
waves, More details about arrays of multilayer microstnp clements can be found mn chapter 4.
Bandwidths ranging from 15% to 25% can easily be achieved with these microstrip antennas.
The bandwidth can be maximised 1f an optimal sct of parameters is selected  As an example we
will take a closer look at the optimisation of an antenna with d; = 1 27 mm, W,, = W, = 11
mm and xr, = y. = 4 mm, fed by 1 coaxial cabie with dimensions ¢ = 043 mm and & = 1.4
mm Mot that the antenna 15 fed on its diagonal, which reduces the cross-polarisation level of
the antenna [35]. The first diclectric layer is electrically thin, so the length of the coaxial probe
i simall compared to the wavelength, The optimisation is done by varying the dimensions of
the square upper patch (W,; = W) and by changing the thickness of the sceond layer {d,}

Figure 3.37 shows a contour plot of the predicted bandwidth (VEWR< 2) as a function of the
thickness of the second layer {vertical axis) and as a function of the dimension of the upper
patch (horizontal axis) The centre frequency is approximately 4.3 GHz. The maximum relative
bundwidth is approximately 73% and is obtaned for 4; = 4 53 mm and for W,y = W, = 187

mim.

MNote that the high-permittivity material with £, = 10 3 could be replaced by a GaAs substrate
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Figure 3.37 Contour plat of the predicted relative bandwidith (VSWR< 2} of a stacked multilayer

microstrip antenna, with 72, = 5062,

with 4 relalive permuttivity of ¢, — 13 and with a loss factor tan 4 = 0006 The use of GaAs
offers the opportunity 10 integrale the antenna with the transmrtler and recerver modules (YR
modules) if MMIC fabrication techniques are used This would result 1n a large reduction of the
total production costs of a phased-array microstnp antenna.

3.9.5 Dual-frequency/dual-polarisation microstrip antennas

Dual-frequency vperation of a microstrip antenna can be obtained with at least two conligurations.
The first configuration 14 a stacked microstrip antenna of which the dimensions of the lower and
upper palches are chosen such that the antenna is matched to 5082 in two different frequency
bands. Another way Lo obtun dual-frequency operation is shown n figure 3 38 In this case

43 (1mn)

Ant | frg =z (mam) | s, tan é W (mm) | W, (mm) | ¢y {mm)

14 2.36 23300012 232 14 65 25 J 5.25

Table 3.6 Dwmensions of dual-freguency, dual-polarisation, microstrip antenma 14 with o =

Q0633 mmand b = 2.1 mm.
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Figure 3.38: Dual-polarised microstrip antenna for dual-frequency operation

two coaxial cables ate connected (o a rectangular patch. This configuration can only be used if
one wants to obtain both dual-frequency operation as well as dual polarisation. As an cxample,
we will take a ¢loser look at the single-layer configuration of table 3.6, Figure 3.39 vhows the
calculated VSWR at port 1 and at port 2 of the antenna  The antenna is matched to 500 in a
frequency band of 2 6% around f = 4 GHz and in a frequency band of 7 2% around § = 6 GHz,
With this type of microstrip antenna a dual-frequency, circularly polarized 2 x 2 subarray can be
constructed Such subarrays are investigated in section 4.8.8,

39.6 Broadband EMC microstrip antennas

The bandwidth of microstrip antcnnas can be improved if clectrically thick substrates are used.
This was already shown in chapter 1, where the bandwidth of several microstrip antennas was
given as a function of the electrical thickness f2/).. A drawback of thick substrates 15 the fact
that the inductive part of the input impedance 1% usually very high, which means that a good
impedance match with the feeding coaxial cable can only be achleved if a compensating input
network is used. This input network increases the complexity and the overall costs of the antenna.
A solution for this problem could be the so-called electromagnctically coupled (EMC) microstrip
structure. The patch 15 now not physically connected to the coaxial cable. This configuration
15 shown in figure 3 2. The dimensions of the EMC microstrip antenna that we have designed
arc grven in table 37 The gap between the top of the coaxial probe and the patch is 0.25 mm,
In figure 3.40 the calculated and measured mput impedance of the EMC mcrostrip antenna s
shown. The calculations were done with 9 entire-domain basis functions on the patch and with
3 rooftop basis functions on the coaxial probe. The agreement between caleulated and measured
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ﬁnt hy = z| (rom)

24 {mm)

£,

tan &

Wi (mm)

(50 ifs ) (T0NITY)

13 6.61

6.326

2.33

0.0012

11.5

(4 6,0)

Table 3.7 Dimensions of an EMC microstrip antenna, with o = 0635 mm, b = 2.1 mm and

M‘r\r.l = W\_;I

data is quite good, The relative bandwidth s approximately 50% (VSWR-< 2). Simular resules

Figure 3 40 Measured and calcuiated input impedunce of the EMC antenna, 7, = 500,

have been reported in [42]. Thercfore, the EMC rnicrostrip antenna seems to be an intercsting
candidate for future broadband phased-array antennas. In chapter 4, the behaviour of the EMC

microstrp antenna in an areay environment will be investigated. The predicted and measured
far-field pattern in the E- and H-plane are plotted in figure 3 41, with f = 6 GHz The fuctuations

in the measured patterns are caused by constructive and destructive mterference of the diffracted

fields from the edges of the ground plane [76]. The EMC microstrip antenna 15 made on an

electrically thick substrate It is therefore expected that the antenna efficiency will be reduced duc

to the loss of power in surface waves, In [36] 1t was shown that about 22% of the total inpul power

iv lost 1n surface waves for the configuration of table 3.7, This cortesponds with an efficiency of

about 78%.
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Chapter 4

Finite arrays of microstrip antennas

4.1 Introduaction

In chapter | of this thesis several applications of microstrip antennas have been discussed. Table
1.1 shows the corresponding antenna requirernents of these applications. From this table 1t is
obvious that the gain requircment cannot be fulfilled if only a single microstnp element s used,
because the gain of one microstrip antenna is usually in the range between 5 and 9 dB  [n most
applications it will therefore become necessary to use more antenna elements, Le |, 1O USe an array
of mucrostrip antennas  The more elements used in an array, the higher the total antenna gain will
be. To dlusteate the principle of operation of an array antenna, the lincar phased-array antenna of
figure 4 1 with K elements will be investigated 1n more detaif, The array consists of K identical,

Antenna . jv_?“
clement
%"@ \\H-..\_
T -
—p —p
dy L o
hF & By ! By
laje ¥ \ lage ln, 4o '| Ja,d & ¥

| SUMMING NETWORK

ls

Figure 4.1 Linear phased-array antenna,

111
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otropie, radiating clements cqually spaced with a distance o, Note that in a ‘real” mucrostrip
phased-array antcnna, the clectromagnetie behaviour of the array elements will pot be dentical
{duc to mutual coupling) and they will also not have an isotropic radiation pattern. An incident
wave arrives at an angle iy The received signal at elernent & 14 then given by

s, — expoko(F — 1)d, sinflp], with &y = 29/ Ay, (4 1)

where the reecived signal at array element | s normalised to ¢ = 1. The received signals are
multiplied in the network layer with a so-called excitation vector [«] of which the elements are
given by

chy o= |ey | exp{—yup ). (4.2

The received signal after summation is now given by
¥’
Site) =Y fax| expliko(k — 1)d; sin 8] exp(—re:¢) {4 3)
ko
S{0y) is the so-called array factor. The array factor 1s 4 peniodic function of sin &, with a period
of Ay/ed.. The array factor S{#,) can be maximised if the phase shuft i, of cach clement equals

the phase of the reccived signal:
yi — hplk — D), sindh, (4.4)

[f not all the array elements have the same clectromagnetical propertics (due o mutual coupling
for example) the recaived signal will deteriorate The linear array of figure 4.1 can, of course, also
be used as a transmutting antenna The angle of maxunuim radiation is equal to @ 1f the elements
of the exentation veetor [a| have the phase given by (4 4) 10 the phase iy, 15 vaned, the main bearn
of the array will scan. The array factor §(8,) can have more maxima for —7/2 = 0y = 7/2, due
to the periodic nature of 5(8,) These additional maxima are called geating lobes. They oceur
whenever the argument of S(f} is a multiple of 2 "The larger the spacing between the array
elements, the amaller the separation between two grating lobes. Grating lohes are unwanted,
which implies that the element spacing has o be chosen such that grating lobes do not occur.

Grating lobes can be avoided if the following condition is satisfied

. 1
. /Ay - e (4.5)
VS L4 s |
wn which 05 15 the maximum angle to which the main beam of the antenna can be scanned
without cansing the appearance of a grating lobe
'| he theory of linear arrays can easily be extended to the cuse of a iwo-dunensionai planar phased
arraty. Figure 4.2 shows a planar array of radiating elements, along with the notation to be vsed.

The clements are placed on a reetangular grid  The distance hetween two array clements 1n the
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Figure 4.2: Planar K = L phased-array antenna, with k = 1,2, K elements in the x-direction
andl = 1,2, . L elements in the y-directionand with ) = (1 - DK + k

r and y-direction s d; and d,, respectively. When the main beam of the array 1s directed to a

certain angle (fy, ¢), the elements of the excitation vector [a] should have the form

a, = |a;| exp{ —gka{(k — Dy + (! — Do)}, (4.6)
with

4 =sinfyocosgy, v =smbpsng, 1=(0-1K+%k

Ofilen a so-called uniform amplitude taper 18 used to excie the array, which means that the
amplitudes of the input signals of the array elements are all the same, so |a;| = | for 3 =
1,2, K = L[8) Itis, of course, also possible to use different amplitudes for each array element,
in which case one speaks of an amplitude tapering or weighted illumination The sidelobe level
of an array can be lowered if a properly chosen amphitude taper 15 used. With an amplitude taper
not all the elements are fod with the same energy, which results in a loss of antenna gain. Some
fraquently used tapers are the cosine-squarcd weigthing, the tapered-Taylor weighting and the
Dolph-Chebyshev weighting [8]. A special form of tapering 15 space tapening In this method,
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every active array element is fed with [ull power (a;] = 1}, but now not all the array elements
are made actrve, some are made passive (dummy clements),

There are several ways to design microstrip phased-array antennas The first and commonly used
design procedure is 1o vie radiating elements which have been oplimised with one of the models
for isolated microstrip antennas By doing thus, mutual coupling effects between array elements
arc neglected. Mutual coupling deteriorates the (active) inpul impedance of cach elernent and
affects the radiation pattern and the polarisation charactenstics of the totul array. This beeomes
even more important 1f eleetrically thick, 1. broadband, microstrip antennas are used, because
it 15 expected that these thick elements will have a high mutoal coupling level. A better way Lo
design a microstrnp phased-array antenna 15 by uging a model that includes the mutial coupling
hetween array elements Two approaches can be distinguished  The first method 15 « very ngorous
finile-array approach or clement-by-clement approach and the sccond method 14 an infinite-array
approach [3, 4, 55, 57, 74]  Small arrays and elements near the edge of an atray can only be
properly analysed with a rigorous finite-array approach.

