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summary

SUMMARY

A computer-aided design program has been developed for use with probe or trans-
mission line fed rectangular microstrip antennas and arrays. The antenna is modelled
using both a single mode leaky resonant cavity and a transmission line with radiating
apertures at each end, where in both cases a series reactance is used to represent the
effects of the feed probe. The cavity model is used to specifically define and calculate
the resonant frequencies to within 2% of measurements, where the effective electrical
dimensions of the antenna are empirically determined. The accuracy of the transmis-
sion line model in determining input impedances is greatly improved through the use
of empirical equations for the effective admittances located at each end of the antenna.
Typical errors of 17% and 2% are obtained for the resonant resistances and impedance
resonant frequencies respectively. In the case of probe fed antennas, the success of
both the resonant frequency and input impedance calculations depends on the accurate
determination of the equivalent series reactance of the probe. Here a coaxial trans-
mission line with an empirical taper is used as a model. The resultant reactances are
within 332 of the transformations in the measured input impedance loci. The near
field distributions of the two apertures at each end of the antenna are examined using a
liquid crystal film, and leads to the conclusion that the respective far field patterns are
tilted off the broadside direction and emanating at different power levels. The far field
radiation pattern is calculated to within 2dB of measurements using an array of two
uniformly illuminated apertures, where the separation takes into account the effective
length to which the fields fringe at each end of the antenna. A space radiation model
for the power transfer between two apertures is used to calculate the mutual coupling
to within 3dB of measurements, where the antennas are separated by at least 0.75),.
The definition of bandwidth used for resonant cavities is proposed as a more appro-
priate quantity for comparative studies between microstrip antennas whether they are
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matched or not; and is used in an investigation into the bandwidth performance of a
novel hexagonal element, which is shown to exhibit wider bandwidth and greater gain
performance than a rectangular antenna. All of the models are tested on typical geome-
tries operating up to a frequency of 5§GHs, and are shown to provide results of sufficient

accuracy for most design purposes without requiring extensive computations.
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List of principal symbols

LIST OF PRINCIPAL SYMBOLS

a radius of a circular patch or the inner conductor of a coaxial transmission line.
ae effective radius of a circular patch.
A; length of a rectangular aperture.
A, separation between two apertures in a broadside array.
Ay width of a rectangular aperture.
b radius of the outer conductor of a coaxial transmission line.
B, input susceptance of a radiating aperture.
B, input susceptance of a slot antenna.
BW bandwidth.
¢ velocity of electromagnetic waves in free space.
d diameter of the feed probe.

D inset distance: distance between the feed probe and the nearest end of a rectan-

gular patch antenna.
E electric field intensity vector.
uyEp,ugEg,uyE, spherical components of E.
f frequency in hertz.
fo resonant frequency.

fm,n resonant frequency of the m,n mode.
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Qcu
Qdie
Qezt

QL

Qo

Qrad

List of principal symbols

resonant frequency of an ideal unloaded cavity.
frequency at which the input impedance of an antenna is real.
input conductance of a radiating aperture.

radiation conductance.

thickness of a dielectrically filled substrate.

Bessel functions.

wave number of the m,n mode.

electrical length.

physical length.

length of a transmission line or a rectangular patch antenna.
quality factor due to ohmic losses.

quality factor due to dielectric losses.

quality factor that includes only the external load.

quality factor that includes internal and external losses.
quality factor of an ideal unloaded cavity.

quality factor due to radiation losses.

aspect ratio W/L.

resonant resistance: input resistance at f,;.

equivalent resistance due to ohmic losses.

equivalent resistance due to losses in the dielectric.

radiation resistance.
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811, 821,912, 822

TEM

tan 6

L:

Uph

X,

Y,

Yom

Zq

Z om

Zo

Zy

Zq

Bo

List of principal symbols

scattering matrix parameters.

transverse electromagnetic

thickness of copper cladding.

loss tangent of a dielectric material.

unit vector in the z-direction; similarly u,, u;, u,, ug, uy.

phase velocity.

width of a microstrip transmission line or a rectangular microstrip patch antenna.

effective width of a microstrip transmission line or a rectangular microstrip patch

antenna.

series reactance used to model the antenna’s feed probe (= wi,).
input admittance of a radiating aperture.

characteristic admittance of a microstrip line.

input impedance of a radiating aperture.

input impedance of an antenna.

characteristic impedance of a microstrip line.

characteristic impedance of an air filled transmission line.
impedance located at the receiving end of a transmission line.
input impedance of slot or aperture A.

input impedance of slot or aperture B.

attenuation constant.

phase constant in free space.
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List of principal symbols

Bs phase constant in the substrate.
8L edge extension.

6, skin depth.

€e effective relative dielectric constant.

¢, relative dielectric constant of a dielectric substrate.

v propagation constant.

7o intrinsic impedance in a vacuum (120xf2).

n antenna efficiency.

n, intrinsic impedance of a dielectrically filled medium.
A, wavelength in a dielectrically filled medium.

Ao wavelength in free space.

o conductivity.

1 ohm.

U mbo.

w angular frequency.
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CHAPTER 1

INTRODUCTION

1.1 General introduction

Microstrip antenna elements were originally proposed by Deschamps in 1953 [1].
However, eighteen years or more passed before the work was carried further by Howell
(2,3], Munson [4] and Weinschel (5], after which numerous analytical and experimental
studies into the operation of the antenna followed (6].The fundamental form of the
antenna is an arbitrarily shaped thin uniform sheet of metal, called a patch, bonded
to the surface of a thin dielectric substrate clad with a large metal sheet on the other
surface to form a ground plane. The element is usually excited at a frequency such that
the wavelength in the substrate is comparable with the dimensions of the patch. The
relative dielectric constant of the substrate material is usually less than ten, resulting
in significant fringing fields around the periphery of the patch. These fields give rise to
electric currents on the patch and the ground plane, so the element’s far field radiation
may be regarded as being directly related to these electric currents or to the equivalent

magnetic currents of the fringing fields.

This investigation is primarily concerned with the operation of antenna elements
constructed using rectangular patches because they have been the most widely used
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Figure 1.1: Rectangular microstrip antenna.

in industry, and lend themselves to analysis by simple models. Figure 1.1 shows a

rectangular element fed by a microstrip transmission line.

To radiate as an antenna the rectangular element should be excited at a frequency
such that the length of the side L is approximately equal to half of the wavelength in
the dielectric. The electric field associated with this transmission line resonator fringes
beyond the ends of the patch to create two main gources of radiation. Fringing also
occurs along the two sides but the radiation from these sources does not contribute
significantly to the main beam, is cross polarised, and creates side lobes in the element’s

radiation pattern.

There are three common excitation structures for the antenna. Figure 1.1 shows
an element fed at its edge by a microstrip transmission line. Figure 1.2(a) illustrates a
patch fed from behind the ground plane by the inner conductor of a coaxial transmission
line that extends through the substrate to make connection with the metallic patch.
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This extension of the coaxial line through the substrate is called a “probe,” hence this
configuration is referred to as probe feeding. In the third arrangement shown in figure
1.2(b), feeding is achieved by placing the patch in close proximity to some other source
such as the microstrip transmission line shown, thereby permitting the excitation of the

antenna element through electromagnetic coupling.

NN

J e

SECTION

)

N
NN
o coaxial transmission line
microstrip transmission line x(a)

s =

7

S

(b)

Figure 1.2: Feeding arrangements: (a) probe feeding and (b), electromagnetic coupling.

Probe fed elements have been used almost exclusively in this investigation be-
cause at microwave frequencies input impedances are most accurately measured by
coaxial equipment. Also the ground plane provides a shield against interference be-
tween the measurements and the test equipment, and serves as a well defined reference
plane for the measurement of the input impedance. Probe feeding also offers a degree of
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design flexibility because the location of the probe can be used to select the impedance
presented by the antenna, or the polarisation characteristics of its far field radiation

pattern.

Rectangular and circular patches can be used to build up linear arrays to achieve
fan shaped far field radiation patterns. Figure 1.3(a) shows an example [7] where the
elements are arrayed in the E-plane. This arrangement is called a series fed array.
Isolated elements can also be arrayed in the H-plane, or joined together to form ome
wide radiator [4]. This wide microstrip radiator together with its feed network, as shown
in figure 1.3(b), is ideal for wrapping around the body of a satellite to provide an omni-
directional radiation pattern. A pencil beam can also be formed by a two dimensional

array of single elements [7], or by arraying wide microstrip radiators in the E-plane.

Microstrip antenna elements and arrays are finding many uses in the field of an-
tenna engineering because they have many unique advantages over the costly and bulky
mechanical structures which they have the potential to replace. They are conformal,
low in profile, and best suited to applications requiring small size and light weight.
They are also attractive because of the advantages of low production cost, high design

flexibility and ruggedness.

The antenna’s fabrication advantages are the result of the monolithic planar
manufacturing technology which is used, and include: low cost because all of the ad-
vantages of printed circuit technology can be exploited, high reliability, because there
are no registration problems, and technology compatibility with other circuit elements
such as transmission lines, filters and active devices. Also where necessary a radome can
be included as an integral part of the antenna structure. The mechanical advantages
start with the antenna’s flat and low profile, therefore there is minimum disturbance
to the aerodynamic flow across the outside of a vehicle and minimum protrusion into
the vehicle’s interior. There is also good reliability due to the absence of high stress
components and the need to assemble the antenna system. The electrical advantages of
microstrip antenna technology include: reliability and general flexibility because there
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(2)

PySN

A

feed point
(b)

Figure 1.3: Microstrip antenna array configurations: (a) series fed array and (b), a wide
radiator antenna.

is no restriction on the antenna’s shape.

The antenna has also been found to have the following disadvantages. For oper-
ation on common substrates around 5GHz, the bandwidth is typically limited to about
3% and 4% for basic rectangular and circular elements respectively. The electrical char-
acteristics of the antenna are very sensitive to the relative dielectric constant which is
subject to variation during manufacture and thermal stress. Voltage breakdown can
be a problem in high power transmitter applications because of the close proximity of
the patch to the ground plane. In array applications spurious radiation from the feed
network occurs when using microstrip lines to feed the antenna, particularly whenever
there are bends or curves or simple perturbations in the characteristic impedance due to
surface imperfections and material inhomogeneity. In array applications this problem
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together with line attenuation raises the side-lobe level of the radiation pattern.