In this chapter, the model ot chapter 2 for the analysis of 1solated antennas 15 extended to the
case of a finite microstnp phased-array antenna with /7 x L elements  The array clements are
placed on a rectangular grid and can be lincarly or circularly polarised (sce section 4.6 The array
clements arc fed with coaxial cables. The thick-substrate model of section 3 2.3 15 used, which
means that the magnetic current distributions (3.3} in the coaxial apertures are used as sources
Finally, in section 4 @ another type of antennas s investigated, namely fintte arrays of monopoles
embedded in a grounded dielectric slab This type of array antenna can al<o be analysed with the

methods presented 1o this thesis,

4.2 Configuration

The geometry of a finite array of identical microstrip elements 1s shown tn figure 4.3, along with
the notation to he used Figure 4 4 shows a cross section of the configuration The array clements
are placed on a rectangular grid, and the array elements are uniformly spaced by distances «, 1n
the r-duection and d,, in the y-direction  The steucture consists of two dielectny layers backed
by a perfectly conducting infinite ground planc. Each array elément may have (wo rectangular
patches (stacked configuration), which are both located in layer 2, w0 & < 2 = 23 % hy The
geomelry of a single array element 13 the same as the configuration shown in Agure 3 1. So,
the r- and y-dimensions of the lower patches are denoted by W, and W, respectively, and
the w- and y-dimensions of the upper patches denoted by Wy and W2 The number of array
clements 1n the »- and the #-direction 15 A and L, respectively. [ is the array element mdex
with 3 — i/ — 1} » I + 4. The centres of both the lower and upper patch of antenna element |
{h =1 =1)are located at the coordinates (r, y) = (0,0). Bach array clement 1s {ed by a coaxal
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Figurc 4 3: Geometry of a finite microstrip array with K x L elements.
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Figure 4.4 Side view of the array configuration

cable placed at the coordnates (r,, ;) relative to the centre of each array element. In this way,
the far-field pattern will be linearly polarised. Circular polarisation is discussed in section 4.6.
The feeding coaxial cables are modelled sccording to the thick-substrate model of section 3.2.3

4.3 Method-of-moments formulation

The same method as discussed in section 3 3 will be vsed in this chapter to find a solution for the
unknown current distribution on each element of the finite microstrip array  Each array clement
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will be treated 1in the same way 5o, on every array element the same nwmber of basis functions
will be used 0 approximale the current distribution, The magnetic current distnibutions in the
coaxial apertures act as sources, which corresponds (o the thick-substrate model presented in
section 3 2.3 The thin-substrate model can, of course, also be used to descnibe the feeding
coaxial cables. More detals about the implementation of the thin-substrate model o the case
of a microstnp array can be found n references [3, 68]. The boundary conditions on all the
patches and on all the coaxial probes are now used to oblain a system of integral equations for
the unknown currents on each array element. These integral cquations can be trans{formed 1nio o
set of linear equations by applying the method of moments The only difference with the 1selated
mmerostrtp-antenna problermn of chapler 3 is the number of unknowns We will again start with the
boundary condition that on cach pateh and on cach coaxial probe the total tangential electne field
has to he zero

Fox (ET + ETY =0 TSy, 4.7)
where the surlace So denotes the surface of the patches and the prohes and where £ *{7) is the
excitation field which 12 generated hy the magnetic current distrthution at the coaxial aperlures
The vector 7, i the unit normal vector on the surface 5. The term £ 1) represents the scattered
field that results from the nduced currents on all the patches and probes of the array  Similar
lo the case of an isolated microstrip anterna, the unknown currents oa each array element are

expanded into a sel of basis functions. The unknown current distribution on the array is then

given by
, fwl Ponde 14 N+ NNy -
Jlivy 2y = Tl )= z z Y BT
1= =1 =]
oL . N+l - \
-5 {ITLT,"(r,rf P S S N CIES (4 B}
=1 n=21
R TR N ‘
+ Z -{m N 1':;(5"!': i ,3,,)
B N, 52
with
B .N;+2_J ;IV.;+]+‘N‘|,

nonoe N 4+ 1+ N,

where basis {unction 7 represents the allachment mode on array element .'Tﬂ 15 i basls

oy

function on the feeding coaxial probe of array clement » and J,, represents one of the hasis
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functions on the lower patch or on the upper patch of array element ¢ On ¢ach array element we
will use | attachment mode, N, basis functions on the coaxial probe, N, basis functions on the
lower patch, and N, basis functions on the upper patch. The total number of basis functions is
Nowar = K o L ox (1 + N, + N; + N;) Possible types of basis functions that can be used have
already been discussed 1n section 34 With the procedure described in section 3 3 we finally
obtain a set of linear equations of the form

(Z1[4] + [v][vr] = 0], {4.9)

in which the elemenis of the matnicas {Z] and [V*°] are grven by
Z i =47 / EM(T %, J;,",(.L g, 71 dS,
w47 Fozr, F o . .10
V_,wnz = Tr t“; (l!yﬂ?) " \7}1-,1(7?,3/,3) a5
Vz Hpm

= —4=? f/f”“ "H_';‘m(.r, w0 A (o, 0) drdy,

where 5 ., denotes the surface on which basis lunction m on array element 7 15 nonzero and where
_/\:t,,.w (x, .0} 1s the magnetic current distribution in the coaxial aperture of array clement s,
given by cxpression (3.3), £2 (1. y, ) 18 the electnc field due to the n-th current basis function
on array element ¢ and Hw( 7.y, 0) 18 the magnetic field caused by the m-th basis function on
antenna element 3 The symmetric matnix [Z] containg Mo, % Mg elements, [J] is a vector
with the N,.., unknown mode coefficients, [V*%] is 2 N % (A % L) matrx and [V*] is the
K » L-element vector of port veltages The general structure of the method-of-moments matrices
[£] and [V*7| 15 sirodlar to that of (3.17) and ¢3.18):

|:Zcm] |2'n._," “an"

8= [z] (2] 127 |- 411

[Zr) {ZF] (2]

and
[sz u]
{V“-] = [V'f'.r _]'] . (4]2)

[Verr]



118 i Finite arrays of microstrip antennas

where the superscript o denotes an attachment mode, f a basis funciion on one of the coaxial
probes, and p a basis function on one of the patches The elements of [L’j and F[Il“ ] can again be
expressed in terms of the spectral-domain dyadic Green's (unclions C,.),, and C\}‘, of chapter 2 We
finally obtain the following expressions for the elements of [Z] (extenstons of expressions (3 19)
and (3.20))

A = 45° f/ EMNr ) ._7;“(;1 i, 2 ds

S‘:

R 1

= / / / /{ (B hyo 2 2) J:‘(A:;,-nszg,)] dan l"ff"(é‘;,\ﬁ.:..,h hdzeld i
e oex )
wro oo BT
= [ / /‘/‘{(\-)v“‘ "':~r~\lj j(‘(;‘h-n -‘-u)} 2y
rr: w4
TEh o z)dze ™ b e Sl i
E’f,i v / / / / [CEL (ke ‘i""*w oy z‘”‘) . ]-'I.;(.‘:E"'.Tw k‘»,-» zt'l)J i)
e ) ;:i

J,,,l(l\t, e 2ddze T e Sk
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m o ¥R

2l = | ] ] sz Tt b den
o O (4 13]
. lm( ok Pz R S ik
oo T o
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with

ifO< 2= fy,

=1,

=2, Ifhy €22 ks,

and the clements of the matrix [V**] can be rewritten Lo the following form:

V\Efﬂ = _// fcél kukmOWD) Ju(}"“" Jl"'“)dz” ’ M;nuz(kmky)dkwdku
= = = r _H.‘ l ~
=-/] fcp, (ko by 0, 20) - T2(kie, Ry 20)d020
Smo oo K
! M}T!“ 1 L‘kﬂh k‘%ﬁ)e.!kc SzJ: F"Iky S“‘dk#dkih
[ =T -] "5;
m::{ = - C?‘[U(,k::;&kwowzo) -ﬂ:n(kmvkyvzo)dz[] (4I14)
1L
M,y (B ey et Ses gheSuni g,
Frall [Zrs By ¥
oo oo
vt = [ ] R0 Tt b

M7 e ke S Fan gl ok,

where f“ (ks by, 7)Y is the Fourier transform of the attachment mode on antenna element 1,
f;fn(k y+ £ 14 the Fourier transform of the n-th basis function on the probe of antenna clement
Jlm(km k. Z ) 18 the Fourter transform of 2 basis function on one of the patches of antenna
element |, and 1\2]”;; 1{ k. k) 18 the Fourter transform of the magnetic current distribotion in the
coaxtal aperture of antenna element 1, given by (322) 5, ,, and 5,,, are the distances in the z-
and the y-direction between the centres of antennz element 5 and antenna element 7, respectively
The integrations over = and z; in (4.13) and (4.14) can be carned out ana.lylically It can also be
shown that the two-dimensional integral over &, and k, n Z;7, ij,”, o m o VT and VS 1f can
be reduced to a single, one-dimensional integral. The detaled expressions for the elements of the
matrix [Z] and of the matrix [V**] are given in appendix A and appendix B, respectively. The

computational and numerical details are discussed m scotion 4 7
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Figawre 4.5 K x L-port network.

4.4 Port admittance matrix and scattering matrix

One of the advantages of u rigorous fimite-array approach is the fact that the complete port
and the port scattering matrix [5
method-of-moments matrices [ 2] and [V*7] have been determined. This means that the array 1

are known once the clements of the

admattance matrix [¥%)

characlerised for all scan angles If, on the other hand, an infinite-array approach s used [3, 57],
the method-of-moments procedure has to be carried out for cach possible scan angle. gure 4 5
shows the hmte & = L-element array represented by a A » L-porl microwave noetwork. The
theory presented in this section 14 an extension of the theory of section 3 6 The relation between
the port currents [14] and port voltages [V?] is defined by

) =

Y[V (4.15)

The relation between port current [7 and port voltage V¥ can also be charactersed by [32, p. 393]

{-ee section 3.6)

By 5 A : '
= vt ..[/fmi M 43, (416)

in which H is the total magretic field and A47, ;s the complex comugate of the magnetic
current distribution m the coaxial aperture of array element & £, 1» the total complex power
supplicd by source 3. Mote that H is the magnetic field due to the currents on all the patches and

probes of the armay. We can (herefore write the magnetic ficld A m teros of the N, unknown
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mode coefficients [1]:

- Rul . Iy N -
H(.C, ¥, Z) = Z {IJIH?(T, Y, Z) + Z IJvrerrit(wwy‘\ Z)

i=1 mal (4]7)
T+Nz+ N+ My -
+ ¥ LeHa(zy.z);.
meN+2

1 which ﬂg‘. 'Rfﬂ, and ’Ft'fm arc the magnetic fields due to the attachment mode, an expansion
function on the coaxiat probe, and 2 mode on one of the patches of array element 7, respectively
Substitution of (4.17) in (4 16} gives the relation

‘ Lo enrr L : o
Pl = — (VT = — — [V T [ 2T vee| (VP (4.18)
171 = VI = - e VP 27 v v,
where matrix equation (4.9) was used. The port admuttance matrix can now be calculated from
- l ; !
B = e [1ET I 7 -1 Ve 4]
¥ = = gV (2 V] @19

Note that expression (4.19) has the same form as (3.49) when the number of array clements 15
equal to | The scattering mattix [5] can be calculated by means of the well-known relation [2]

[S] = {¥ell] = [¥PH{W{U] + 7]}, (4 20)

where [{7] 15 the umity matnx and where ¥; is the characteristic admittance of the coaxial cables.
Usually Yy = 1/Z; = 1750 {Q~"). Another umportant parameter of a phased-array antenna is
the so-called active reflection coefficient The active reflection coefficient R, is defined as the
reflection cocfficient al the terminals of array element @ when the main beam of the array is
scanncd at 4 certain scan angle {8y, #g). The active reflection coefficient can be written in terms
of the clements of the scattering matnix [5] and the elements of the excitation vector |a] (sce (4.6))
ag

I d,

(B0, o) = Z Siya; (421

The active reflection coefficient 2, will be different for each array element 1n a finite array,
because the array elements are not affected by mutual coupling 1n the same way.

4.5 Radiation characteristics

The far-field pattern of an array of microstrip antennas can be caleulated with the same method as
discussed 1n section 3.7 for isolated microstrip antennas. The only difference with the situation
of section 3.7 is that we now have to sum all the contributions to the total far-field pattern of the
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currents on the i = L array elements. The man beam of the array can be scanned al a certain
dircction {#a, #0) by adjusting the amplitude and phase of the input signals. The {ar-field pattern
of an array can according to formula (3.64) be written 10 terms of the spectral-domain electric
field at the surface z — hy, with by, = Kpsinfcos ¢ and &, = Kosm# sing, as

. koo - ey ‘ . -
(f(’_‘) = ‘?';HTf”k”h’“’"ﬁrr. w [E”‘u kw fiz) w (;-z] ’ (4 22)

i which £ (kz, &y, D2) 15 the spectral-domain electric ficld at the mterface between region 2 and
region 3, due to the currends on all the K x L array elements, so

Row i

%, .
E(ki'z,kfy,]?.gl) = Z I /C?Z (o by, hizyzo) TP (R, Ky, w)dig
n

a=1

Nt ] % on 4 .

+ [_;-m [Qz ”\ua k;,,; sz: Z()) : ].yj;-r;(-j':jra ;‘-"':p E.:.);‘fz“ (4 23)
in=2 a
I+ N+ N+ Ny )

I Z I,‘n'tc'gz‘(kmj‘:y: hZa zm) " “j_?m(#ra-l--y:zm) :

=Nt 2
with
B, U N +2<ms N+ 14N,

o mos N+ L+ N

The integrations over zp in (4 23) can be carned out analytically (in the same way as done in
appendix A). The maode coefficients of the basiy functions, Le. the vector |7, can be determmned
from the matnx equation (4.9), in which the input port voltage vector [V#] 15 grven by

VP = {1U] + |51}, (4 24)

where |U] 15 again the unity matrix - The elements of the excitation vector |«] are given by (4.6)
and depend on the required scan angle (0g, ¢). The gain of an array, when the main beam 1+
directed to the angle (0o, @), can be calculated with formula (3 70) 1n whrch the electric field js
given by expresston (4.22) The gain of an array can be approximated with the [ommula

Go— 10logo( KX % L)+ 6, (dB), (4 25)

in which (7, is the gain of a single array element. The above approximation is cxact it all array
elements are identical and if there s no mutual coupling between the array clements
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4,6 Circular polarisation

Many practical antenna applications require circularly polarised antennas. In mobile satellite
communications, for example, a convenient way to maintain communication between the mobile
user and the satellite under all circumstances is 10 use circularly polarised receive and transmit
antennas, In radar applications, ¢ircular polansation 15 often used during periods of rain. The
electric field of a circularly polarised field can be divided into two components, ie. a Right-
Hand-Circularly (RHC) polanised wave and a Left-Hand-Circularly (LHC) polansed wave. So,
the total electnie ficld is divided into the following two components

£ = E4iy + £, = £8, + Erir, (4.26)
in which the unit veclors & and ¢p are defined as

1, ‘
= —= (&g + 28),
L \/2( 5+ 1E)

(4.27)
g ! (& &)
o= —={p — )840,
F \/5 0~ g,
and where the LHC- and RHC-comnponents c‘:r and &, . respectively, are grven by
£ l (Eo — £}
L= =l — Jegl
V2 (4.28)

[
Ep = —={Ey +3F,
n ﬁ(e 1)

If one of these two components vanishes, the far field will be perfecily circularty polarised,
Practical antenna systems, however, will always transmit ot receive power from the unwanted
component Therefore, a quantity called axial ratio (AR) is introduced to desenibe the polarisation
mismatch of the far field. The axial ratio js defined by

AR = L{‘HI'—M (4.29)
el = |€x] ”

Soif AR = 1 (=0dB), the fields are perfectly circularly polansed. A circularly polarised far-field
pattern can be created with one of the two microstrip configurations shown in figure 4.6. The most
common method to create a circularly polarised field with square picrostrip patches is shown in
figure 4 64, where two coaxial cables are connected to the microstrip antenna, The input signals
have a relative phase difference of 90" If such an element 15 placed in an array of which the beam
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15 stanned to an angle (Fy, ¢o), the excitation vector |} should have the following form

exp{—gko[(k — Uidyor 4 (I - 1)d,u)}, =1,
ay. = |ay] (4.30)

Ddeu+ ({ = BDdypol + 55}, ife — 2,

exp{ — k| (k

with 4 = sin#ycos ey and v = sinfpsingy The second configuration of ligurc 461522 = 2
subarray of which the elements and the phases of the input signals are sequentially rotated [37].
Each clement of the subamay is fed with only ons coaxial cable, with onentation and phasing
according to figure 4.6b The distance between the elements 1n both the r and 3 dweetton is o,
When such a subarray is placed in an array conliguration with scan angle (8, ¢y, the excitation
vector (] shoutd have the form

e —  fay | eap] — ok — D2 + (0 — 1)2d,0)}

1, e=1
expl  thoidt b ,;;E), ifw =12, (431
. 2
b
3
expl — phod v + ]TF), if 2 =3,
cxp(— jhaldy s + dpv] + 1), if e =4,

where the + and y-coordinates of subarray ; are (b — 1)2d, and (! — 1)2d,, respectively A
combination of the two techmques of figure 4 6 is also possible. This conliguration is shown 1n
figure 4.7, Due to the symumetry of this vonliguration, the influcnee of mutual coupling (between
the exght nput ports) on the polarisation charactenstics for 8 — 09 iy climinated, resulting in a 0

dB axial ratio for 4, = 0°

4.7 Computational and numerical details

The cxpressions for the elements of the method-ofsmoments matrix 2] and matrex (V7] are given
in appendix A and appendix B, respectively. They have a simnilar form as the expressions for
[Z] and [V**] in the case of an 1solated microstrip element. S0 most of the numencal technigues
presented in section 3.8 can also be applicd here. The only difference is an extra function in the

integrand, which depends on the distances in the - and the y-direction, 1 ¢. &%, ,, and &, ;.. belween
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Figurc 4.6: Circularly polarised microstrip configurations
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Frgure 4.7 Sequentially rotated subarray with two coaxial cables for each array ¢lement.
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array element 7 and array element 2 As an example, let us take a closer look at an clement of the
is given by

submatnix [2°2|, According to (A.2), an element of [Z*]

LR

7o = [ 5 Il kol Ry (4.32)
Y
in which R, = /5%, + 52 15 the distance between the centre of array element ; and the centre

of array element ¢ and where f**((f) is the F-integrand in the case of an wolated ucrosteip
antenna { R, = 0}, Four important observations can be made from expression (4.32)

i Numerical problems due to surface waves and other singolarities 1o f*9(7) can be ehminated

with the analytical techmques presented 1n section 3 8 2,

ii An clement £ depends only on the absolute distance between array clement j and array
element 2. This implies that the submatrix [£97] has a Toeplitz structure. This saves a lot of
computation tune, because only the elements of the first row of [£%*] need 10 be calculated.

iii Computation lime can be saved if all elements of the matnix | 2% are calculated simultanecusly,
beeause the function 44(/4) then needs 10 be evaluated only once

iv As the distance #,, between the array elements becomes Targer, u will take more computation
time to calculate the integral over 7 10 {4.32) by direct nomerical integration, because the
number of oscullations for a certain /# interval (0, %y, ) in the Bessel function Jo(bai R,
incroases with increasing 7., A convenient way to avold numerical difficolties for Jarge
values of Ry, s by using the asymptotic-form extraction technique, introduced 11 section
383

'The above ohservations are also vahid for the other elements of the matrix [Z] and also for the
elements of [V Item iv) leads to the conclusion that an cfficient and accurate analysis of finte
microsinp arrays 13 only possible if the asymptotic-form extraction techngue 15 vsed to calculate
the iptcgrals with infinite boundanes  This technique is now even more 1mportant than it was
for the isolated microstrip antenna case. Similar o (3 90%, an element of [7Z] 1« wnitten in the

following form

Zywns = [ Gr (D5

1
= [ Lol - Gy () f”+f e (B33 (4.33)
il fi

= (:z_;:‘n:m = Zﬂnmm) + Z_wrl iy
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in which Z '\ vsen 18 the extracted asymptotic part with

FT 3T H)dﬁ

_Jm n

C&\a

We have found a way (o evalvate the exiracted part analytically for each of the elements of the
and [V*¥]. To that cnd, we have used similar analytical techniques as presented

matrices | 7]
in section 3.8.3. The remaining integral in (4 33) can be evalvated numerically with a standard
integration rouline for complex functions. More detarls about the asymptotic-form extraction
technique for fimite microstrip arrays can be found in references [68, 71]

The electromagnetical coupling between two array elements decreases rapidly as the distance
between hoth array clements inereases This phenomenon can be used to speed up the numerical
calenlations when the direct coupling belween array elements which are located far away from
each other is neglected. In this way the method-of-moments matrices [Z] and [V*®] become
sparse matrices. Three sets of parameters will be distinguished:

e (I, 1) All interactions in the matrix [V'**] between modes and sources for which the
distance in the r- and the y-direction is larger than &, » J, and [, = d,,, respectively, are
zero. Thrs affects [Vo72), [V /] and [Ve=7].

» ({4 i) All interactions in the matrix [Z] with a mode on one of the probes or an
attachment maode for which the distance in the - and the y-direction is larger than k{9 x d,
and [{** x d,,, respectively, are made zero. This affects the submatrices [Z°¢], [Z7°], [Z27],
(254, |2, (2], {Z7%) and [217]).

= (k2 1) All mteractions in the matrix [Z] with & mode on one of the patches for which the
distance in the - and the y-direction is larger than k¥ x de-and ¥ x d,;, respectively, are
made zero. This only affccts the submatrix [£77)

The above technique was tested for an L-band, single-layer, 7 = 7 microstnp array antenna, The
element spacing is approximately 0 5A;,. The dimenstons ol the array are given in table 4 1.
Figures 4.8, 4.9 and 4 10 show the caleulated mutual coupling cocfficient |5);| between the centre
element of the array (j = 25) and array elements : = 24,1 = 18 and » = | when onc of the three
sets of parameters is varied, while the other parameters are all equalto 7. From these three figures
1t is ¢lear that a considerable amount of CPU time can be saved if not all the direct interactions
between the basis functions are calculated. In most cases it will suffice to use {&,,4,) = (1,1},
(R{+* i{+*) = (1,1) and (k2,[¥) = (4,4) to calculate the mutual coupling between the centre
element and the other elements of a 7 » 7 array If one is only interested in the coupling between
adjacent array elements, even (k1) = (1, 1), (&f'°,if*2) = (1,1) and (k¥,77) = (2,2) can
be used This method therefore results in a large reduction of the required computation time.



128 Finite arrays of microstrip antennas

Array | bz = & (mm) | =, tan & Wy () | (0., 5. (mm) |« {mrm)

1 10 1.07 | (L0008 973 (26,09 1153

Table 4 | Dimensions of microstriparray 1, with W, = W, d: =d,, a=15mmand b =

R

[503 1} (dB}
0 = I5(25 243 +)8(25 1B} #1825 14 7
Dt = eeemnm .
=20
: ; ; ) )
+ } } } }
BEtH
-40) 3 Y ¥ T T
t 2 3 4 E P .

Figure 4.8 Calenlated Szs, for various (k1) values, [ = 13 Gl

In this way large arrays can be analysed while the overall computation time remains relatively
short. Il onc considers the above example with (kL) — (1, 1), (B{'7 (VY — (1 1) und
(A7) = (4,4), the total number of elements of [7] and [V**] that have to be calculated 15
reduced from approximately 49(2 + 2N, + NI 4 2(N) + Npj 4+ NN, + No) + (N 4 Ny
(02 + 2N, + N2+ 20N, + N2 + NN+ Na) + 16(N) + Ny)2. With &, = 3, N, = 5 and
Nz = 0, this corresponds to a redoction of the total number of non-zera elements in 127 and [V°7
by a lactor of 32837442 = 7 5 The CPU ume needed o calculats the elements of |77 and {174],
for a 7 » 7 array with the confliguration of table 4 [, tukes about 3 menutes and 30 seconds for a

single frequency point on a 486PC computer,

Ongce the elements of |Z] and [V*#] are known, the admittance matrix and the scatlernng matnx
can be determined from (4.19). The inverse of the complex symmetric matnx [} 1+ caleulated
with a routine from the LINPACK library [21] When small or medium-«ized array < are analysed,
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Figure 4.9: Calculated Sys, for various (kI *¢ 11+%) values, f = 1 3 GHz.
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Figure 4.10 Calculated Sys, for various (B0, 1F) values, f = 1.3 Gl

the CPU time required to calculate the elements of [Z] and [V/%*] will be much longer than the
CPU time required for the mversion of [Z]. However, il a large number of array elements is
used, the mversion of | Z] could require more attention. In that case an iterative method, such as
the conjugate gradient method [34], can be employed for the solution of the method-of-moments
matrix equation  Mutuwal coupling 1 very large microstrip arrays can be analysed by truncating
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the number of array elements which are used m the analysis  In this way, mutual coupling
between array elements which are located relatively close 1o each other can be calculated with a
redsonable accuracy  In most practical array configurations this will be no real humnitation, because
of the very low mutuzl coupling between elements which are located far away from each other.
Another way to handle very large microstrip arrays 15 the infintte-array approach |4, 55, 57, 74]
It should be noted, however, that the behaviour of array clements near the edges of o very lurge
array cannot be handled with an infinite-array approach  Therefore, the best way o design a
very large microstrip array antenna is probably a combination of the finite-arruy approach and the
infinite-array approach {3]
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4.8 Results

In this section some microstrip array designs, obtained with the finite-array model, will be
prescnted In addition, the accuracy of the medel 15 checked by comparing the calculated results
with experimental data Note that our finite-array approach and the corresponding software
have also been verificd in [3]. In [3] the caleulated results from an infinite-array approach were
compared with the results from our fintte-array approach.

4.8.1 Introduction

When an 15olated microstnp element is placed 1n an array environment, its electromagnetical
hehaviour 15 influenced by the presence of the other microstrip elements. The element distance in
an array is usually somewhere between 0 35 and 0.94;, depending an the maximum scan angte.
So, the array elements are located closc to each other in terms of the wavelength. In section 3.9
the bandwidth of several microstrip configurations was investigated. It was shown that isolated
microstrp antennas with a large bandwidth can be constructed, An important question is now:
how much will the bandwidth of such a mucrostrip antenna change if this antenna is placed in
an array”? Futthermore, cach array element will have, in general, a different environment, which
implies that cach array element will behave differently. In this section our attention will be
focused at the following three array characteristics:

* the mutual coupling 5); between the array elements,
s the active reflection cocfficient R, (o, ¢o) of cach array element,
» the radiation pattern of the array.

Mutual coupling causes the reflection coefficient of an element to differ from its jsolated-element
value, and (o depend on the phasing of the array and on the location of the vlement in the array.
Furthermore, the radiation pattern and the polansation characteristics deteriorate because of the
mutual coupling between the array clements  The bandwidth ol an arvay could be defined as
the frequency band for which the active reflection coefficient R, (8, i) is smaller than a certain
value 3,0, for a specified scan volume 0 < 8 < @, and 0 < @y = guge. Throughout this
thesis a value of |F....| = 17315 used, which corresponds to a VEWR £ 2.