Even with the above limitations, microstrip antenna technology has many ad-
vantages over other antenna classes in a wide variety of applications. However the pace
at which they have found application has been greatly hindered by the expensive cut-
and-try design techniques that have been employed. The analytical models available to

the designer are now reviewed.

1.2 Analytical Models
1.2.1 Introduction

This review of analytical models is concerned primarily with resonant frequency
and input impedance because these characteristics are difficult to calculate because
they are very sensitive to an accurate representation of the fields within the antenna.
Conversely, the main lobe of the far field radiation pattern is insensitive to small errors
that might occur in modelling the fields under the patch and is therefore regarded as a

lesser challenge to analysts.

The analytical approaches that are accurate enough for some but not all de-
sign purposes are now discussed. In turn they are each shown to give agreement with
measurements when applied to a.ntenn‘as operating in the lower microwave band. This
review will also provide a foundation for the simple novel models that are proposed for
the resonant frequency, input impedance, and radiation pattern, and demonstrated to
be accurate up to mid-microwave frequencies in Chapters III, V, and VI respectively.
The analytical models for the mutual coupling between rectangular patches are reviewed

in Chapter VII.
1.2.2 Transmission Line Model

The transmission line model is the oldest and simplest model, being first applied
to rectangular elements in 1974 by Munson [4]. For input impedance calculations the
antenna shown in figure 1.1 is modelled by the equivalent transmission line circuit of
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figure 1.4, which includes two radiating slot antennas in the y = +L/2 planes, both of
area W by h and separated by a low characteristic impedance parallel plate transmission

line.

- L g
Zm Zb zom Za
SLOT B SLOT A

Figure 1.4: Transmission line model of a microstrip transmission line fed rectangular
element. '

The input impedance at the junction between the antenna and the transmission
line, where y = — L /2, is calculated by transforming the input impedance of slot antenna
A, Z,, a distance L along a transmission line of characteristic impedance Zom, to the
reference plane at y = —L/2. If the transformed impedance is labelled Z;, then the

input impedance is obtained from the parallel combination of Z; and Zj, hence

(1.1)

This equation can be used to show that the antenna is resonant when its length is
slightly less than A,/2. Introducing the input resistance and reactance of the equivalent

radiating aperture of the slot antenna, let

then if the antenna’s length is A,/2, the transmission line equation [8] can be used
to show that the transformed slot impedance (Z,) equals the original impedance(Zq).
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However if the slot impedance is transformed by 0.48A, to 0.49A,, then
Z, = Ry — j Xa (1.3)

Substituting equations (1.2) and (1.3) into (1.1) gives a real result called the resonant
resistance, where

Ro= "2 (14)
The expressions due to Harrington [9] for the conductance and susceptance of

an aperture in a ground plane have been widely applied to microstrip antennas in the

literature [4,10]. They are:

_ 2
g; == gﬁ;") /24) " 1nho/unit length (1.5)
o'fo
B, = 5.186 — 2og Aok mho/unit length (1.6)
Aofo

where the aperture is assumed to be thin, /A, < 0.1. It is concluded in Chapter V,
where the slot admittance is considered in detail, that expressions (1.5) and (1.6) are
only useful for a very limited set of antenna electrical dimensions. In the literature on
microstrip antennas the terms slot, aperture, and wall admittance are used interchange-
ably. Except for these introductory comments, the term aperture admittance is used

throughout this thesis.

Early use of the transmission line model by Munson [4] was accompanied by a
simple method of calculating the far field radiation pattern, where the antenna was
represented by a uniformly illuminated metallic rectangle, or array of rectangles in the
case of an antenna array. The radiation pattern is calculated by standard techniques
[11]. Even though this rudimentary form of the model only gives fair agreement with
experiments for cases where the antenna is fed at its edge [15], it is still used as a
computational aid to the antenna designer working in the lower microwave band [4].
Milligan [10] used this simple form of the transmission line model to account for the
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variation in the frequency bandwidth as other antenna parameters are changed. Chapter

VIII continues with a review of the bandwidth characteristics of the antenna.

Derneryd [12] carried the transmission line model further when a TEM-mode
field distribution was proposed as an approximation to the field in the cavity between
the patch and the ground plane; where the TEM standing wave is the distribution
resulting from the interference of two TEM travelling waves in the plus and minus y-
directions. Refer to figure 1.5. This approximate field distribution has no z-directed
components under the patch, and the same is assumed for the fringing fields at each end
of the patch. Thus the two imaginary slot antennas are assumed to have electric field
distributions that are constant in the z-direction and zero in the z-direction. Figure 1.5
also shows how the electric field vectors of the fringing field, Ey, are decomposed into
E; and Ey components. Derneryd proposed that the E, components should be used to
represent the fields across the slot antennas, rather than the E;-components that were
previously used by Munson [4]. The input impedance and far field radiation pattern of

the antenna element are modelled by an array of two slots in the z = h plane.

ground plane —\

slot radiators e =
|

5]

A

Y

|
|
1
I
i
:
L

patch

{
3 X

Electric fringing field z Ey :l %
| )

i M+
/ \ﬂ\———coaxial feed Y

substrate

Figure 1.5: A rectangular microstrip patch antenna fed by a coaxial probe.
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The transmission line equivalent network shown in figure 1.4 was used by Dern-
eryd [12] to derive an expression for the antenna’s input admittance referred to the

y = —L/2 plane,

Gq + j(Ba + Yom ta.nﬂ,L)

Yin - GG +JBa + YomYom bt .Ba tanﬂ.L"'jGatanﬂ.L

(1.7)

The element is said to be resonant when the imaginary part of the input admittance

equals zero, which occurs when the length of the patch satisfies

2YomBa

tanB,L = G+ BI-YZ, (1.8)

In developing new design methods new formulas for the slot admittance were
proposed by Derneryd [12]. The conductance is calculated by integrating the real part of
the Poynting vector over a hemisphere surrounding a magnetic dipole. The susceptance
is represented by the static capacitance associated with the fringing fields of an open-
circuited microstrip line. Detailed investigations of the methods for representing the

admittance of the slot antennas will be given in Chapter V.

Derneryd [12] was the first worker to apply to microstrip antennas the approxi-
mate electrostatic expressions for the effective dielectric constant (e) and edge exten-
sion (6 L) proposed for use with microstrip lines by Schneider [13] and Hammerstad {14]

respectively. They are

& +1 €p — 1 10h -0.5
o ) l.
€e 7t 3 (1+ W ) | (1.9)
5L = 041255 0300W /A + 0.262 (1.10)

€ — 0.258 W /h + 0.813

Derneryd also proposed treating the transmission line between the slot antennas
as a microstrip line of characteristic impedance Zom(= Y,,.). There have been three
formulas used for Zom in the analysis of microstrip antennas, and they are as follows.
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Using a conformal mapping approach Schneider [13] developed an exact solution which

was then approximated by a truncated series expansion,

_ Mo
Zom = = Wk + 242 — 0A4RJW + (1= hW)E) o (1.11)

where W/h > 1. Carver [15] suggested using Schneider’s approximation to the above

equation,

hno
W&
and Sengupta [16] suggested using an equation published by Hammerstad [14] that was

ohm (1.12)

Zom=

a modification of Wheeler’s result [17] for two parallel strips separated by a dielectric

sheet, Hammerstad’s equation is,

_ _hno
where
h h w
a=1+ 1.393W + 0.667W ln(T + 1.444) (1.14)

For typical antennas operating at 5GHz with widths roughly equal to 0.5X,, there is
only a 5% variation in the calculated characteristic impedances obtained from these

three formulas.

As far as the radiated field in the normal direction is concerned, the components
of the near field fringing beyond the ends of the patch parallel to the ground plane, E),
add in phase to give a maximum radiated field normal to the element, while for this
direction the radiation associated with the E, components is out of phase and cancels.
The far field radiation pattern can be determined by the classical methods [18] for a
two element side by side array of slots in the z-y plane. This two element array is used
in Chapter VI, where it is refined and used to calculate radiation patterns that are in

good agreement with measurements.

Derneryd [12] also used this model to calculate the directivity and bandwidth,
and to design linear arrays of rectangular patches interconnected with microstrip lines.
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It has also been used by Newman et.al. [19] in conjunction with the moment method

technique to calculate the input impedance of a rectangular element fed part way along

its E-plane axis, as shown in figure 1.2(a). Here the moment method technique is used

to determine the slot impedance, and the input admittance of the antenna is determined

using the transmission line model shown in figure 1.6 as,

Yin =Yom ZaC1 + 7 ZomS1 M Z2Co + j Zom S
where
C) = cos B, 1
Co =cosf,Ly
S1 =sinf,L
Sy = 8in B, Lo

(1.15)

(1.16a)
(1.168)
(1.16¢)

(1.16d)

At 600MHz this analytical approach was compared with measurements and shown to be

within -1.6% and 32% for the resonant frequency and resonant resistance respectively.

2y Zom feed point Zy

I

Figure 1.6: The transmission line model of a probe fed rectangular patch.

The transmission line model has been useful for studying rectangular elements

operating at fundamental or simple higher order modes in the y-direction. Refer to

figure 1.5. However like the more complicated models it depends on an accurate de-

termination of a few key parameters, including: effective dielectric constant, effective
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electrical dimensions and the admittance of the equivalent slot antennas that model each
end of the element. Chapter V shows that the agreement between the calculated and
measured input impedances falls off as the frequency is increased because the formulas
used for the above parameters do not model the actual behaviour accurately enough.
Chapter V also shows how the accuracy of the transmission line model is improved using
an empirical approach to determine some of the key parameters, permitting the use of

the model up to at least 5GHs.