The orgamsation of this section is as follows. In section 4.8.2 three single-layer microstrip arrays
will be investrgated and the numernical results will be compared with cxpeniments. MNext, in
section 4.8.3 stacked microstrip arrays are discussed. The broadband multilayer structure with
a lgh-permuttivity substrate, presented mn section 3.9.4, will be investigated in section 4.8.4.
In section 4.8 5 arrays of broadband EMC microstrip antennas are analyscd and the results arc
compared with experimental data. In section 4 8.6 the far-field pattern of finite miGrostrip arrays
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15 investigated. Microstnp antennas and areays with o cireularly polansed far-field pattern arc
discossed 1n section 4 8.7 Fipafly, in section 4.8.8, a new type of dual-frequency subarrays with
a circularly polarised far field is presented.

[t should be noted thae all mutal-coupling measurements were performed in ap anechoic chamber,
while the measurements were made with a Hewlett Packard HPRS 108 network analyser. In this
way the cffect of reflections against objects in the environment i minimised While measuning
the mutual coupling between (wo array clements, all the other array elemenls were terminated
with 502 Ioads.

e Hﬂlw&qﬁﬂ'dvm - — [ e
i r“‘:_

Figure 4 11- Photograph of the 7 = 7 test array

4.8.2 Single-layer microstrip arrays

The first microstrtp array that will be investigated 15 1 hnearly polansed, L-band, 7 = 7 array
made on i foam substrate withe, — | 07 Toam-based microstop arrays are easy (o manufacture,

mexpensive and have a light weight. The dimensions of the 7 » 7 microstrip array which was
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designed and construcied were given in table 4.1, The distance between the centres of the array

1823, (1R

W Mepsered W Cnloulated

—
g’ T
-40
50 T T T T T — ¢ T
15 16 17 s 19 w20 23 a1 14

Artay vlensent number j

Figute 4 12: Measured and calculated coupling coefficients berween the centre element () = 25)
and the elements of the [ = dandl = 3rowof Tx Tarray I with ) = (I - DK + kand f = 1.3
GHz.

elements is in both directions approximately /2 Due to the Jow relative permuttivity of foam,
the length and width of the patches are also approximalely equal to Ag/2. The spacing between
the edges of two adjacent patches 15 therefore very small, which results in a high mutual-coupling
level. Figure 4.11 shows a photograph of the 7 = 7 test array  The overall size of the array
is Im = Im. Figure 4 12 shows the predicted and measured mutual-coupling coefficicnts at
f = 13 GHz, between the centre element (# = [ = 4,7 = 25) and the elements along the

the predicted resonant frequency 15 f = 1 35 GHz. The calculations were performed with 3
entire-domain sinusoidal basis functions on each pateh and 2 subdomain rooftop hasis functions
on each coaxial probe. So the total number of basis functiony on cach array element is equal
o & The agreement between the measured and the calculated coupling cocfficients is fairly
good. The disagreement is probably due to the finite size of the ground plane and due to the
mismatch 1 resonant frequency (caused by materizl tolerances). Furthermore, the inaccuracy
of the permittivity and the inaccuracy of the patch dimensions could be a potential source of
errors Figure 4,12 also shows that the coupling between two adjacent array elements, which are
located in the same row, is very high. For example Sisz4 % —9dB This implies that the active
reflection coefficient of each array element will also be very high. We may therefore conclude
that nucrostrip antennas made on a single foam layer are not a good choice for constructing a
microstrp phased-array antenna with an element spacing equal or almost equal to Ap/2. Another
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Array | By (mmy o b = zp{mm) | e | s | Wo(mm) | e ) (mm) | d, (mm
2 635 6.85 103 | 217 3 (HLm 60

Table 4 2 Dimensions of linear micrastrip array 2, with W, = W, 0 = 0635 mmand b = 2 1

M.
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Array elemerr rumber

Figure 4,13 Measured and calculated coupling coefficients between element () — 8) and the
other elementy of linear arvay 2 with f — 3 3 GH?

microstrip array fabricated on a {oam substrate s presented in [51] This linear array consists of
8 single-layer microsirip elements (/0 = 8 L = 1}, The % patches are mounted on a thin top
Layer with e, — 2 17 and wath s = 0 5 mm. The other dimensions are given n table 4 2. Figure
4.13 shows a plot of the caleulated and measured coupling coefficient between the Jast element
{, = 8) and the other 7 elements of the lincar array  The frequency 15 f — 33 GHz  Again §
basis functtons on each array element were used The agreement between the calculations and
measurements is excellent The mutval coupling 15 lower than the mutual coupling m arcay |
(figure 4 12), because a larger clement spacing is used, namely o, 7= 0 664,

Neat, a single-layer mucrostrip aray on o Durod 5870 substrate with =, — 2 33 was designed.
The thickness of the substrate 1s 17 = 2 mm and the centre design fregquency is f - 591 Gz So,
wccording o figure 3,29 of section 3.9.2, the relative bandwidth of an isolated microstnp antenna

on this substrate with h, /A = 0.035 would be approximately 4 3% The other array dimensions
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Array | ha = z; (mm) | 2. tand | Wiy (mmn) | (24, 4,) {mm) | dy (mm)

3 2 233 | 00012 17 (35,0 28.3

Table 4 3: Dimensions of microstrip array 3, with Wy, = W, d, = dy, 2 = 0.635 mm and
b=21mm

are specified in table 4 3. The element spacing 1s approximately d, = d, = 0.5A,. The maximum
scan angle in the E- and H-plane 15 therefore 0797 = aresin{Ap/d; — 1) = 90° In figure 4.14
the input impedance of the centre element 1% shown for various array sizes, when the main beam
of the array ts directed at broadside (6, = ¢, = 0") The dependence of the mput impedance
on the number of array elements shows the influence of mutual coupling, Another interesting
observation from figure 4.14 is that the input impedance of the centre element converges to a
certain value as the pumber of array elements increases. This agrees with the results obtamned 1n
[3]. where finite arrays were compared with mfinile arrays of microstrip antennas — In figures
4,15 and 4.16 the coupling coefficients between the centre element (k =1 = 4,7 = 25) and the
other elements in a 7 = 7 array are plotted for f = 5.4 GHz Figures 4.17, 4.18 and 4.19 show the
corresponding active reflection voefficient of the centre element versus scan angle &, for varous
frequencies, for the ¢y = 0° plane, the g9 = 43° plane and the ¢y = 90” plane At this pomnt, it
is interesting to take a closer look at the bandwidth of the array. To that end, the active reflection
coefficient of the centre element in a 7 ® 7 array is mvestigated in three planes, namely in the
g = O plane, the ¢y = 45" plane and the ¢ = 90" plane. The relative bandwidth (BW) with
|25 < 173, is now:

o BW=6 3%, if ¢ = 0 and maximum scan angle 6 = 0°,

» BW=37%, if ¢, = O and maximum scan anglc ¢, = 30°,
« BW=32%, if ¢y = 0" and maximutn scan angle ¢, = 60,
» BW=5 6%, 1f ¢ = 45° and maximum scan angle 8, = 300,
» BW=3%, if ¢y = 45" and maximum scan angle 8, = 60°,

e BW=5 7%, f ¢y = 90° and maximum scan angle f, = 30°%

» BW=0%, if ¢, = 90° and maximum scan angle 0, = 60°.
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Figure 4 14: Centre-element input impedance for varions array stzes for the configuration
array 3. with by = b = 0
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As expecied, the bandwidth decreases with increasing sean angle Furthermore, the bandwideh at
broadside (8 — 0™ 15 larger than the handwidth of a single element. Thix is a positive effect of
the mutual coupling.
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Figure 4.15: Mutual coupling in a7 » 7 single-luyer array with dimensions of array3and f = 5.4
GHr

Figure 4.16: Three-dimensional representation of mutual coupling (|5ys,| in dB) ina 7 = 7
eingle-fayer array with dimensions of array 3and f = 54 GHz
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Figure 4.17: Centre-element active reflection coefficienr in a 7 % 7 smgle-layer arvay with

dirensiomy of array 3 and = O¥ (E-plune).
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Vigure 4.18: Centre-element active reflection coefficient in a7 % 7 wngle-layer arvay with

dimensions of urray 3 and ¢ = 45" (D-plang).
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Figure 4.1 Centre-element active reflection coefficient in o 7 = 7 single-layer array with
dimensions af array 3 and ¢ = W (H-plane ).
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4.8.3 Stacked microstrip arrays

A stacked microstnp antenna has two resonances, that can be vsed to obtan a larger bandwidth
ot to obtun dual-frequency operation. In this section a finite array of stacked microstnip antennas
with u relative Jarge bandwidth will be investigated. The antenna design of section 3 9.3 with a
bandwidth of 139 on Durold 6002 substrale with £, = 2 94 is used as a starting poant - Fhe array
dimensions are given n table 4 4. Figure 4 20 shows the calenlated coupling cocfficient berween

Array | 2] (mm) | fe — 35 (mm) | £, tan & W {rmm)

Wy (mm) | 2, (nem) | of, tmm)

4 304 608 l 294100012 25.3 ‘ 2

Tuble 4.4 Dimensions of microstrip arvay 4 weth W — W, W =

n=00633mmandb — 2 1 mm

the centre element and the other clements in a 7 x 7 array configuration  I'he H-plane coupling
(column & = 4) seems to be much stronger than the E-plane coupling (row | = 4) for thy stacked
configuration. Tn figures 4.21, 4.22 and 4.23 the corresponding active reflection cocliicient o the
three principal planes of the centre element 1 a 7 x 7 array 15 plotted for vanous frequencies
The relative bandwidth of the centre element is 1n the three principal planes with | z¢] = 173

¢ BW=12.4%, it ¢ = 0" and maximum scan angle 0, = 0",

*» BW=12.4%, if g5 — 0" and maximum scan angle fy = 309,
¢ BW=3 7%, 11 ¢, — (" and maxunumn scan angle #, = 60,

* BW=12 4%, if p, = 43” and maximum scan angle &, = 30,
¢ BW=11.6%, if ¢y = 45" und maximum scan angle &y = 60",
¢ BW=1] 5%, of ¢y, = 90" and maximum scan angle 8, — 307,

¢ BW=0%, 1f b, = 90° and maximum scan angle ¢, — 60
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Figure 4 20 Mutual coupling in the 7 x 7 stacked microstrip array 4 with f = 3.1 GHz.
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Figure 4.21: Centre-element active reflection coefficient in the 7 % 7 stacked rucrosinp array 4
with p = (¥ (E-plane).
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4.8.4 Moultilayer microstrip arrays

In section 3.9 4 a two-layer microstrip antenna with a high-permattivity substrate was investigated.
It was shown that with such microstrip antennas bandwidths vp to 25% could easily be obtained.
Figure 4 24 shows the top view of a linearly polarised array of K » L multilaver microstrip
clements, which are fed on their diagonal with a coaxial cable. The onentation of the array
clements 13 somewhat different than in a conventional microstrip array, due to the location of the
[eed point A 7 x 7 array with centre frequency f = 4 1 GHz was investigated Table 4.5 shows

}ﬂ«

k=] =L k= jmL k:; =L k=K =1

SO

h=1.1=2 [CYACTA km} a2 k=K 1=2

dy

&

k=l Im] b=l =] ka? Izl k= I=1
—p

d

A

Fagure 4.24: Geometry of a fimite array of multilayer stacked microstrip antennas, with k —
L2, WK, =12 . Land;={-1)x K+4k

the dimensions of this array  The calculated coupling coctficients between the centre element and
theelements of the { == 1,{ = 2,] = 3and ! = 4 row are plotted in figure 4.25, with f = 4 1 GHa.
The maximum coupling cocfficient 1s &35 13 = —17 7 dB. This maximum mutal-coupling level
is much lower than the mutual-coupling level between multilayer microstrip antennas with a foam
layer [75] The coupling coefficicits can be used to determine the active refiection coefficient.
The centre-element active reflection coefficient versus scan angle 8y is plotted in fipures 4.26,
427 and 4.28 for the planes ¢ = 07, ¢y = 45" and by = W0, respectively.  The correspanding
relative bandwidth of the centre element of this array in these three planes is (18] < 1/3).

« BW=18%, if ¢n = 0° and maximum scan angle &y = 09,
¢ BW=13%,1f ¢y = 0° and maximum scan angle §, = 30°,

= BW=8%,1f ¢ = 0" and maximum scan angle f; = 60°,



144 Finite arrays of microstrip antennas

Amay | by — z omm) | hy = s (mm) | £y gz | W mm) | W2 mm)

3 127 6.27 10.3 | 2.33 11 182

r, {mm)

d, (mm)

35

Table 4 5. Dimensions of microstrip array 5, withtond) = 0.0023, fand; = 0.0012 W, = W,

Woa=Woadi=d. ie = 4 0 =0635mmand b =21 mm

\SMHUHJ
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Agrny element nomber |

Migure 4 25 Mutuwal couplmg in a 7 # 7 array of broadband stacked mudtilayer mic rostrip

antennas (array 5), with f — 4 | GHz,

o BW=16.5%, if oy = 45" and maximum scan angle &, == 30°,
= BW=10%, if #y = 45% and maximum scan angle 8, = 60",
* BW=11%,1f #, — 90" and maximum sean angle &y = 307,

* BW=35%, if b = 90" and maximum scan angle 4, — 60"

Compared with the bandwidth of an isolated multilayer microstrip antenna, the bandwidth s
reduced sigmificantly, At broadside the avanlable relative bandwidth is still 184, but when the
main beam of the array s scunned 1o an angle of 6 degrees the available relative bandwidth

15 reduced 10 3.5% in the Heplanc The active reflection coefficient of an array clement near

the cdge of an array will usually differ from the centre-clement active reflection cocflicient

This phenomenon is illustrated in figure 4.29, whete the active reflecion coefficient of an edge
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Figure 4.26: Centre-element active reflection coefficient of a 7 = 7 multilayer microstrip array
farray 5), ¢ = O° (E-plane).
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Figute 4.27. Centre-element active reflection cocfficient of a 7 % T multilayer microstrip array
(array 5), ¢ = 45" (D-plane).

element (b =i = 1, y = 1) is compared with the active reflection coefficient of the centre element
(k=l=4, ;,=25)Ina7 x 7 array. The inAuence of mutual coupling on the electromagnetical
behaviour of an edge element of this array appears to be less strong than the influence on the

centre element.



146 Finite arrays of microstrip antennas

o
| - R
() Hp—
15 Gl
A1 MY
e - X G GHs
i .41 Gl
04 ¥ 45 GHy
+ 15 Gl
] 47 GH
0y
S W " - [ . [RpE—
L} A0 il o

Sean angle Theta odepreos)

Figure 4.28. Centre-element active reflection coefficient aof a 7 x T multilaver microstrip array
(array 5), o = 90" {H-pigne}
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Figure 4.29: Active reflection coefficient in a7 % 7 multilayer microstrip array farray 5), 5 = 0F
(F-planejand f =41 GH:.

4.8.5 Array of broadband EMC microstrip antennas

Electromagnetically coupled (EMCQ) microstrip antennas have broadband input characteristics
(see section 3.96) In these antennas the inner conductor of the [eeding coaxial cable ts not
connected o the patch (see figure 32) The measured and predicted relative bandwidth of the
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configuration discussed in section 3.9.6 is approximately 50%. It is interesting to investigate
whether these elements can be used in a practical array antenna. For that purpose, two linear
arrays with 7 EMC microstrip elements were designed and built. Both arrays were designed
to operate at broadside (§p = ¢ = 0°). A photograph of both antennas is shown in figure
4.30. The array on the left in figure 4.30 has a so-called E-plane configuration of the patches,

Figure 4.30: Two linear arrays of EMC microstrip elements.

ie. (K =7,L =1)and y, = 0, and the array on the right of this photograph has a H-plane
configuration of the patches, i.e. (K = 1, L = 7) and y, = 0. The dimensions of both arrays are
specified in table 4.6. In figure 4.31 and figure 4.32 the measured and predicted mutual coupling
coefficients S); are plotted for both linear arrays with f = 5.5 GHz. This is the worst-case
situation, because the mutual coupling in both arrays decreases with increasing frequency [72].
The difference between the calculated and measured data is probably due to the finite size of
the ground plane. The mutual-coupling level is in both arrays lower than -19 dB over a large
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Array

hy = 2] (mm)

zr (mm)

£ tan o

Wi (mm)

e ()

o tmm)

661

6.36

2.33

0.0012

1.5

4.6

Tuble 4 6: Dimensions of microstrip array 0, with y, = 0 W = W, d, ==, « - 0635 mm

and tr = 2.1 mm

frequency band Compared with the single-layer microstrip array of table 4 3, the decrease of
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Figure 4.31 E-plane coupling in a linear? x= 1 array of EMC microstrip elements (array 6).

mutual coupling in figure 4.31 with respect to the distance between the clements 1n the E-plane 16

much emaller  ©his is a direct result of the fact that more input power 15 going mnte surface waves

in case of an electrically thick microstrip configuration
reflection coctficient for varlous array s1zes, when the mam beam of the array 1+ dirccted to
broadside (Fy = on = 0%, The infinite-array caleulations were done with the mfinite-array model
presented in [74] This infimite-array model 1s based on the model described in this thesss 50, the

Figurc 4.33 shows the centre-glement

magnetic frill in the coaxial opening 15 used as 4 source, the unknown current on the coaxial probe

in a unit cell 15 expanded 1n rooftop hasis functrons, and the currents on the patches are written

in lerms of enbre-doman sinusoidal basis fonctions. In case of an infinnte array, the avalable

relative bandwidth s reduced to approximately 23%
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Figurc 4 32 H-plane coupling i a lmear | = 7 arvay of BMC microstrip elements (array 6).

Figure 4.33: Centre-element reflection coefficient at broadside (8, = oo = 0% of array configu-
ration G for various array sizes, with 5 < f < 715 GHz and Af = 025 GH:.

4.8.6 Far-field pattern of a finite microstrip array

In this section two different approaches are diseussed to determine the far-field pattern of an array

of microstrip antennas. These two approaches are:

i An approach which includes motual coupling and edge effects. The current distribution on all
array elements is calculated and used Lo delermine the radiation pattern of the array.
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ii An approach which neglects mutual coupling The current distribution and (he corresponding
glement pattern of an isolated microstrip antenna are determaned. The element pattern
is multiplied with the array factor (sradiation pattern of an array of identical, isotropic
rachiators) n order to calculate the radiation pattern of the array.

In approach 1i), on each array element the same current distribulion 1 used in order to determine the
radiation pattern. In approachi)adifferent corrent distribution is used for cach array clement. This
is therefore the most rigorows and accurate way to determine the radiation characteristics of finite
microstnp arrays. A third approach 1s discussed in [70), where a periodic-array method (infinite-
array approach) was investigated and compared with the results obtained from the approaches
1) and n). As an cxample, the radianon pattern of the single-layer microstnp configuration
of table 43 will be investigated The antenna is fabricated on a substratc with &, = 2 33,
In figure 4 34 the B-plane {¢ — 0Y) radiation paltern is plotted when scanming the amrsy at
broadside () = 0°, ¢y = (M}, caleulated with approach 1) and 1) The array consists of 11 11
clements. A uniform amplitude taper was used The influence of mutual coupling on the radiation

JdB
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-ou0—

— Approach 10 Approazh 1)
79 oy ‘ . :

g
-0 tft ) 14 10 0 0

Thitn {degruees:

Figure 4.34 Radiation pattern of a 11 % 11 microstrip array scanned al broadside (# = 0" by —
O, with dimensions of array 3 and f =54 GHz

characteristics of a microstrip array 15 far less than the mnfluence of mutual coupling on the active
refection cocllicient  Therefore, during the design of a microstrip array, (he attention has o
be focussed on the optimisation of the active reflection coefficient of cach array clement. The
radiation pattern of the array can be optimised by chosing a proper amplitude and phase taper. In
figure 4.35 the E-plane pattern of the 11 % 11 array 15 shown when the main beam of the antenna
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is scanned to the angle {fs = —30%, ¢ = O7)

amplitude taper

. Again, the array 15 illuminated with a uniform

dB

0
20 -
-40
60

— Approach i) - Approach ii) |

-B0 oy Y T T T

-0 -60 =30 1] 0 &0 94

[heta (deprocs)
Figure 4.35: Radiation pattern of a 11 = 11 microstrip array scanned at (8 = —30°, ¢y = 0%),

with dimensions af array 3 and f =5 4 GHz.

4.8.7 Circular polarisation

In section 4.6 of this thesls three microstrip configurations have been presented that generale a

circularly polarised far-ficld pattern. Each configuration will be discussed in more detail in this

section. A circularly polarised stacked microstrip antenna, fed by two coaxial probes with a phasc
difference of 90° {see configuration a of figure 4 6), was designed and built. The dimensions of this

antenna are shown in table 4.7 In figure 4 36 the caleulated and measured scattering coefficients

Ant | z] (mm) | by = z4 (Mm)

£

tané

W (mm)

Wra (mm)

16 3.04 6.08

2.94

.0012

233

25

Table 4.7: Dimensions of circularly polarised microstrip antenna 16, with W = Wy, Wey =

Wy, 6 = 0635 mmandb=21mm
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81, and 57 are plolled versus frequency The agreement between theory and experiment turns out
to be quite good, The coupling batween hoth input ports 15 lower than -19.5 4B 1n Lhe frequency
band of mterest The predicted and measured axial ratio of this antenna in the E-plane (¢ = ()

-y
TR b 512 Cale ™ E17 Myas X 511 mis
) il Coe e e ————|
T u i 4 1 32 2 54

Fraquoncy (Slic

Figure 4 36 Measured and colculated 5\ and 53 of the corcularly polarised miceostrip antenna
16 fed with 2 coaxial cabies

can he found n figure 4,37, with f = 31 GHz Measurements were made in the Compact
Antenna Test Range at BUT. Note that the axial ratio for 0 = 0" is not equal to sero, duc to the
agymmetric ornentation of the two coaxial cables. The axial ratio of this anlenna can be improved
if 4 coaxjal cables are used to feed the antenna [6] The dimens<ions of the ground planc on which
the antenna was built is length » height=31 em x 46 em 'Lhe asymmetncal ground plane 13
probably one of the causes of the difference between the measured and calculated axial ratro

Nead, & 2 » 2 subarray was investigated with a sequentially rotated orientation of the patches
{conflguration of figure 4.6b). Circular polansation 1s oblained with 4 linearly polarised clements
The dimensions of the subarray are grven in table 4 8. The predicted coupling coefficicnts between

Array | hp = =) (m) | &, tan b W (mm) | . (mm) | o (mm)

7 I.588% 253 (00012 60.2 Q.5 IRty

lable 4 & Dimenciony of microstrip 2% 2 subarray 7 with W, = W, d. =d, « = 0635 mm

andd b =21 min,

the 4 input ports are plotted in figute 4.38. Figurc 4 39 shows a plot of the axial ratio of thes
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Axial Ratio «dB)

40

— Calenlnted * Measured

A

20

16

Theta {degreax)

Figure 4 37. Measured and calculated axial ratio of the circularly polarised microstrip anlenna

16, fed with 2 coaxial cables and with f = 3.1 GHz,

dB
0 —_—.
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e - "R JEREET
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—-‘\ = &1 T RI2261) %514
G0 T T r T
(I 1851 132 153 1 54 155

Freguency (GHz)

Figurc 4,38 Calculated coupling coefficients ina 2 = 2 subarray with sequentially rotated linearly

polarised micrastrip elements (array 7)

subarray in the E-plane, in the diagonal plane and in the H-planc. Nole that the scan angle
o = ¢n = O". The E- and H-plane patterns arc cxactly the same. Due to the symmetry of this
sequentially rotated configuration, the axial ratio for ¢ = 07 is equal to 0 dB.

The axial ratto can be improved somewhat if circularly polarised elements are used in the subarray.

This corresponds to the configuration shewnin figure 4 7 A 2 x 2 array was construeted {70] on
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Axtul Ealsr cdBY
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L .
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Figure 4.39: Caleulated axial ratio of a 2 2 subarray with sequentially rorated linearly polarised
microstrip elements {array 7)., with f = | 54 GHz.

Rexolite 1422 subsirale with s, = 2 33 The remaining array dimensions are the sarne as those of
array 7 The feeding network of this subarray was mounted on the backside of the ground plane,
with Wilkinson splitters serving as power dividers  Figure 4 40 and 441 show the measured
co-polarisation level and the corresponding axial ratio m the E-plane (¢ = ("), compared with
caleulations The measurements were made 1n the Compact Antenna Test Range at BUT The
predicted axtal ratto for @ — 0% 1s cqual to 0 dB, which 15 due (o the symmetry n the 2 x 2 array

4.8.8 Dual-frequency circularly polarised microstrip subarray

In section 3.9 5 o dual-frequency, dual-polansation, microstrip antenna was presented  When
such an clement is placed 10 a 2 » 2 subarray with sequentially rotated elements, o dval-frequency
circularly polarised subarray can be constructed. Figure 4.42 shows this configuration along with
the phasing of the input ports. The main beam is directed to broadside, 1.¢, #; - ¢, — 0"
Antenna 14 (table 3 6) was used to construct & 2 » 2 subarray with an element spacing of o, = 35
mm (== 0 7As for f = 6 GHz). Figure 4.43 shows the coupling coefficients belween input port |
and the other ports for [ow-frequency operation (w-ports). Figure 4 43 shows the corresponding
coupling cocfficients at the mgher frequency band (b-ports)  Finally, in figure 4.45 the predicied
axial ratio in the E-plane is plotted for f = 4 GHzand f = 6 GHz The axial rato for f = 4 GHz
15 lower than the axial ratio for f — 6 GiHz The dual-frequency circularly polarsed subarray 1s
an nteresting concept that can be used 1n future mobile satellite communication {22].
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Figure 4.40- Measured and calculated co-polarisation level (g = 0°) of the 2 » 2 subarray with
sequentially rotated circularly polarised microstrip elements, f = 1 3 GHz
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Figure 4.41. Measured and calculated axial ratip of a 2 x 2 subarray with sequentially rotared
circularly polarised microstrip elements, f == 1.5 GHz,
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Figure 4 42: Dual-frequency cireularly polarised 2 % 2 subarray with sequentially rotated ele-

ments.
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Figure 4 43: Calculated coupling coefficients in ¢ dual-frequency circidarly polarised 2 %02

subarray, low-frequency operation (a ports).
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Figure 4.44; Calculated coupling coefficients in a dual-frequency circularly polurised 2 » 2
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4.9 VFinite array of monopoles embedded in a grounded dielec-

tric slab

A finite wray of monopeles cmbedded in a dielectric slab 1s studied ' using 2 ngorous vet efticient
spectral-domain moment method Computed input impedance data are compared with data from
an infinite-areay analysis Sigmificant differences are observed, even lor relatively large arrays.