1.2.3 Cavity model

Some of the limitations of the transmission line model have been overcome by
various workers using a dielectrically loaded cavity analogy for the microstrip antenna.
This analogy was used much earlier for the analysis of microstrip resonators [20,21,22], so
its application to antennas has been a natural progression. In this method the antenna
was initially modelled by Lo et.al. [23] as a cavity bounded by two short-circuited and
four open-circuited walls; and because the cavity is thin, the following assumptions

about the electromagnetic fields within it can be made:
i Only the E,, H;, Hy components exist within the cavity.

ii The above field components are independent of the 2-coordinate over the fre-

quency bandwidth of interest.

iii The electric current in the microstrip must have no component normal to the
edge at any point on the edge, implying a negligible tangential component of the

magnetic field intensity along the edge.

Initially only rectangular and circular cavities were considered. The rectangular cavity
was treated as a section of a microstrip transmission line of length equal to half of
the wavelength in the dielectric and supporting a TEM-mode standing wave. The
circular cavity was treated as a thin section through a cylindrical cavity supporting a
TM standing wave derived from propagation in the 2-direction.
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Howell [2,3] used the cavity model to calculate the fundamental resonant fre-
quencies of both circular and rectangular elements. For a rectangular element; as was
the case using the transmission line model, the fundamental resonance occurs when the
distance, L, between the two radiating slots is equal to one half of the wavelength in

the dielectric. Therefore,
c

= 1.17
The lowest order resonant frequency for a circular element of radius a is
1.841c
= 1.18
fo 2wa /€, ( )

However the measured resonant frequency was found to be 5% lower than that calcu-
lated, mainly because in practice the effective edge of the patch was extended slightly,
due to the fringing fields around the patch. This means that the antenna’s electrical
length or radius is larger than the physical dimensions, hence lowering the resonant
frequency. Therefore the physical length L in (1.17) is replaced by the elecirical length
of the patch (L + 26L) using the edge extension given in equation (1.10). The fringing
around the edge of the circular patch is taken into account in equation (1.18) by using

an effective radius [24], given by

2h
wae,

g = a[l + —(In % +1.7726)]%5 (1.19)

where a/h >> 1.

Further consideration of a cavity leads to the possibility of higher order resonant
frequencies for microstrip patch antennas [3]. For a rectangular antenna these reso-
nances occur when the distance in the dielectric between the slots is a multiple number

of half wavelengths, therefore the resonant frequencies fy, are given by

c

In= @ + 2Ly

(1.20)

It has also been shown [25] that a series of modes exists for the circular element
that is similar to those of a cylindrical cavity except for the boundary conditions at the
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edges. Here the resonant frequencies are given by

¢ Xmn!

fmpn = 2 aer/oc (1.21)

where J,/(X;nn) = 0, Jp,r being a Bessel Function. The lowest order of resonance

occurs when X,» = 1.841.

The cavity model has been extended to determine most of the electrical charac-
teristics of microstrip disc antennas [26,27,28|. Here the cavity comprises the patch, the
ground plane, and the open circuited walls around the periphery of the patch. The field
internal to the cavity is approximated solely by a dominant mode. Because of the close
proximity of the patch and the ground plane (A < A,/10), the antenna can be modelled
as a thin resonant cavity with equivalent magnetic line currents along the perimeter of
the patch. The source of the radiation field of the rectangular antenna is still modelled

as a two element side-by-side array of uniformly illuminated slots.

The model has been used to calculate the stored, lost, and radiated energies, and
also the input impedance, quality factor, radiation efficiency, and bandwidth. Figure
1.7 is a graph of the quality factor and radiation efficiency against the resonant fre-
quency for rectangular and circular antennas on a 1.524mm thick substrate with ¢,=
2.55 and tan6§=0.0018. Because the quality factor is inversely proportional to band-
width (%BW=100/Q), the figure implies that bandwidth is an increasing function of
frequency. The improved bandwidth can be attributed to the increasing electrical sub-
strate thickness which in turn permits greater radiation from the element due to the

increased fringing fields.

The cavity model has been very helpful in providing all of the electrical char-
acteristics for\microstrip antennas of a few simple shapes, as long as the antenna is
thin compared with the wavelength. Both the transmission line and single-mode cavity
models give results that are in agreement with measured radiation patterns. However,
these models ignore the effects of the terminal region and therefore calculate the input
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Figure 1.7: Quality factor ( ) and efficiency (—— —) versus frequency [24].

impedance loci to be symmetrical about the real axis of the Smith chart, which is not
the case with the experimental results. Hence good agreement between the calculated
and measured input impedance loci only occurs when the feed point is located near the
edge of the antenna, because when this is the case, the measured impedance locus is
approximately symmetrical about the real axis anyway. The deficiencies of these simple

models, as they have been presented in the literature, can be summarised:

i In the case of probe fed elements, they predict resonant frequencies that are a

few percent lower than the measured resonant frequencies.

ii They cannot be easily adapted to account for structures that support transverse
modes as may be caused by perturbations in the cavity’s internal field due to the

feed point.
iii They are only suitable for modelling rectangular or circular patches.

The modal-expansion cavity model is an extension of the cavity model already
discussed. Again the antenna is viewed as a thin cavity with short circuit and open
circuit walls, and the field within the cavity is expanded in terms of a series of discrete
resonant modes. Initially the field distributions for the modes are established assuming
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that the end and side walls are open-circuited, which implies that there is no radiation
from the antenna. Richards et.al. [29] accounted for the radiation and other losses
to the cavity by an artificially increased loss tangent, and Carver [15,30] replaced the
open-circuited walls by an impedance boundary condition, or wall admittance. The
accuracy of both approaches depends on the complex wave number for each mode, the

real part of which is used to determine the resonant frequency.

The feed is then modelled as a z-directed current strip and a double summation
of cosinusoidal terms is used to represent the cavity field distribution of the resonant
modes, where the distribution of the fundamental mode is identical to that used with
the transmission line model discussed earlier. A double summation expression is derived
for the input impedance which is in effect a Foster [31] expansion of resonant sections.
Figure 1.8(a) shows a general network representation of the input impedance. The (0,0)
section includes the static capacitance and a resistor to represent losses in the substrate.
The (0,1) section represents the dominant mode and is equivalent to the parallel RLC
network where the R represents the radiation and losses in the metal cladding and
dielectric substrate. The (m,n) section represents an unspecified higher order mode.
The infinite number of higher order sections have negligible losses and sum to form a
series inductance. The microstrip antenna is typically narrow band; therefore provided
that the modes are well separated, the input impedance can be represented by the single

(m,n) Foster section and a series inductance, as shown in figure 1.8(b).

The modal-expansion model incorporating the wall admittance gave good input
impedance results when applied to circular and rectangular antennas operating at or
near 2.2GHz [30]. The wall conductance was based on a parallel-plate TEM waveguide
radiating into an open half space [9], and represents the effects of radiation and cavity
losses. The susceptance of the walls represents the energy stored in the fringing fields,
and is based on the static capacitance of an open ended microstrip line {14]. The method
has been extended using a finite element approach to obtain the magnetic currents on
the radiating walls of a general five-sided patch [30].
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Figure 1.8: (2) Network model for a multi-mode cavity and (b) a simplified network
model for operation around a dominant mode of resonant frequency, fmn.

A similar investigation by Carver [32] followed where the field within the cavity
was expanded into a Fourier series. Also proposed was an empirical modification to the
aperture admittance equations that accounted for the aspect ratio of the metallic patch.
At 1GHs the calculated and measured resonant frequency and resistance were within
+0.25% and +5% respectively. This model was later tested against measurements at
2.2GHz [15], and showed a 0.5% error in resonant frequency and negligible error in
resonant resistance. However as the frequency increased to +4.5% above the resonant
frequency the error in the input impedance increased markedly. This approach was also
shown [33] to give errors in the resonant frequency of 4% when used with rectangular

antennas operating at 5GHz.

Carver [34] used the wall admittance approach in a detailed investigation of the
equivalent series reactance of the feed probe. At S-band a comparison between the
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calculated and measured series reactance revealed an error of 47%. This unacceptably
high error led Carver to conclude that an effective probe diameter of five times the
physical diameter should be used in the model. This was also suggested by Richards
et.al. [35]. It was further recommended by Carver that the modal-expansion model not
be used to determine the series reactance because the computation time is not rewarded
by accuracy. Furthermore, as will be elaborated on in Chapter II, the modal-expansion
model gives series reactance errors of the order of 250% for a 5§GHz antenna on a 1.57mm

thick substrate fed by a probe of 3.04mm diameter.

The second method of representing the radiation from the cavity in equivalent
circuit terms is based on an effective loss tangent, which is determined using the quality
factor of a non-radiating cavity of the same dimensions and resonant at a frequency
slightly higher than the cavity under consideration [29,35]. This approach gives radiation
pattern and input impedance results that are in good agreement with measurements for
a number of different feed points, even when the dominant mode is not strongly excited.
Typical agreement between the measured and calculated resonant frequency is within
0.3%, with negligible difference between the input impedance loci over a 7% frequency
bandwidth around 1190MHz. However, once again the effective radius of the feed probe
was used to ensure good agreement between the measured and calculated impedance

loci.

Even though the modal-expansion cavity model gives good results for antenna
elements that are simple in shape, its application is still limited to antennas mounted
on electrically thin substrates because the accuracy of key parameters in the model
falls off as the substrate thickness increases. Calculation of the aperture admittance
parameter is based on an empirical modification to formulas that ignore radiation. This
is a reasonable approach when dealing with electrically thin antennas with minimal
fringing fields, but Chapter V shows that it leads to useless results at higher frequencies
of the order of 5GHz. The same limitation applies to the accurate determination of
the effective loss tangent because the quality factor of the cavity needs to be assumed
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high enough to be insensitive to the frequency, which is the case for electrically thin
substrates. Therefore the modal-expansion cavity model remains limited to the analysis
of antennas on electrically thin substrates, unless new formulas for the key parameters

are found that are applicable to cases where the substrate is not necessarily thin.

1.2.4 Models for numerical analysis.

Rectangular and circular shaped patch antennas have fulfilled most design re-
quirements. However other shapes are occasionally used when particular electrical
characteristics of the antenna require enhancement. In particular the pursuit of in-
creased bandwidth performance has resulted in a number of shapes like the pentagon,
triangle, and hexagon to be discussed in Chapter VIII. Also rectangular patches have
been modified by removing corners or cutting holes or notches into the patch. The
models hitherto discussed cannot be -easily applied to these arbitrary shapes, therefore
numerical techniques have been directly applied to evaluate the currents or the fields

assoclated with these antenna structures.

A wire grid model has been proposed by Agrawal et.al. [36] for the patch and
its electromagnetic image. Here the two metal surfaces are modelled by wire meshes of
vee-dipoles and the current distribution solved numerically. The dielectric slab is taken
into account using empirical frequency shift and impedance scaling information. The
results of the analysis were compared with measurements, but it is difficult to establish
the accuracy of the work because the authors have tended to minimize computing time
at the expense of accuracy. For a 4.4GHs square patch antenna fed at its edge by
a microstrip transmission line, comparisons with measurements show an error in the
radiation pattern of 3dB, a resonant frequency error of 2.3%, and a resonant resistance
error of 33%. The method appears to have possibilities as a design tool because it is
potentially very general in its application. However it is more costly in computing time
than most other methods and provides little physical insight into the operation of this
class of antenna.
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Carver et.al. [30] used a finite element approach was also used to find the interior
fields within a general five-sided cavity. An equivalent aperture admittance was placed
around the boundary of the patch in the same manner as was used with the modal-
expansion cavity model, and therefore once again the accuracy of the results depends
upon empirically modified formulas that are only useful at lower frequencies. The results
of this work could not be found in the open literature 8o it is highly possible that it was

never finished.

A general method of moments solution of the reaction integral equation was pro-
posed by Newman et.al. [37] to determine the electric and magnetic surface currents
associated with a strip dipole on a thin dielectric slab, where the volume equivalence
theorem was used to replace the dielectric inhomogeneity by equivalent volume polari-
sation currents in free space. The work was later continued using a surface patch model
for a patch antenna and a thin-wire model for the feed lines [38]. The image theory was
used to account for the ground plane. Very good input impedance results were shown
for rectangular and pentagonal shaped patches operating at frequencies up o 1200MHz.
For the rectangular patch the agreement was within 0.08% and 15% for the resonant
frequency and resonant resistance respectively. In fact at this frequency the accuracy
of the model is no better than that obtained using the transmission line and cavity
models. Even compared to the other numerical analysis techniques, the model requires
excessive computing time because of the high precision needed for the computation of

the impedance matrix.

Another method of moments solution was proposed by Pozar [39], and uses an
exact Green’s function to analytically account for the dielectric slab and ground plane.
The earlier problem [38] of the sensitivity of the input impedance results to the nu-
merical accuracy was overcome because the ground plane was included in the Green’s
function. Also the Green’s function rigorously accounts for the surface waves launched
into the dielectric. For rectangular patch antennas operating at 660MHz, this approach
provides results that agree with measurements to within -0.08% and +23% for the reso-
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nant frequency and resonant resistance respectively. Also the mutual coupling between
rectangular antennas at 1410MHs was calculated to within +1db of measurements.
However, the excellent agreement with measurements was only arrived at after the

adjustment of the dielectric constant.
1.3 Conclusions

The analytical models for the radiation pattern and input impedance of mi-
crostrip antennas fall into three main categories. In the first category the transmission
line model is simple and provides results that are adequate for the design of microstrip
transmission line fed rectangular antennas. The modal-expansion cavity model is in the
second category, and can be applied to simple shaped antennas and their feed struc-
tures. The accuracy of both the transmission line model and the modal-expansion cavity
model, incorporating the boundary condition, depends on the accuracy of the aperture
admittance. The resonant frequency is a function of the aperture susceptance and the
aperture conductance has a major effect on the resonant resistance. The aperture admit-
tance that has been used in both of these models is based on the empirical adjustment
of equations that were originally proposed for use with thin microstrip lines, or long thin
slot radiators. Some of these equations for the key parameters of the models are based
on electrostatic considerations, and ignore dispersion and radiation and the possible ef-
fect of evanescent modes on the field distribution around the patch periphery. Moreover
they are demonstrated in the following chapters to give incorrect results as the frequency
increases to 5GHz. Modelling the patch and its image by fine wire grids is representative
of the third category of analytical models, and is applicable to the analysis of antenna
structures of general shape. This approach could be carried out using one of the widely
available wire grid computer-aided analysis programs. Although the results obtained
using the wire grid model are in fair agreement with measurements, it is clear that the
electromagnetic near fields of the antenna are not accurately represented. Firstly, the
same current distribution is supported above and below each of the wire meshes, which
is not the case for the patch and its image in an inhomogeneous medium. Secondly,
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the image principle is widely applied to field problems involving electrostatic charges
and isolated thin wires supporting electromagnetic fields above ground planes. However
the application of this principle to meshes of wire antennas does not necessarily follow.
Along with the other two classes of analytical models, this wire grid model requires the
empirical adjustment of key parameters and has the disadvantage of demanding much

more computer power than the models in the other two categories.

The analysis of the microstrip antenna element is made very difficult because
the electromagnetic fields around the periphery of the patch exist in an inhomogeneous
medium. Figure 1.1 shows that the half-space above the ground plane is partly filled
with air and partly with a thin dielectric substrate of some non-unity dielectric constant.
The problem is more clearly illustrated if the transmission line model is used, and the
patch is treated as a section of microstrip transmission line comprising a plate above a
ground plane. Firstly the image principle is used to replace the currents in the ground
plane by another fictitious plate located a distance 2h from the first plate at 2 = —h
on figure 1.1. A length of parallel-plate transmission line is the result, comprising
two plates separated by a dielectric substrate of thickness 2Ah. If this structure was
in a homogeneous uniform isotropic medium, then it could support two TEM waves
propagating in the plus and minus y-directions, and the analysis would be relatively
straight forward. But for the partially filled space under consideration the structure can
only support a set of hybrid modes having non-zero Ey and Hy components. However
at low frequencies the lowest-order hybrid mode resembles a TEM mode and is therefore
referred to as a quasi-TEM mode, and because the antenna is a half wavelength long
section of this transmission line, this quasi-TEM standing wave distribution can be used
to approximate the field between the patch and the ground plane. This complexity in
the mode structure has impeded the development of solutions sufficiently accurate for
engineering purposes for even the simplest electrical parameters. Chapter VI describes
an investigation into the fringing field distributions around the patch using a liquid
crystal film. It is concluded that, for frequencies above 3GHs, the distribution under
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the patch is much more complicated than a quasi-TEM mode would indicate.

In the absence of an exact electromagnetic treatment of the antenna element,
various workers have used approximate solutions based on quasi-static or full-wave rep-
resentations of the electromagnetic problem. Then part of their procedure appears to
have been the empirical adjustment of results to account for the approximations in the
field distribution under the patch, particularly those that occurred when radiation was
ignored. These approaches have been very useful for the input impedances and radi-
ation patterns of antennas operating at frequencies up to 3GHz, where the radiation
efficiency of the structure is low. As the frequency is increased however, so does the
effective electrical thickness of the substrate thereby permitting increased fringing and

associated radiation, eventually rendering the previous refinements useless.

The aim of this investigation is to develop a computer-aided design program for
rectangular elements operating at frequencies beyond those where the existing analyt-
ical models have been successfully applied. There are numerous examples in the open
literature of analytical techniques that have been useful at frequencies below 3GHa.
However, microstrip antennas are typically used up to 10GHz and to a lesser extent up
to 30GHz. This investigation was carried out around 5GHz because of the extensive
use of this band in radar, communication and biomedical applications, and because the

models suggested in the literature are very inaccurate at 5GHz.

This investigation uses a lossy cavity model to determine the resonant frequency
and the bandwidth, and a transmission line model for the input impedance, far field
radiation pattern and mutual coupling. These models were chosen instead of the more

complicated ones because:

i They have been shown to be quite adequate for design purposes at lower fre-
quencies, giving useful results for resonant frequency, input impedance, radiation

pattern, and mutual coupling.

ii They use the same field distribution under the patch as the fundamental mode
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used in the cavity models, and the assumption that most of the energy is stored
in the fundamental mode is reasonable because the antenna has such a narrow
bandwidth. Also, the transmission line model will require no more empirical
refinement than the modal-expansion cavity model because the accuracy of both

models is dependent on knowledge of the aperture admittance.

iii Given a fundamental acceptance that modelling of the antenna at frequencies of
about 5GHz will necessarily require a large empirical component in determining
the key electrical parameters, it is then an advantage to use simple models where
reasonably obvious account of the electromagnetic phenomenon taking place can
be maintained. Another advantage is that the simple models will only require

moderate computing facilities.

Novel models for the main electrical characteristics of rectangular microstrip an-
tennas will now be developed for application in a computer-aided design program. The
starting point is to model the equivalent series reactance of the coaxial feed probe be-
cause it must be known before the resonant frequency and input impedance can be
calculated. Chapter II surveys the literature associated with modelling the feed probe
and goes on to describe an extensive experimental investigation into the characteristics
of the probe. A coaxial transmission line with an empirical taper is then developed as a
model. The resonant frequency is discussed in Chapter III. Here a cavity model is used
as the basis for the introduction of specific definitions for resonant frequency, and the
development of an empirical model for the effective edge extension. The cavity model
is also used in Chapter IV, where the definition of bandwidth usually applied to single
port resonant cavities is put forward as a more appropriate definition of bandwidth
for n;icrostrip antennas, particularly when there is a need for bandwidth comparisons
between antennas, as is the case in Chapter VIII. The models for the aperture admit-
tance are reviewed in Chapter V, and then the transmission line model with empirical
aperture admittances is used to calculate the input impedance. Chapter VI describes

some of the properties of the effective apertures at each end of the antenna, and then
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continues with the calculation of the radiation pattern using a two aperture side-by-side
array. A far field radiation model is used to calculate the mutual coupling in Chapter
VII. Finally Chapter VIII explores the bandwidth properties of the antenna and the
efforts of other researchers to enhance the bandwidth of microstrip antennas generally.
A novel hexagonally shaped patch is then proposed as a more suitable element than the

rectangular patch because of its superior bandwidth and gain characteristics.