Introduction

In this section a method 15 presented for the analy<is of finite two-dimensional areays of vertical
monopoles embedded in a grounded dielectric slab. The radiation pattern of such an array has
a null at broadside Previously, this lype of arrays has been investigated by Poszar [58], who
analysed an infinite array of monopoles. Fenn [23] studied a finite array of monopoles n free
space  We have investigated hnile arrays of monopoles embedded in a diclectric slab by using a
spectral-domain moment method. A sophisticated magnetic-frill source model is used m order to
account for the feeding coaxial cables. Both Pozar [58] and Fenn [23] use a more simple and Jess

acourate source modal.

Theory

Tn figure 4 46 the geometry of a finite two-dimensional array of monopoles cmbedded 1n a
grounded diclectnic slab is shown. ‘Lhe length of « menopole 15 d

An antenna element is represented by a eylinder with radus a and with perfectly conducting
walls. Tt is assumed that the z-dirccled surface current on this cylinder only depends on the
s-coordinate The fields corresponding to the TEM-mode in the coaxial aperture act as a source
The electric field 1o the coaxial aperture of antenna element | then takes the form [32, 671

= - s uxizn (4 34)
! rin(bia) ="

where V) represents the impressed port voltage at monopule 1 {=port 1) The unknown currents
on the antenna elements can be found by applying the well known methed of moments  The
problem 14 formulated n the spectral domain, 1. all quanbities are transformed according to
{r.4} — {h, Ay} Ths finally results in the matnx equation:

(ZI7 v (v} = o). (4 35)

VThis vaction was published as & paper in Elecirgnics Letters Vol 28 (1992) p 207%-20800 1l numbering ot it

sgrations and references has heen changed o that they correspond with the npmbering of the previciy par of i6i-

chesty
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g 32
U

dy
Figure 4.46: Geometry of a finite array of vertical monopoles embedded in a grounded dielectric
slab.

with
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T = karpcoskid + ik sinkd,

Boo= ek —kl— kD

Boo= ko-k R

ie.‘,%ffz = Al k:, kg = wienpn.

R, is the dislance between monopole 7 and @, gym{2) represents the s-dependent part of the rre-th
basis function on monopole ;. Subdomain rooftop basis functions are used. The two mtegrations
over x can he performed analytically for this lype of basts function. The mode coefficients | 7] are
found by solving equation (4.35) The man disadvantage of the spectral-domain moment method
for the analysis of finte arrays is the long computation time needed to evaluate the elements of
[Z] and [V"*¥], especially when the distance between monopole 7 and 7 15 large. This problem
15 manly duc to the numerical evaluanion of infinite integrals over slowly decaying and strongly
oscillaung functions  Fortunately, we have found a way to rewrite these infinite integrals as a
sum of a closed-form expression and a relatively fast converging integral In Smolders [72] this
approach was used for the analysis of microstrip patch antennas. By using this analytical method,
the computation time can be reduced significantly. Once the elements of [Z] and [V*7| are known,
the port admittance matrix 1% can sasily be calculated. An element of the port admittance
mattix s given by-

I ‘
Yi— =L with VP =0 for v #1, (4 36)
4 V o

1
where 7 15 the current at the base of monopole 7 and is caleulated with (4.36), ¥ 1~ the impressed
port voltage at monopole +. Once the port admirtance matrix is known, the scatlening matrx |5
and the active reflection coefficient can be deterpuned  Note that with the infinite-array approach
of [58], the scattering matrix cannot be calculated.

Results

We have checked our method and computer program with the results obtained by Fenn {23],
who analysed finite arrays of monopoles in free space (¢, = 1) The agreement hetween our
calculations and the measwrements of Fenn [23] 1s excellent  Next we considered the array

mm and ¢, — 457, Pozar [58] measured the inpul impedance uang 4 wavegude suularor
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in the TM;; mode, with 8, = arcsin[/(v2d,)]. In figure 4.47 the calculated centre-glement
reflection coefficient against frequency for this configuration is shown for three array sizes, The
characteristic impedance 18 5002, Note that the reflection coefficient of the centre element can
become larger than 1 for a finite array.

A significant difference can be observed between the calculated reflection coefficient of figure
4,47 and the results obtained by Pozar ([58], fig. 4) using an infinite-array approach, even for
relatively large arrays. In figure 4.48, the comesponding calculated couplng coefficients between
the centre element and the elements of row 5 (see fig. 4.46) of a 9 = 9 array are given

Conclusion

A rigorous yet efficient method is presented for the analysis of a finite array of monopoles
embedded in 2 dielectne glab, Significant differences in calculated input impedance data between
out finite-array method and the infinite-array approach of Pozar [58] arc observed, even for
relatively large arrays
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Figure 4 47; Caleulated centre-clement reflection coefficient magnitude versus freguency for three

finite arrayvs of monapales embedded m a dielectric slab
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Figure 448 Coupling cocfficient of centre element and the elemente of row 5 in a9« 9 array of

monopoles embedded in a dielectric slab f =4 GHz.



Chapter 5

Summary and conclusions

Microstrip antennas and microstrip phased-array antennas have several practical features, in-
cluding light weight, conformability and low production costs, which make them interesting
candidates for several (future) telecormumnunication applications and radar systems. Accurate theo-
retical models and corresponding soflware are critical, since experimental design approaches are
usually too time-consuming and expensive, In this thesis an accurate theoretical model 15 devel-
oped for both isolated microstrip elements as well as finite arrays of microstrip antennas, Most
applications require a large bandwidth, We have developed our model such that electrically thick,
and therefore broadband, microstrip configurations can be analysed. The current distribution on a
microsteip array antenna is found by solving the integral equation for the currents with the method
of moments. The method of moments transforms an integral equation into 2 matrix equation by
cxpanding the unknown current distnbution on the antenna mnto a set of basis functions and by
weighting the integral equation with a set of testing functions. The resulting matrix equation can
be solved with standard numeneal techniques. The electromagnenc fisld which appears mn the
integral equation is written in terms of the spectral-domain dyadic Green's function of the layered
medium on which the microstrip antenna 15 fabricated, In this way, muotual coupling between
array clements and surface-wave effects are accounted for in a rigorous manner

In chapter 2, the exact spectral-doman dyadic Green's function i determined for the point-source
problem for a grounded three-layer medium, Vertical as well as horizontal electne dipoles are
investigated. First, the magnetic vector potential is calculated. The general solution in cach of
the three regions is writien as a sum of an upgong wave and a downgoing wave. The amplitudes
of these waves can be found by applying the boundary conditions at the interfaces between the
layers Once the magnetic vector potential is known, the eleciric field and the magnetic field m
each region can be determined

163
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Chapter 3 deals with the analysis of solated linearly polarised microstrip antennas. The antenna
1» constructed on a grounded two-layer substrate, and has one or two (stacked configuration)
rectangular metallic patches  The antenna is led with a coaxial cable  The current distnibution
un the patches and on the coaxial cable w determined by applying a Galerkin-type method-of-
moments procedure  The cleetromagnetic fields are expressed 1 terms of the spectral-domain
dyadic Green's functions of chapter 2. Once the current distribution on the antenna is known,
the mput impedance and the radiation pattern can be determined. A sophisticuted model for the
feeding coaxial cable is used, which accounts for the variation of the current along the coaxial
probe, and ensures continuity of the current at the patch-probe transttion. In this way electrically
thick microstrip anlennas can be analysed. “The current distnbution on the coaxial probe 13
expanded 1nto subdomain rooftop basis functions. On the patches, several ty pes of basis fupctions
have been investigated Tt is shown that by choosing a proper set of entire-domaim basis funclions,
only a few of such functions are needed in the analysis to obtatn accurate results. Some analytical
and numerical techniques to ymprove the numencal aceuracy and to reduce the required CPU
time have been discussed One of these techmgues is the asymptotic-form extrac tron technigue
presented in section 3.8 11 1s shown that the integration over the extracted part can be evaluated
tn closed form. This analytical technique reduces the required CPU time by a factor 20 or more
The theorctical mode] and the corresponding software were validated by companng caleulated
results with measvred data [rom several experiments  In all cases considered good agreement
between theory and experiment was obtained, fur electnically thin as well as electrically thick
substrates. Inaddition, the bandwidth of several microstrip configurations was investigated  With
single-layer microsteip antennas a relatrve bandwidth upto 13% can be realised, whereas with a
muliilayer confipuration a relative bandwidth of 25% can be obtarned  The largest bandwidth
was achieved with a new concept, namely the ElectroMagnetically Coupled (EMC) microstrip
antenna  We have achieved a (measured and calculated) relative bandwidth of approximately
50% with an EMC microstrip antenna A dual-frequency dual-polarisation microstip antenna
can be obtained f two coaxal cables are used to feed a rectangular patch

In chapter 4, the model of chapter 3 15 cxtended to the case ol a hinile array of hincarly or
circularly polarised microstnp antennas. Mutual coupling and surface waves are ngorously
accounted for in the model. In general, there are two ways to analyse microstrp arrays with
a method-of-moments procedure (1) element-by -clement approach (finite-array approach) and
(2) mifinite-artay approach  However, elements near the edge of an array or clements n small
arriys can only be properly analysed with an ¢lement-by-clement approach In this thesis we have
therefore used the element-by-¢lement approach  The required CPU time can be 1educed by vang
the analytical and numericil technques of chapter 3 In this way, arrays with hondred elements
ar more can be analysed within aeceptable CPU nmes  Several designs of fimite macrostrip array s
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are discussed in chapter 4. Caleulated mutual-coupling coefficients arc compared with measured
data The measurements showed good agreement with theoretically predicted results. The effect
of mutual coupling on the active reflection coefficiant of each array clement and the influence on
the radiation pattern were mvestigated for varous array sizes. The active reflection coefficient
15 strongly affected by mutual coupling whereas mutual coupling has only a minor effect on Lhe
radiation patrern of the total array. One of the configurations which 13 investigated in chapter 4 is a
two-layer stacked microstrip array of which the lower layer is made of a high-permittivity material.
If this configuration 1s used to construct an isolated mucrostrip antenna, a relative bandwidth of
approximately 23% can be obtained. Howcever, in an array environment the available bandwidth
of this configuration 1s reduced significantly, especially at large scan angles. At broadside, the
available relative bandwidth in a 7 = 7 array is still 18%, but when the main beam of the array is
scanned to an angle of 60 degrecs the available bandwidth is reduced to 3.5%. Another 7 = 7 array
configuration, constructed on a single substrate layer, showed an improvement of the available
bandwidth compared with the bandwidth of an 1solated microstrip antcnna, This is a positive
effeet of mutual coupling. It is therefore concluded that an optimal finite microstrip phased-array
antenna can only be designed when mutval coupling is included in the analysis.

Some methods to obtain a circularly polarised far field with a microstnip antenna or with a subarray
of microstrip antennas are discussed Tt is shown that mutual coupling between the input ports
detenorales the axial ratio. A new dual-frequency circularly polarised 2 « 2 subarray 15 presented
with a bandwidth of a few percent around both resonant frequencies (4 GHz and 6 GHz).



Appendix A

Expressions for the elements of [ 7]

In this appendix the cxpressions for the elements of the method-of-moments matrix [Z] are given
for the case of an array of stacked microstrip antennas fed by coaxial cables, If the array indices
7 and 2 are both equal to 1, we obtain the expressions for a single, isolated, stacked microstrip
antenna, with Sz = 5,,, = 0 The general structure of the symmetric matrix [Z] is given by
(3 17) and (4.11) for the case of an isolated microstrip antenna and for the case of an array of
muerostrip antennas, respectively. The matrix [Z] has a Toeplitz-type symmetry (see section 4.7),
%0 only a limuted number of elements nced to be evalvated It is assumed that all patches are
located in layer 2 and that the length of the coaxial probes is not longer than the height of the first
diclectric layer (see figure 3.1), 50 2] = k; Exicnsion to the more general case with z; = k is
strarghtforward, ?