The new models for calculating many of the electrical characteristics of rectan-
gular microstrip antennas and arrays operating up to 5GHz are incorporated into a
computer-aided design program listed in Appendix C. The body of the thesis describes
the development and testing of the models used in the program.
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CHAPTER 11

A TAPERED TRANSMISSION LINE MODEL FOR
THE COAXIAL FEED PROBE

2.1 Introduction

This chapter describes an investigation into the characteristics of the feed point
region of probe fed microstrip antennas. The study of the feed point precedes the
chapters to come because the results of the resonant frequency and input impedance
models must be transferred, using the feed point model, to the antenna terminals before
they can be compared with measurements. So an accurate model for the feed point is
required before the resonant frequency and input impedance of the antenna can be

considered.

Lo et.al. [23] proposed modelling the microstrip antenna by a resonant cavity
in series with an inductive reactance, called the series reactance. Figure 1.8(b) shows
this network model where the series reactance represents the effects of the probe on the

cavity resonant circuit, where X, = wL,.

Insight into the characteristics of the probe is obtained if the self-inductance of a
short length of wire is used as a model. Basic physics suggests that the self-inductance
of the wire is proportional to its length and inversely proportional to its diameter. This

will be shown to be the case for the coaxial probe.

The series reactance has been measured in three independent investigations. In
each case the probe is terminated in a different load with the aim of isolating the
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effect of the connection region from the measured input impedance versus frequency
characteristics of the overall apparatus. The first arrangement terminates the probe
in a large cavity and the second in a short circuited, low characteristic impedance
transmission line. In the third arrangement the probe is used to feed a rectangular
patch antenna. The measured series reactances are used to show that the results of
the analytical and empirical models proposed by other authors become increasingly

inaccurate as the frequency increases, and in fact seriously incorrect at 5GHz.

A new model for deriving the series reactance of the probe is also proposed. A
tapered transmission line is used to transform a short circuit termination down the
length of the probe to the antenna’s terminals at the ground plane, where the taper has
been empirically determined to be a function of the dimensions of the probe and the
aspect ratio of the patch. This model will be shown to give series reactances that agree
with measurements for a variety of commonly used antenna and feed dimensions, and

operating up to 5GHz.

2.2 Models for the series reactance

The need to determine the series reactance is illustrated by considering the Smith
chart plot of the measured input impedance versus frequency characteristic of a rect-
angular microstrip antenna resonant at 5GHz, refer to figure 2.1. The locus can be
closely approximated by a circle of best fit, which in turn can be approximated by the
input impedance of the network shown in figure 1.8(b); that is, an RLC resonant circuit
fed through a series inductive reactance. The plot of the input impedance of an RLC
circuit, as seen from the detuned short position [41], is a circle placed symmetrically
about the real axis of the chart. The effect of adding the series reactance, +jwL,, to
each point on the locus is to transform the circular locus around the chart in a clockwise
direction. The problem is to model this transformation of the input impedance locus.
The models to be described in the following sections use either a series inductance de-
rived from the net reactance of a parallel combination of detuned RLC networks or a
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measured input impedance locus
\

N
circle of best fit to the calculated
input impedance locus

s
R— circle of best fit referred to the
detuned short position

Figure 2.1: Transforming the measured input impedance versus frequency locus of a
rectangular microstrip antenna, 16.93mm by 16mm by 1.57mm, D=>5.5mm, €,=2.55:
meastired locus (~=-), circle of best fit to the measured locus ( ), and the
circle of best fit referred to the detuned short position (— ~ —).

transmission line analogy.
2.2.1 Modal-expansion cavity model

Richards et.al. [29] suggested that the transformation in the impedance locus
is due to the energy stored in higher order mode resonances within the cavity. The
antenna’s input impedance is in affect a Foster [31] expansion and is represented by the
network shown in figure 1.8(a). Notice that the series inductance, L,, represents the net
energy stored in all of the higher order Foster sections, and contributes to the calculated
impedance locus of the Foster sections being displaced by +j X, to the inductive side of
the Smith chart’s real axis. Carver [34] expanded the fields within the cavity into a series
of modes for a detailed investigation of the effects of both the coaxial and microstrip line
type feed point structures. The narrow-band approximation to the resulting expression
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for the input impedance describes the input impedance of the resonant network shown
in figure 1.8(b), where the parallel RLC circuit represents resonance at the dominant
TM mode frequency. The R represents the resistive losses and the radiation associated
with the dominant mode, and L, is the net series inductance of the higher order modes.
This approach has been used to show the dependence of the series reactance on the

probe diameter and feed point position, shown in figures 2.2 and 2.3 respectively [34].

The results graphed in figure 2.2 show that the series reactance is a decreasing
function of the diameter of the probe. It also shows that the series reactance increases
by 60 when W/), increases from 0.304 to 0.503, which is equivalent to an increase
in the aspect ratio (W/L) from 0.96 to 1.60. From figure 2.3 it is concluded that
the series reactance is almost independent of the position of the feed point, except for
D/L < 0.1. Figure 2.3 also presents the results of an experimental investigation carried
out by Carver [34] which shows that the series reactance is independent of the position
of the feed point for a 0.02W (0.01),) diameter probe. It is disappointing that the
experimental technique was not described because these measurements disagree with
the conclusion obtained when measured input impedances of Carver [30] are used to
derive values of the series reactance. That is, it will be later shown in figure 2.21 that
the position of the feed point does have an effect on the series reactance. However, the
measurements shown in figure 2.3 can be used to verify the conclusion of Richards et.al.
[29] that the probe diameter to be used with the modal-expansion model should be an
effective diameter equal to five times the physical diameter of the probe. Carver [34]
goes on to conclude that the computational time required by this method is not justified
because the results are not accurate and in fact, require the probe diameter term to be

altered in order to ensure good agreement with measured series inductances.

2.2.2 Transmission line models

Carver [34] proposed the use of the classical transmission line equation to cal-
culate the inductance of the probe, where the equivalent inductance of the probe was
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Figure 2.2: Series reactance calculated using the modal-expansion method versus probe
diameter (d) for a rectangular element: h = 0.0116),,D = 0.05L,¢, = 2.5, for W =
0.503X,( ) and 0.304)\,(— ——).

10 -

Series reactance (1)
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Probe inset distance: D/L

Figure 2.3: Series reactance calculated using the modal-expansion method versus probe
inset distance (D) for a rectangular element: h = 0.0116),,¢, = 2.5, W = 0.503),, for

d = 0.02W( ) and 0.1W(— — —=).The results of an experimental study are also
shown where d = 0.02W(x ).
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obtained using a simple formulation that ignores the probe diameter and views the re-
actance as that of a coaxial transmission line of length h which is shorted by the top
patch. There was no detailed explanation given by Carver, however his result can be

obtained if a number of assumptions are made and his line of reasoning postulated.

The variation of input impedance with frequency shown in figure 2.1 gives rise
to the notion that a microstrip antenna can be considered as a leaky resonant cav-
ity in series with an inductance L,. Figure 2.4 shows the development of this model
schematically. Firstly consider the cross-section diagram of the antenna and feed shown
in figure 2.4(a). Notice that the coaxial line feeding the antenna supports a transverse
electromagnetic wave which extends into the region around the probe. Reference planes
(1) and (2) respectively represent the antenna terminals, defined at the ground plane,
and the point at which the feed probe contacts the metallic patch. The problem is
then to model the self-inductance of the thin wire between the two planes (1) and (2).
Figure 2.4(b) gives the network equivalent, where the effect of the probe is taken into
account by the inductance L,. Characteristic impedances Z, and Z,pp are respectively
that of the transmission line feeding the antenna and the equivalent wide parallel-plate
transmission line that terminates the probe. Figure 2.4(c) shows the result of the par-
allel combination of the two low impedance microstrip transmission lines Z, and figure
2.4(d) the network after the parallel combination is approximated to zero. Finally
in figure 2.4(e) the lumped inductance component is replaced by an equivalent coaxial
transmission line terminated in a short circuit. Z, is the characteristic impedance of the
coaxial transmission line between reference planes (1) and (2). Carver’s [34] expression
for the series reactance is that for the sending end impedance of a short circuited coaxial

transmission line of length k, and is obtained using the transmission line equation (8],

o L+ 2ot tanh(~h)
Zs = Zot Zo1 + Zy tanh(7yh) (2.1)

This is used to derive an expression for the impedance at reference plane (1) in figure
2.4(e). That is, equation (2.1) is used to transform the approximate short circuit at
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plane (2),

Z, =0 (2.2)

through a distance h to the antenna terminals at plane (1). Assuming that the attenu-

ation, «, is negligible, then

2n 2n\/€r (2.3)

Y Ao

v =1Ps
When equations (2.2) and (2.3) are substituted into (2.1), the resulting expression for

the series reactance (Z, = jX,) is:

27h
As

Xg = Zot tan (2.4)

In determining the characteristic impedance of the coaxial line Carver has chosen
the special case of a line of dimensions such that its characteristic impedance is that of

a dielectric filled free space. Thus

7= 3‘2_’ (2.5)

However Carver [30,34] has been inconsistent in that the evacuated free space wavelength
is used, rather than the wavelength in the substrate as shown in equation (2.4). Newman

et.al. [19] uses the wavelength in the substrate.

Figure 2.5 shows the series reactance versus the substrate thickness for both of
the above cases, together with the results obtained by the modal-expansion cavity model
and a measured result [34). At h/), = 0.018, the error between the measured reactance
and the reactance calculated using equation (2.5) and the free space wavelength is only
1.001, or 6%. However it will be shown later that the results of experimental work
carried out as part of this investigation at 5GHz indicate that the reactances calculated
by the transmission line model, using either wavelength, become increasingly inaccurate
as the substrate thickness increases.
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Figure 2.4: Schematic representation of the development of Carver’s transmission line
feed point model, (a) sketch of the electric field in the proximity of the probe and,
(b),(c) and (d) lumped parameters models and (e), its transmission line equivalent.
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Figure 2.5: Series reactance calculated by the transmission line model using Ao (~ = =)
and A ( ); and the modal-expansion model for d = 0.016A, (— —-— ) and d =

0.08)\; (~-—-—). A measured result (%) is also shown.(¢, = 2.5)

Griffin et.al. [43] proposed another transmission line model for the series reac-
tance of the probe. The model was initially applied to probe fed disc antennas of radius
a, fed through a probe of radius d/2. The radius of the outer conductor of the equivalent
coaxial transmission line was assigned to the disc radius and the radius of the probe
used for the inner conductor. The reactance is calculated by transforming an equivalent
short circuit load at the patch, through the distance h, to the antenna terminals. The

characteristic impedance of the of the coaxial line is

60 2a

and the series reactance is then

ohm (2.7)

27h
X, =2y tan :
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This approach has been applied to a rectangular patch, replacing the disc radius in (2.6)
by the distance from the centre to the corner of the rectangle that forms the patch. The
result of a test of the model is shown in figure 2.6, together with the transmission line
model of Carver, using the free space wavelength, and the results of other models yet

to be discussed.

2.2.3 Model based on the field solution of a coaxial feed probe located in

a radial waveguide

Sengupta [16,44,45] proposed a model where the series reactance is a function of

the probe diameter

ZomPBsW a 4
— . .8
X, e ln (’Yﬁad) ohm (2.8)

where a is a factor calculated by equation (1.14) and Euler’s constant, v = 1.781. This
expression was obtained from considerations similar to those for the excitation of a
parallel-plate guide supporting a dominant E-type radial mode. Figure 2.6 shows a test

of this model.

2.2.4 Model that uses a parallel-plate transmission line to represent the

transverse mode

A more detailed model that includes the aspect ratio of the patch has been
proposed by Lier {46], where the series reactance is the series combination of two reac-
tances X } and X,. Figure 2.7(a) shows a W, wide rectangular patch resonant over the
length L, and fed at a general point (z,,y,). Lier uses X'] to represent the contribu-
tion towards the energy stored in the region of the feed point from a travelling wave
propagating in the y-direction. Figure 2.7(b) is a circuit representation of the resonant
antenna where Z ,: is the characteristic impedance of the parallel-plate transmission line
in the y-direction. The open circuit terminations at y =0 and y = W, are transformed
along the parallel-plate transmission line to the feed point where they are combined in
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Figure 2.6: Calculated series reactance for the case of an APC-7 probe, where d/X, =
0.08,h/X, = 0.04,¢, = 2.55.: calculated by Carver’s transmission line model using A,
( ), Griffin (—-—-—), Lier (+++---- ), Sengupta (-+—-—).

parallel to give

4
X‘ . _Zk
/™ tan(xW,./L.) + tan(zW, / L¢)
where the effective electrical lengths and widths are defined in figure 2.7(a).

ohm (2.9)

The reactance X, is representative of the energy stored in higher-order modes,
and is obtained by a calculation of the input reactance of a square cavity excited at
the resonant frequency through a coaxial probe located in the centre of the patch. The
result is:

Xy = pohfoln ( ohm (2.10)

2¢ )
W'V\/f_rdfo

where f, is the frequency of the resonant mode and 7 is Euler’s constant. The total
series reactance is then
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This series reactance has been calculated for the previously considered antenna
and plotted on figure 2.6. It can be seen that the reactances calculated using this model

lie between those of Griffin and Sengupta. Lier [46] also presented the results of an

experimental investigation which will be discussed in section 2.3.3.

Y
A
W, —T
W,
(30: !Io) ‘_L
W,
1 3 X
L,
(a)
7t | K
k w
X, T
. /U\ v
1 »
w
Zin __IL,_ R;,

(b)

Figure 2.7: (a) The geometry for a rectangular element fed at a general point, and (b)

the circuit representation of the antenna, where the transmission line is related to the
transverse mode.

The apparent similarity between equations (2.10) and (2.8) can be better appre-
ciated if both equations are simplified. If equation (1.13) is substituted into (2.8) the
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resulting equation of Sengupta is

_ nohk 20
X, =J-In ('m/é?d) (2.12)

Lier’s equation can be simplified using

1
¢ g~ (2.13)

o€o
Ol (2.14)
€o

_ noh 22X
=50 (w\/ad) (2.15)

Thus equations (2.12) and (2.15) are the same.

Mo

to give

2.2.5 Conclusions

All of the models presented have been useful in studying the dependence of
the series reactance upon the antenna geometry. However, the difference between the
calculated and measured reactances will be shown, in the next section, to increase
rapidly as the equivalent electrical thickness of the substrate increases. This problem will
be clearly illustrated when the results of these models are compared with measurements

made around 5GHz.

2.3 Experimental investigations

The series reactance has been measured by three methods, where in each case
the probe is terminated in a different load with the aim of isolating the effect of the
connection region from the measured input impedance versus frequency characteristics
of the overall structure. The first arrangement terminates the probe in a large cavity and
the second in a short circuited low characteristic impedance transmission line. In the
third arrangement the probe is used to feed a rectangular patch antenna. The measured
series reactances are used to show that the results of the analytical and empirical models
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proposed by other authors become increasingly inaccurate as the frequency increases,

and in fact become seriously incorrect as the frequency approaches 5GHz.

2.3.1 The large cavity method

In order to isolate the series reactance from the input impedance presented to
the probe by the patch structure, the metallic patch associated with the antenna was
removed and replaced by a large sheet of copper. In essence, the coaxial probe was
then feeding a large sheet of double sided copper clad board, refer to figure 2.8(a).
The network in figure 2.8(b) shows the coaxial probe represented by a series reactance,
X,, and the sheet as a large open cavity with input impedance Z;, called the cavity
impedance. Therefore a value for the series reactance can be determined from the
measured input impedance of the overall structure, Z;,, as long as the value of Z, is
known or at least can be approximated. Moreover it is only the reactive component
of the cavity impedance that needs to be known. The length and width of the cavity
were chosen large while the substrate thickness was minimised in order that Z, might
approach a short circuit. The value of the imaginary component of the cavity impedance
will be later shown to approximate zero over the frequency range of interest. Hence the
measured input reactance of the structure can be equated to the series reactance of the

probe.

Measurements of the input impedance were performed on four structures over
a twenty percent frequency bandwidth, using the following combinations of connector
type and substrate thickness: APC-7/1.57mm, APC-7/0.735mm, SMA/1.57mm and
SMA/0.735mm. The relevant connector dimensions are listed in Appendix A, and the

dimensions of the cavity were 10.8), by 24.31; by 0.04), at 5GHz.

A typical result for the measured input impedance versus frequency is shown in
figure 2.9 for the case of an APC-7 connector feeding a 1.57mm thick substrate. The
figure shows a cluster of reflection coefficient points with significant real and imaginary
components. This cluster is atiributed to the reflection coefficient of the series com-
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coaxial connector
double sided copper clad sheet

Zin Z: |0 large cavity

(b)

Figure 2.8: (a)The apparatus for the large cavity experiment and (b ), its network model.

bination of the series reactance, X,, and the cavity’s input impedance, Z;, where the

contribution of the latter will be shown to be less significant.

A better understanding of the complex nature of this measured result is obtained
if the magnitude and phase of the reflection coefficient versus frequency are presented
separately. See figures 2.10 and 2.11. Both graphs show an almost random variation
about a mean value, and in both cases the mean value is decreasing with frequency. The
mean values of the amplitude and phase of the reflection coefficient at 5GHz are -5.2dB
and 142°, which is equivalent to an impedance of 16+516.5 . Before a value for the
series reactance at 5GHz can be derived from this measured result further explanation
regarding the effect of the cavity impedance is required. Firstly the cavity impedance,
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Figure 2.9: Smith chart plot of the measured reflection coefficient for a 1.57mm thick
large cavity fed by an APC-7 probe.

Z,, is calculated using a dual transmission line model and secondly a multi-mode cavity

model is used to further explain the experimental observations.

The input impedance of the cavity excluding the series reactance is calculated
using a model comprising two orthogonal parallel-plate transmission lines, refer to figure
2.12. The propagation constant, 7, and the characteristic impedance, Zom, for each of

the lines are calculated [47] using,

v =V(R + jwL)(G + jwC) (2.16)

|R+ jwL
= = 17
Zo G + jwC (2.17)

where the distributed line constants are

_ 2 Real(Z,)

R="—0r" (2.18)
_kh 2 Imag(Z,)

L 7 + —w (2.19)
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a=—-1 (2.20)
c =% (2.21)

and Z, is the surface impedance of the copper cladding given by

7, = |18

= (2.22)

Using the dielectric and copper conductivities
04 =10E—12 U/m
oc=58E+7 U/m

The per unit length line constants for the wide and narrow transmission lines are listed
in Table 2.1. Also listed in the table are the input impedances, calculated using Harring-
ton’s equations (1.5) and (1.6), for the two radiating apertures at each end of the two
transmission lines. The cavity impedance is calculated as a function of the frequency
over a 3.5GHz to 6.5GHz bandwidth. Figures 2.13 and 2.14 show the magnitude and

phase of the equivalent reflection coefficient normalised to 5011.

The magnitude of the calculated reflection coefficient, figure 2.13, displays a
number of resonances across the band, where the typical quality factor is approximately
equal to 600. Figure 2.14 shows that the phase of the calculated reflection coefficient is
reflected through 180° at each resonant frequency. The phase is bounded within plus
or minus 3%, and the average phase over the bandwidth is 180°. So it can be concluded

that the reflection coefficient of the cavity is
| k. |< 0.8dB
and

phase(k.) = 180° + 3°

or in terms of the cavity impedance

: < 2.3Q0 at any of the resonances
Real(2:) { 70 otherwise
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Figure 2.10: Magnitude of the measured reflection coefficient versus frequency for a
1.57mm thick large cavity fed by an APC-7 probe.
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Figure 2.11: Phase of the measured reflection coefficient versus frequency for a 1.57mm
thick large cavity fed by an APC-7 probe.
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Figure 2.12: Transmission line model for the large cavity apparatus.