The clements of [ Z] can be caleulated from (3.19) and (3.20) or from (4.13), depending on whether
an isolated microstrip dntcnna or an areay of microstrip antennas 1s considered The electric-field
dyadic Green's function Qy that appears in these expressions 1s given in chapter 2 by (2.39). All
integrations over = and z¢ can be carricd out analytically. Furthermore, a change to cylindrical
coordinates 15 introduced with

by = kil cos e,

ky = ke sine, (A1)

with 0 F<n0 and — 7 <o =7

The absolule distance between the centres of two array elements is cqual o R, with R, =
\/ 81+ S’,fjl So 1f only 1solated microstrip antennas are considered {3 =2 = 1}, we have R, =
0 Note that j and : arc array-element counters with 7 = 1,2, K xLand1= 1,2, K =L
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(scc figure 4.3). After some algebraic manipulations, we obtain the following expressions for the

elements of the matrix | Z]

Elements of the submatrox (2]
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and where h is the height of 4 subdomain on the probe (see figure 3.8).
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In the dertvation of {A.2) the following relation was used

T

Elements of the submatrix [ Z1%]

3 a8
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where 2., & . and z,,40 #re the z-coordinates of subdomain . on the probe of antenna element
i (seesechion 34.2) I6m — land &, = ] then ., and ., | should be made sero i (A 6} and
in(A 7y and 2,4 — A/2 HWm — N, — Lthen 2, — b and z; — 1/2 should be set Lo zero in the
(A B).

Eicments of the submatrix |27

Note that [7//] 1 a symmetrical matrix More information about the notation can be found in
figure 3.8

e A E

zil, = / / / [ [ (Fokyoz oz Ththe by, 2] dao

o W fl lI

Tk ke v T gl i, (A9)

T

— 2 / Ty VSR B ERILE (s,

withw = 1,2, . AN,andrn = 1,2, N, and where I/ (#) depends on moand » Ifym — n,

Tt
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then 17, {3) is given by

Judtto hepy 4t
i, = - -+
mrm £l { ( 31‘%([]1'2 _ Erl‘) hk? en

4452

e {ertha{kasz cos(hydy) + ko sin{Kada))
Rk, Crkalesn (hady 2 sin{kada

(cos(kyzm—1) sintff) (h) — 2Zmo1)] — 408k zm— ) sin(ki{hy — 2m)]
+2cos(k 2. 1) Smlki(R) — Zpmar )] + 4 c0s(kyzm) sinky (R — 2q)
—4cos{kyzm) sinfky () — Enai)| + c0s(ky e ) sinfki (AL — Zmer)]) (A-10)
— k(Rae vz cos(lada) + kse?, sinhyda}) x

(cos(kyzm—1) cos[ki(h) — 2m .1)] — 4€08(k) Zm—1) cO8[k1 (R) — 2m))

+2€08(ky Em—1) €08[k1{ Ay — Zppt)] + 4 008K 2 cOS[E; (1 — 2m )

—4¢03(ky2m) cO8[E1 (A) — Zmy1)] + 0080k 201 ) cOS[R (R — 2my)]) 1

with e,, = | form = 2ande,, = 1/2 form = 1. Inthe m = 1 case (half rooftop basis function),
Zm and z.,_; should be made zero in (A 10) and z,,.; = h/2. If basis function m overlaps basis
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function n,ie,ifn—m — 1, 77 i3 given by

LS AT

I” — .f)'uif‘ff>{ _ fiiy — :—Zdz

mom-1 £r1 ‘ 1 2’5%({';2 -] ) i i"‘I‘

EE
hAST,,

& rikalkee g con(kadz) + ik sin{fnda)) =

{con(ky 2 a)sinfki (0 = 2., 20)] — 2¢08(R1Zmo2) sin[ki (0] — 2]

b eos(hsum—z) [k (A1 — 2w )] T Scos{kize ) sinfli (R 2]
=2 con(k s ) sin[ky (T — 2o )] — 2e08{k) 2 ) smlin (B — 2y 1))

—2eon{kyzn) sk Ry — )] + cos(h oe ) sinfh () = zo00)])

Jhi(Faeyy cos(kydy) + ;‘fk‘;sfz sin(kqda))

{08k Tomz) coslhi (R — 2nia)] — 2eo8(k 2 2Yeos[k (B - )]
+ cos{ k) 2noz) 08l (B — Zmar )] + Scos(kygmo ) cos[k(h) — 2]
—2¢08{ k) Zanm yeOsE (By — 2 1)) — 2e08{R 20 Yeos[R (D 500

=2 cos(k 2w ) cos[hi(hy — 2.,)] + cos(k 2 ) coslk (b — g )] )

(ALY

Wwm—i=11ec. m =2, £, 2and 2, | should be set to zero in (A 11) Finally, 1f the two

basis functions do not overlap, ie ifn << o 2, we get

11 Jud il 447

W T T TR, [2eosihza) — coslkim, ) — cos{hia, )]

[roidbpiharpcos(hydy) 4 physin(iady )=

(2 "'&in|:;-."|(“'?| Em‘j: Slﬂ[k'|(h| 3‘;-‘--..4)] - Sin[l‘l(:"?l Ty HJ]’

— ki { kg, co8kads) + ke, sin{kady)) %

(2eos[ki (k) - 2a)) - coslbi(h) = 2y )] cos[ki(h 5l

(A 12)
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If n = 1, 2, and 2,_, should be made zeto in (A.12)

Elements of the submatrix | ZPF)

The numbering of the elements of the submatrix [Z7F] 15 now m = 1,2, ., Ny + N; and
n=12 . N+ N If entire-domain basis functions are nsed on the patches, we get

]
7;:51m =f / [QQ ic,,ic?,z,”,z") jﬁ»(}‘:mk!ﬂ;ﬂ)}

. jf;‘; (g by, 2o €708 Suivp =S gk dk,
(A.13)

L

= j[[@z B0, 2o, Za) -,f%’,,_(ﬁ,n,zn)]
o

0

Tix (B, 0¥, 2m) Sgalme, 1, 1,1, 8, 0)k3Ad Bder,
wilh

zy, 1f doman m on lower patch,

Ty —

zh,  1f domam e on upper patch,

and where J7, (3, o, 2,.) is the Fourier transform of the m-th basis function on antenna element
| (see scotron 3.4). The function Spp(m, 3, 0,0, 8, o) i5 given by

Spalrmy pomty Boa = Woplhy Sojomy, np ) Woa (kL 80 my, ), {A.14)
with

2cos(k;525:), mod(mg,n,) =0,
Woplkz, Sop, Mg, Tig) =

-2yan{k 5.0, modimg ny) #0
Note that the combination {in,, m,) corresponds with the m-th basis function and the combination

{rp, 1y) corresponds with the n-th basis function on one of the patches (sce section 3.4 1) If
rooftop subdomain basis functions are used on the patches, we obtain

fo
2 = f [ [Q;(L?,aw s Zn) - Boun | Sppl, 1o 7,1, B, alkiBddda, (A.15)
o0
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Expressions for the clements of |2

where
A
LI
5.::1;:
&mu =
Com,
Eam

hasis function = and n both r-directed,
basis function i w-directed, n y-directed,
basig function m y-directed, n r-directed,

basis function i and n both y-dirccled

The 'ourier transform of a subdomain rooflop basis function is grven by (3 38) and (3 37).

Spa(m, 3, 7,0, (3, o) therefore takes the form

Spelm, g om0, B a)

12
— ly ®

deos(b A co«‘.‘(&‘:yAy,,m)ﬂinc“(k“ma,/z)%inc"‘(L.,,(q /2y,
basis funchion 9 and » both z-directed,

=4 8in{k; Agonn ) 810k Ay Y8ine* (£ 2a, /2)sinc (£ b, 72},
basis function m o-directed, n y-directed, (A 16)

=4 an(k, Ay ) SNy Ay o 5106 Ky /208108 by /20,
basis function 1 y-dirceted, nor-dirceled,

4008 o D ) €O Ay Ay Jsine? (koo /20anc* (1,6, /2)

basis function m and n both y-direcied,

where A, and A, represent the distance in the - and the j-direction, respectively, between
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the centres of subdomain ' on antenna ¢lement 7 and of subdormain n on antenna element ;.

Elements of the submatrix | ZP)

7

o oo . L )
zf:'zi = f f f [‘QZ (k\mk;.uzm!zo) J?(km;kyzz{))J d-zf)
—oo —an )

ey . - _ .
“--]'fm(k.-c,kyszm)\’:' JL,%MG Jk"“""-”(ikrd]\':q_,

(A17)

Iz, TR

P T —8Gm
= Wiy ff {E‘—zl (k302 + 7k§° B 0a)
0D !

2y hea 5 (fz, ) cos{hihi)  coslki{h: — h/2)]

}lk[T‘m ESIH(‘klhl] + k[ k]

) Jo(kofa)
(fse-2 coslia{ha — 2 )| + Jka sa[ka(hy — 20)]} ) Snp(m, 200, B, a)dBda,

withm ~ [, 2,.. | N, + Ny and with
xy, if domamn m on lower patch,

25, 1f domain e on upper patch,

and where (7, is given by (A.3) and the functions ¢; and gs are given in (2.35). The function
Sep(m, Joi, 5, &) depends on the type of basis function that is being used. In the case of entire-
domain basis functions this functions ts given by

Suplrme i Boar =cosa¥op(hy, 8oy, mp)Wop (B, 5,5, O'QQ)J?,’:I(@, 0, B ) - &y
for p-drrected basis functions,
(A 1%

Spplom, g, B0 = sina¥pp(bz, Srp,mp)¥er(ky, Sy ?Ti.q)j}),:(ﬂ, ey Zpy )+ €y

tor y-directed basis functions.

with

V. if m, odd,

2_] Sil’l[]\?m (,,rs — Srji)
Woplhe, Sppmp) =

2oos[ke(m, — o)), 1f my even,
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If subdomain rooftop basis functions arc used on the patches, Spp{ni, 1.0, 7, o) takes the form

Sar(m, 10, 8.0) = djcos c)().ﬂbﬁslncl(:!afz(zs/EZ)ainc(kybde] ®

(A 19)
sinfkz{m, — 8oy — e )] coslby (v — Fyp — Vi +0./2)]
for the case of r-directed rooftop hasis functions and
Spilmm, g B,0) = 4y sin o besinc{baa., /2)sine® (kb /2) =
(A 20)

coslke {5, — oy — T + a7 2} sk, {y, — S0 — wn )l

for the case of y-directed rooftop hasis functions. The x-and y-dimensions of a subdomain are
denoted by «, and b, respectively. The coordinates of subdomain m, denoted by 1, and 3,

arc shown in figure 3 7.

Elements of the submatrix | 27|

)

Zi:{; m f /‘/{Cﬁ)’? ‘"J wz'rru’”) J]n( ..ca"‘qu 7")) d*’ﬁ
e ]

— —

T (e By, 2y Yo~ e S e b Sun g gl

lm

P
2winoko 4, o
~/ / 2O R, scoslhotl - 2+ obosnflathy  s)l) d(kefin)s  (A2D

WEET,
(Tl
(1 — cos{h ki 2)] didde, A
Se(rmey i, B0 =
[2oosthion) - cos(hise 1) - cos{hia, )] dffde w22

withm = 1,2 J N+ Nypand where s = 1,20, V. and where

Eak

z, if domain 2» on lower patch,
Ty —

=, if domamn e on upper patch

The function S, ;im: 4,1,/ o) s grven by (A 18) (entire-domain basis tunctions) or by (A 19}
and (A 20) (subsectional basis functions).