Large cavity model parameters
at 5GHz

Parameter Wide line Narrow line
h(mm) 1.57 1.57
L(mm) 913 406
W (mm) 406 913
an/m 0.05 0.05
p rad/m 167.3 167.3
Re(Z,) 0.91 0.41
Im(Z,) 0 .0003 .0001
R Q/m 0.09 0.04
wL 2/m 152.8 67.9
G U/m 0.26E-9 0.58E-9
wC U/m 181.8 416.7
R, 0 5.5 2.4
X 0 -8.2 -3.6

2-19
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and

—1.30 < Imag(Z.) < +1.30

The average cavity impedance over the frequency bandwidth closely approxi-
mates a short circuit. Therefore, the input impedance of the overall structure can be
equated to the series reactance of the probe. However, the measured input impedance
has a significant real component, equal to 16{} at 5GHz, which is hitherto unaccounted

for in the dual transmission line model.

The complex nature of the measured input impedance can also be explained when
it is appreciated that the probe is coupling into many closely spaced modes, all of high
index, which are specified according to the cavity’s length and width dimensions. At
any single frequency, the degree of coupling into each mode is dependent on the position
of the feed point relative to the field distribution of each and every mode, as well as the
frequency and quality factor of that mode. Therefore due to the multiplicity of modes,
it follows that their degrees of coupling and hence their reflection coefficients are almost
random. Furthermore there are a large number of weakly coupled off-resonant modes
both above and below the bandwidth of interest. The real part of the cavity impedance
that is observed in the measurements, but not included in the results of the dual cavity
model, is therefore attributed to the sum of the copper and dielectric losses associated

with the multiplicity of off-resonant modes.

Greater insight into the measured input impedance of the overall structure is
obtained if the complicated effects of the cavity resonances are removed from the mag-
nitude and phase of the measured reflection coefficient. So the results of figures 2.10 and
2.11 are averaged over the frequency band by rejecting the excessive excursions, +2dB
or +20 degrees respectively, and then deriving the lines of best fit. The figures show that
the magnitude and phase of the average measured reflection coefficient decrease with
frequency. These observations can be explained by considering the associated increase
in the electrical length of the probe. This increased length will result in more energy
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being coupled into the cavity as well as an increase in the effective inductance of the

probe, as seen from the terminals of the cavity.

Figure 2.15 shows the resulting Smith chart plot of the reflection coefficient
versus frequency that is constructed from the lines of best fit for the respective reflection
coefficient magnitude and phase. This arc represents the measured input impedance of
the large cavity apparatus without the complex resonance effects of the cavity. Using
the same process of averaging, similar arcs were determined for the other connector
and substrate thickness combinations. In each case the input reactance was equated to
the equivalent series reactance of the feed probe. Table 2.2 lists the results obtained at

5GHz for the four connector and substrate thickness combinations.

This large cavity experiment has been useful in showing the frequency depen-
dence of the series reactance. Figure 2.16 shows this dependence for the connector and
substrate thickness combination of APC-7/1.5Tmm. The figure also shows the results

of the shorted transmission line experiment, to be discussed next.

2.3.2 The short circuited transmission line method

A second technique to measure the series reactance directly provides a single
frequency check of the experimental results already presented. Figure 2.17(a) shows the
transmission line model of a general rectangular patch antenna with X, included. For
the purpose of measuring only X,, the radiating walls at each end of the transmission
line are replaced by short circuit loads, the feed point is moved to the transmission
line’s centre, and the line length, L, is chosen such that the distance between the plane
of the feed point and each short circuit load is equal to half the wavelength in the
dielectric. Refer to figure 2.17(b). Therefore, when the two short-circuit loads are
transformed down the transmission lines to the feed, they form another short across
the series combination of X, and the feed terminals, refer to figure 2.17(c). Thus the
measured reactance equals the series reactance.
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Figure 2.13: Using the dual transmission line model, the magnitude of the calculated
reflection coefficient versus frequency for a 1.57mm thick large cavity fed by an APC-7

probe.
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Figure 2.14: Using the dual transmission line model, the phase of the calculated re-
flection coefficient versus frequency for a 1.57mm thick large cavity fed by an APC-7

probe.

2-22



section 2.9 Ezperimental snvestigations

6.5GHz

3.5GHz

Figure 2.15: Averaged reflection coefficient for a 1.57mm thick large cavity fed by an
APC-7 probe.

Series reactance using the

large cavity method

Probe type Substrate thickness |Substrate thickness
0.80mm 1.57mm
APC-7 6.8 16.50)
SMA 11.70Q 19.200

Table 2.2: Measured series reactance at 5GHsz for a large cavity: 424mm by 955mm by
(1.57mm and 0.8mm), where €,=2.55.
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Figure 2.16: Series reactance versus frequency results for the large cavity( ) and
shorted transmission line( x x x ) experiments, where an APC-7 connector is feeding a
1.57mm thick substrate.

Four experiments were carried out using an APC-7 probe with W=16mm, h=
1.57mm, and L=39.6mm, 39.0mm, 38.1mm and 37.0mm. Figure 2.17(d) illustrates the

final apparatus.

Figure 2.18 shows the measured input impedance versus frequency on a Smith
chart for the case where I = 39.6mm. The measured result can be interpreted using the
network model of the parallel RLC single mode resonant circuit shown in figure 1.8(b),
where the resistance represents the sum of the copper and dielectric losses and the small
amount of radiation from the structure. The structure is observed to be resonant, that
is L = A,, at the frequency for which the reflection coefficient is a minimum, which
corresponds to a TEMgog mode resonance within the cavity. So it turns out that the
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Figure 2.17: Measurement of the series reactance; (a)transmission line model, (b)model
of the structure, (c)model after transformations and, (d) a side elevation sketch of the
apparatus.
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/ /- 4569MHz
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Figure 2.18: Measured reflection coefficient for the shorted transmission line fed by an

APC-7 probe, where h=1.57mm, W =16mm, L=39.6mm, ¢, = 2.55.

Series reactance using the
shorted transmission line
L(mm) fo(MHz) X,(1)
39.6 4570 9.5
39.0 4640 10.0
38.1 4850 11.3
37.0 4950 12.0

Table 2.3: Series reactance measured using the shorted transmission line method.
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resonant frequency is clearly indicated on the Smith chart plot, implying that the length
of the apparatus need not be accurately predicted. The result displayed in figure 2.18
shows that resonance is achieved at 4569MHz. Here the input reactance is 9.51) which
is attributed to the effective series reactance of the probe. Table 2.3 lists the results
of the four experiments and figure 2.16 shows these four results as a plot of the series
reactance versus frequency. The apparent inconsistency between these two sets of data
can partly be explained if the widths of the two apparatuses are taken into account.

This point is taken up in detail in Section 2.3.4.
2.3.3 The locus transformation method .

If the network model of the series reactance and leaky cavity resonator shown in
figure 1.8(b) is accepted!, then it follows that the series reactance can be obtained from
a Smith chart plot of the measured input impedance versus frequency data by observing
the extent of the reactive transformation of the locus of the cavity alone. This is easily
done by approximating the measured impedance locus by a circle, which can then be

related to the series reactance.

The process of deriving the series reactance from the centre of a circle of best fit
to measured data is considered by introducing a hypothetical cavity having the following

arbitrarily chosen specifications

Then using
1
fo == (2.23)
0, = (2.24)
wkL

1 For the sake of correctness, it is necessary to point out that the network suggested by Carver[30),
and shown in figure 1.8(b), needs to be amended to model the gap between the circle of best
fit and the perimeter of the Smith chart. The gap resistance is not elaborated on here because
it plays no part in the determination of the series reactance. It will be discussed in detail in
Chapter V.
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the lumped circuit parameters for the parallel RLC plus series reactance equivalent

circuit of figure 1.8(b) are

L=1018E-10H C=995E-12F L,=637TE—-10H

The calculated input impedance data are plotted on figure 2.19. The centre of
the circle of best fit is then located as equidistant from each data point, and then the
circle is drawn. Notice that the calculated data does not form a perfect circular locus
because the series reactance is a function of the frequency. More importantly however,
notice that the centre of the circle of best fit is not on the X, contour but on the line
O-A. Therefore to determine the X, parameter for the resonant cavity model of figure
1.8(b) from a measured input impedance locus, simply locate the centre of the circle of
best fit to the measured data, and construct the line O-A. The reactance at point 4
is then equivalent to the series reactance. The process has also been verified for well
over-coupled and under-coupled cavities. This technique has been applied to many sets
of measured input impedance versus frequency data; both measured by the author and
published in the open literature by other authors. The results are detailed in Table 2.4,
section 2.4. For the case of an APC-7 probe feeding a 1.57mm thick substrate, figure

2.20 compares this method with those previously discussed and graphed in figure 2.6.

The technique has also been used to investigate the dependence of the series
reactance on the position of the feed point along the E-plane of the patch; that is as
a function of the distance D, defined in figure 1.5. Figure 2.21 shows that the effect
of shifting the feed point is greater for the probe of larger electrical dimensions. The
curve for d/A, = 0.015 is derived from the measured input impedance data published
by Carver [30], and disagrees with his earlier direct measurements [34] of the series
reactance as a function of the feed point position, shown in figure 2.3. A set of impedance
loci for the case of d/A, = 0.008 have also been published [23], and the series reactances
derived using the locus transformation method exhibit no dependence on the feed point
position. Therefore it is concluded that the series reactance is a weak function of feed
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X, contour

circle of best fit to the calculated input impedance locus

Figure 2.19: Determination of the equivalent series reactance from a set of calculated
input impedance data for a hypothetical cavity.
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Figure 2.20: Calculated series reactance for the case of an APC-7 probe, where
d/As = 0.08,h/)A; = 0.04,¢, = 2.55: calculated by Carver’s transmission line model
using Ao ( ), Griffin (—-—-), Lier (--+---- ), Sengupta (—-——) and the locus
transformation method (———-).

point position and only becomes significant when the probe diameter increases beyond

0.008A,.