Appendix B

Expressions for the elements of [V¢7]

In thus appendix the expressions for the clements of the excitation matrix [V#*] are given for
an array of stacked microstrip antennas, fed by coaxial cables. The final expressions for the
case of an solated microstrip antenna can be obtained by substituting 7 = 2 = | and msering
Sape = 5, = 0 in the formulas. The general structure of (V] is given by (3.18), if the thick-
substrate mode] of section 3.2.3 15 used. The matrix [V*%] has a Toeplitz-type of sy mmetry, so not
all the elements need to be caleulated More detals about this symmetry can be found in section
4.7, The elements of [V**] can be calculated from (3 21) or from (4 14). The magnetic-field
dyadic Green's function C@f that appears in these expressions is given in chapter 2 by (2.60). The
integration over = in the intcgral representation of 12 can be carried out analytically Again,
a change to ¢ylindrical coordinates (A.1) is introduced. We will also assume that the length of
the coaxial probes 18 not longer than the height of the first diclectric layer, ie. zp < f,. The
numbering of the array elementsisy = 1,2,. K = Landt=1,2, . K x L (see figure 4.3).
This results in the following expressions for the elements of [17¢)

Elements of the submatrix [V *|

An element of the submatrix |V* %] is according to expression {4.14) given by

o oae | f)
. =H . - .
veer=— [ f le (kg kg0, 20) (ks by, 20)d2
—mw—as [N (B 1)

) 'M}rifl (ke Ry JetiSmnets S dk,

177
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After some algebraic manpulations, one finally gets:

va %o [ JlhoBR) L, o
= e j T LolkoBt) = Jofkotia)] x

0

=20k Fol kel ) . ‘ ‘
[M {erkelksepn cos(kydy) + vkz sIn(kadz) jEhé /2 — sin(h ff2)]

kih
b (kge g cos{hady) + kel sin(Lzda [T - cm‘s(klfeﬁ)j}

=2y 0 (koitba) 2 Aa(kolie) | [ A TaNa(he) — RPN
™ { baligii? T ko2 T i,

where relation (A.4) has heen used and where the functions N, and N, arc given hy

=
—
i
e
Il

by cos|katha — 2)] + ghqsmfka{hy - 2],
Nalz) = ek [=kpsin(hh)coslhz(hy — 2)] + &y cos(byh ) sinfhach - z))] (1 —&.2)
(B 2)

H(ew #ezd [Racos(kady) + g0k sin(kad)

[jh3 sin[ka(ha — 5)] + ko cos[ky(hy — 2)]] sin{k, fy )
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Elements of the submatrix [V**]

The numbering of the basis functions on cach probe is m = 1,2, ., N,. For basis functions on
the coaxial probes for which m > 2 we get

oo oo [ F

. =H 7
V;H =- [ / f‘Qz (kz, ky, 0y 20) - Jlfm(kﬁ'*kﬂ" z9)dzo
4]

— =X
Y SN A L T
M_?Mii IU“I'I "Cy)ej w2 ”‘dk#‘d]\ﬂ.r

datkl T 28Jy(k 3R,
__ Antkg 2‘”0(;“’3“)“]0(“6}?3)[Jo(koﬁb)—Jﬂ(k(,ﬁanx

" ln(b/a) J WE T,
. (B.3)
{E,lkz(l’CjErz COS(.kz(iz) + j:t{.‘g Sln(k'zdz)}x
[2sin[ki (b1 — 2m)f — sin[Fi(A) — 2 )] — sk (R — Zeei)]]
— 7k (kag.z cos(kyda) + Jhaely sin{kads) ) x
[2cos(ki(hr — 2m )| — cosk((hy — zmo( )] — cos[in{hy — 2mi )] 3B,
and for m = | we obtain
. 42t T Byl keBa) Jp( koA R ) .
ez o 0 w0 Py f] i 3 _ .
Vi = In(b/0) J & [To(kaf3b) — Ky(koBa)] x
{14 2 (el cos(hady) + sk sin(fad)) ¢
+ P T Er1kz(Fag ey 008(Rada) + pho sin{kady ) (B.4)

(sin(ky i) — sinfky U — RA2)) — 5k (kagag cos(Rary) +3k1£§2 sin{kydy))x

(cos(hhy) — coslk (b — h/2)|0} d8,
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where 2., Zm—y and zpmy are the z-coordmares of subdomain v (see figore 3 8).

Elements of the submatrix [V 1]

-
.Vﬁ:: i‘ = / ] { K. 1{,0 "’-Tl'l) : "]-lbm(iWH l\-ej» ‘:WLJ
—o =

-

Mgy (e, ey Je et e e die

: (BS)
23T hy i
Ji)/(; ;{‘{ |-’T” Ivulﬁl - fn\’i\f\ﬁ(r)] )f("* b i A1 “)
A Tm N,. LA ?2 ezl .
* {—I[;r:iik ealem) } dod 3,

withm = 1,2, ../N + N and with

2y, if domamn . on lower patch,

":?7‘1 =

zy, f domain = on upper patch.

The function S, p(m, 3,6, 60, ) ie given by (A 18) or by (A 193 and (A 20) The functions N, and
N,z are defined in (B.2)

If the thin-substrate model of section 32 2 ix used, we only have Lo calculate the mteraction
hetween the sources, i e, the probes, and the basis functions on the patches. An clement of the
matrix V7] can now be caleulated from (3.26). Performing the integration over = analytically
and using a change to cylindrical coordinates, finally gives

(K Na(2) + o1 Noi 20170

\uh

r_;-ﬁv.

] jwuui} "\ln Ay hl)
s llhf"-rIT Tvn

(B.6)

Folkidn) &2 f('m RN L Beley,

withmi = 1,2, . , N, + N; and where

7y, 1f doman . on lower patch,
Em

zy, 1f domain m on upper patch.
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Samenvatting

Microstripantennes en array's van microstripantennes hebben verschillende voordelen t o v, con-
ventionele antennetypes, zoals bijvoorbeeld zeer lage produktiekosten, een laag gewicht en een
dunne en dus plarte structuur Microstripantennes ziyn daarom erg intéressant voor een varigteit aan
toepassingen, waarvan mobiele (satcllict-) communicatie en radar de belangrijkste zijn. Vooral
mobiele (satelliet-) communicatie kan op termijn een zeer grote markt worden waar goedkoop en
cenvoudig te produceren microstripantennes gebruikt kunnen worden. Door hun platte structuur
is het bovendien erg eenvoudig om deze antennes te monteren op het dak van vrachtwagens, per-
sonenwagens of op vliegtuigen, Het grootste nadeel van de meeste microstripantennes is dat ze
slechts bruikbaar zijn voor een kleine frequentieband. Het verbeteren van deze bandbreedte is dan
ook een van de belangrijksie doelstellingen van dit onderzock geweest In dit proefschrift wordt
een theoretisch model gepresenteerd waarmee op een nauwkeurige wijze geisoleerde microstrip-
antennes alsmede eindige arcay’s van microstripantennes geanalyscerd en ontworpen kunnen
worden. De cigenschappen van een microstripantenne of van een microstriparray kunnen bepauld
worden zodra de siroomverdeling op ieder arrayelement bekend is. Uit de randvoorwaarden voor
het elektrische veld volgt cen integraalvergelyjking voor de stroomverdeling op de antenne. Deze
integraalvergelijking kan opgelost worden met behulp van de momentenmethode. Hierbij worden
de nog onbekende stromen ontwikkeld in zogenasmde basisfuncties en wordt het elektromag-
netisch veld vitgedrukt in termen van de Greense functie van het gelasgde medivm. De keuze
van het soort basisfuncties dat gebruikt wordt is daarbij essentieel. Met de basisfuncties dic in drt
procfschrift gebruikt worden kunnen ook microstripeonfiguraties met een elekuisch dik substraat
geanalyseerd worden, Br worden in dit proefschrift een aantal nieuwe analytische methedes
gepresenteerd waardoor het mogelifk wordt om met de momentenmethode microstnp array 's met
cen groot aantal elementen te analyseren, waarbij de benodigde CPU tijd beperkt blyft.

Teneinde het ontwikkelde model inclusief de daarbij behorende programmatour te verifigren, zijn
dec berekende resultaten vergeleken met metingen van een groot aantal experimenten  In het
algemeen kan gesteld worden dat er zowel bij enkele microstripantennes alsmede by microstrip-
array's een goede overcenstemming was tussen theoric en experiment. De bandbreedte van
verschillende microstnipconfiguraties is onderzocht. In het algemeen geldt dat de bandbreedte
toeneemt naarmate een dikker substraat gebruikt wordt. Hieraan is echter een maximum verbon-
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den, hetgeen voornameljk komt door de toenemende probe-inductivitelr van de coaxiale kabels
by een tosnemende subsiraatdikte, Indien de antenne bestaat uit een enkele diglectrische laag
met daarboven cen enkele rechthockige pateh, kan cen relatieve bandbreedle tot maximaal 15%
gerealiseerd worden. Clestapelde structuren, waarbi) twee diélectrische lagen gebruikt worden,
hebben breedbandigere eigenschappen. Hiermee kan gemakkelijk een relatieve bandbreedte tot
25% gerealiscerd worden. Voorwaarde hierbij 1s wel dat de relatieve diglectrische constante van
de onderste laag erg hoog moet Ajn. Een nicuwe structuur met een erg breedbandip karakter is de
zogenaamde EMC-microstrnipantenne, De binnengelerder van de vocdende coaxiale kabel 1s nu
niet rechtstreeks verbonden met de patch, maar er is een kleine opening tussen heide aangebracht
Het capaciticve clfect dat hierdoor optreedt compenseert de inductivitest van de coaxiale kabel
Met dit type antenne kan een relatieve bandhreedte van ongeveer 50% behaald worden,

Indien een mucrostnipanlenne geplaatst wordt in een array, zal in het algemeen de beschikbare
bandbreedte afnemen door de mutuele koppelingen tussen de array-elementen  [Dere afname
zal groter zijn naarmate de hoofdbundel van het array over cen grotere hoek algebogen wordt
Een goed ontwerp van een microstriparray is daarom alleen mogelijk door het gedrag van het
totale array te optimaliseren, dus inclusief mutuele koppelingen. Het model dat in dit procfschnft
baschreven is kan histvoor gebruikt worden,

Verder worden er een aantal microstripconfiguraties besproken waarmee cen cuculair gepo-
lanseerd verre veld kan worden verkregen. Een van deze configuraties betreft een nieuw type
subarray welke bij een tweetal frequentichbanden (rond 4 GHz en rond 6 Glizy tegelykertijd
gehruikt kan worden,
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G

Ondanks het feit dat microstripantennes goedkoop, licht en cenvoudig produ-
coerbuar 7ijn, worden ve nog maar op een zcer beperkte schaal daadwerkelyk
tovgepast, nmdat de meeste bedryven nict beschikken over voldoende [unda-

mentele kennis imsake microsinpantenncs

. Het ontwerp van lockomstige generaties phased-atray antennes zal moeclen ge-

heuren op basis van computersimulaties, tencinde te voorkomen dat niet-oplunadle
en dus te dure oplossingen worden gekozen en om de ontwikkelngstjd 1 be-
perken.

AL Smoidersen f 4 Visar fracking Phared-Array Antennas in the Netherlemd My mwe-

ven & RE Vol 33 (1994) p 4575

Het vakgetned Elcktromagnetisme zal ook in de computertechniek een sleeds
belangrjkere rol gaan spelen indien de trend om steeds hogere klokfrequenties

te gebroiken ich voortyet

. Lien ingenicur die bestuit om te gaan promoveren verkleint daarmee oyn mogelyi-

heden om na 2yn premaotic cen baan te vinden op de Nederlandse arbeidsmarkt.
A v Neat S IM e fonge De Meerwaarde van cen Prometie Lewden Reseank voor
L4

Belored hfoder T993

- De Jeugd-Werk Garantiewet (JWG) zal nict leden tot ecn significante vergroting

van de kansen van jongeren op de regulierc arberdsmarkt zolang de garantiebanen
rich voormameliik in de collectieve sector bevinden
-Clelderse Stwwrgrovp Werkgefegenheid  Werkeonfarentic expgeroment ter boverdesing witsimiem

IWG 24 mgast FUad

De discussie omtrent welke computer en bybehorend besturingssysteem het
meest ideaal 7ou 7n voor gen onderzoeker wordt sterk vertroebeld doordat veel
onderzoekers de compuler niet zien als cen hulpruddel maar als een docl op zich.

-Curser Wetenschappers doen zich jo kort mer PC s nr 12 juargang 16 7993



7 Het vaak gchoorde bezwaar tegen microsiripantennes dar 7e erg smatbandig
Zijn i~ ontcrecht  Elet is 7zeer wel mogelijk om microstripantennes met een
breadbandig karakter te ontwerpen.

| - 4 B Smoiders Breedbundige micrstripantennes  [dschnft van hat NERG deel 59 ar |,

1994, p 27-32

|

i

| % Eventugle blinde scanhocken in een phased array van rechthoekige golfpijpstra-
1‘ lers kunnen experimenteel al dinndelijk waargenomen worden bij arrays bestaande
ult 15 = 13 elementen

-WPRM Keizer A.F de Hek en A B Smolders, "Theoretical and experimentai perfarmunce of o
wideband wide-scan angle rectangular wavaguide phased array  TEER Antennay and Propuga-

ften Sociery Symposiun: Digest Vol 3, Ontario, Canada 1991 ¢ J724- 1727

9. Microstripantenngs op een substraat met een zeer lage relative permittivitest kun.
nen nict gebruikt worden als element in een breedbandige phased-array antenne
met cen groot scanbereik, omdat de onderlinge koppelingen tussen de elementen
veel te groot zijn
- Dip procfechrift par 4 8

10. Echte kattchefhebbers zijn geduldige mensen
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