A study of the effect that the aspect ratio has on the series reactance has also
been carried out. Here the input impedance of a rectangular patch was measured as
the width was varied. Figure 2.22 shows the series reactance versus aspect ratio for
an antenna operating at about 5GHz and the results of the direct measurement of
series reactance by Lier[46] for an antenna operating at 3.1GHz. Lier’s experimental
technique involved measuring the input reactance of a centre fed rectangular patch,
where the electrical length of the patch was carefully calculated to ensure that it was
half wave resonant at 3.1GHz. The absolute values of the series reactances from the
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two experiments cannot be directly compared because the electrical dimensions of the
probes and substrate heights differ, but the two sets of results are graphed side by side

to show that both results exhibit a similar trend and generally support one another.
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Figure 2.21: Series reactance, using the locus transformation method, as a func-
tion of the feed point position for: f,=1189MH3z, h=1.59mm, d/),=0.008, €-=2.62
(—--—)[23]; fo=2.2GH3, h=1.59mm, d/},=0.015, €=2.62 (——)[30]; fo=4.9GHz,
h=1.59mm, d/),=0.076, €,=2.55 (— +—).

2.3.4 Comparisons between the results of the large cavity, short circuited

transmission line, and locus transformation experiments

The series reactance results of the large cavity experiment are typically larger
than those measured using the short circuited transmission line and the locus transfor-
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Figure 2.22: Measured series reactance as a function of the aspect ratio for: f, 4.9GHs,
h/A,=0.042, d/),=0.076, €,=2.55 (=~ ++); fo=3.1GHs, h/),=0.025, d/X,=0.020,
€r=2.62 (x x xx)[46]. Also included is a result obtained using the shorted transmis-
sion line method: f,=4.950GHz, h/)\,=0.04, d/),=0.08, ¢,=2.55 (= ).

mation techniques. For example, for an APC-7 probe feeding a 1.57mm thick substrate
at 5GHz, the results of the large cavity experiment are 51 and 4Q) greater than those
of the short circuited transmission line and locus transformation methods respectively.
This may be due to the absence of any patch edges in the large cavity case, thereby
giving any energy stored in modes associated with the probe an effectively unlimited
volume in which to establish themselves. The extra series reactance might be attributed
to the energies stored in these modes that extend out from the probe in the volume over
and above that available in the case of the other experiments where the dimensions of
the structures are typically of the order of a half wavelength. It is tempting to attribute
this extra series reactance to extra evanescent modes that might exist in the increased

volume of the large cavity. However these modes are very localised within the proximity
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of the probe. Although the physics of the modes associated with the probe is not under-
stood, it is clear that the presence of the edges of the patch have an effect on the fields
around the probe. This conclusion is based on two observations. Firstly the aspect ratio
of the patch has already been demonstrated to influence the effective series reactance.
The second observation will be discussed in detail in Chapter VI, where a liquid crystal
film is used to visually display the field distributions around the edges of the patch. For
frequencies and probe dimensions similar to those used in the large cavity experiments,
the probe was seen to cause an increase in the level of radiation emanating from the
end of the patch nearest to it. Thus if the probe- has an effect on the fields at the edges,
then it is possible that the presence or absence of the edges will effect the energy stored

in the proximity of the probe, and hence the effective series reactance.

Even though the absolute values of the series reactances obtained using the large
cavity experiments may be doubtful, the method still provides valuable information on
the relative increase in the series reactance associated with an increase in the frequency.
Refer to figure 2.16. A study of the frequency dependence of the series reactance is
usually made difficult because of the frequency sensitivity of the rest of the antenna, or
test structure. For example in the short circuited transmission line method, the isolation
of the series reactance of the probe from the input impedance of the remaining apparatus
could only be achieved at a single frequency because the success of the experiment
depended on the effective length of the wide transmission line being resonant. For
a similar reason the method used by Lier [46] is also a single frequency experiment.
Alternatively the large cavity method can be used in a wide band investigation because
of the extremely large length and width of the cavity, which means that the experiment
is virtually independent of these parameters over the bandwidth of interest.Therefore,
to a good approximation, figure 2.16 is displaying the change in the series reactance as
the electrical length and diameter of the probe are effectively altered by a change in
frequency. Similar results were obtained for the other probe and substrate thickness
combinations.
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At 5GHz the the short circuited transmission line experiment provides reactances
that are roughly 10 below the results of the locus transformation method. This is
consistent when account is taken of the aspect ratios of the apparatus used in each case.
The shorted transmission line experiment has also been used to show the variation of the
series reactance with frequency, see figure 2.16. The frequency dependence is observed
to be stronger than that measured in the large cavity experiment. Recall that for the
shorted transmission line experiment an increase in the test frequency corresponds to a
decrease in the length of a constant width microstrip transmission line. Therefore the
extra increase in the series reactance is due to the increasing width to length aspect
ratio of the wide transmission line, and as just mentioned, the series reactance is a

positive function of aspect ratio, refer to figure 2.22.

2.3.5 Comparisons between the results of the locus transformation method

and measurements performed by other authors

Comparisons between the series reactances obtained from the locus transforma-
tion method and those measured by other authors are difficult unless the exact antenna
dimensions and frequencies are duplicated. However, rough comparisons can be made if
the differences in the effective electrical length and diameter of the probes are accounted
for. This is achieved by extrapolating the results of other authors using the information
on the characteristics of the probe obtained from locus transformation studies. Figure
2.23 is a plot of the series reactance, obtained from the locus transformation method,
versus the substrate thickness as a function of the probe diameter. Because of the sen-
sitivity of the series reactance to small changes in the substrate thickness, the results of
figure 2.23 have been extrapolated to include data on probes thinner than those actually
investigated using the locus transformation method. The line for d/A, = 0.034 is based
on two points that were obtained from a locus transformation study at 5GHz on two
rectangular elements fed through SMA probes, while the d/A, = 0.08 points are based
on a similar investigation using APC-7 probes. The lines for the cases of d/A; = 0.02
and 0.016 are derived using figure 2.24, which is a graph of the series reactance ver-
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sus the probe diameter using the same four results as were used in figure 2.23. Using
figures 2.22 and 2.23 the measured reactances of other authors can be extrapolated to
obtain equivalent reactances, for which locus transformation results exist with the same

dimensions and frequencies.

Carver’s average measured reactance of figure 2.3 is 17Q for W /L = 1.65 and
h/Xs = 0.018, and can be extrapolated for comparison with results from the locus
transformation method, where W/L = 0.9 and h/A, = 0.02. Firstly figure 2.23 implies
that an addition of 10 to the 17(} would account for an equivalent series reactance for the
case of h/X, = 0.02 instead of the original A/, = 0.018. In a similar manner, the graph
of figure 2.22 implies that a lowering of the aspect ratio from 1.65 to 0.9 would involve
the subtraction of 10). The resultant equivalent reactance is 17 + 1 — 10 = 8(2, which
is plotted on figure 2.25. Two results from the locus transformation method, APC-
7 and SMA probes feeding a 0.8mm thick substrate, are also graphed on figure 2.25,
and a dashed curve is used to approximate the characteristic for the series reactance
versus the probe diameter for patches of a common aspect ratio of 0.9. This figure
includes curves repeated from figure 2.2 so that the reactances calculated by the modal-
expansion method can be used to indicate the relative dependence of the series reactance
on probe diameter. Because the dashed curve displays a similar characteristic to the
curves obtained by the modal-expansion method, it is concluded that the results of the

locus transformation method are consistent with Carver’s measured result.

Figure 2.22 shows good agreement between the series reactances measured by
Lier [46] and those obtained using the locus transformation method. For comparison
of one data point, consider the case of Lier at W/L = 1, h/A, = 0.025, d/}A, = 0.02,
where the series reactance is 14§1. Figure 2.23 is again used to imply that an increase
in h/), from 0.025 to 0.042 would correspond to an increase in the series reactance of
80. Increasing in d/A, from 0.02 to 0.08, as shown for the h/),=0.04 line in figure
2.24, results in a corresponding decrease in the series reactance of 4{). The resultant
extrapolated series reactance of Lier for the W/L = 1 case is 14 +8 — 4 = 18(1, which is
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Figure 2.23: Series reactance using the locus transformation method as a function of

substrate thickness for: f, s5GHs, d/),=0.016 (—--—), 0.02 (—-—) 0.034 (———)
and 0.08 (- ), where the 0.016 and 0.02 lines are based on extrapolated data,
e = 2.55.
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Figure 2.24: Series reactance using the locus transformation method as a function

of probe diameter for: f, ~5GHs, h/);=0.04 (

) and 0.025 (—-—) and 0.02

(——-), where the 0.025 line is based in extrapolated data, €,=2.55.
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Figure 2.25: Series reactance calculated using the modal-expansion method for r=1.62
( ) and 0.98 (- - —-), where h=0.0116),, ¢, = 2.5. Also a hybrid curve for r=0.9
(e ) comprising results from the locus transformation method ( « » ) and extrapo-
lating Carver’s measured result ( x ).

50 above the 132 result from the locus transformation method for the case of W/L =1,

h/A4=0.042 and d/),=0.08.

2.3.6 Conclusions

The equivalent series reactance of the probe has been measured using the large
cavity, the shorted transmission line, and the locus transformation methods. The results
of these investigations have been shown to support each other and those performed by

other authors.

Because the results of the locus transformation method agree with those of other
experimental techniques proposed in this investigation, as well as those of other authors,
its results will be used in the development of a new empirical model for the series

reactance.

Table 2.2 shows that the short wire analogy of the probe is valid. An increase
in the effective electrical length of the probe causes an increase in the self-inductance
of an equivalent wire, and an increase in the diameter has an associated decrease in
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inductance. Also the positive slope of the series reactance versus frequency lines in
figure 2.16 indicates that the series reactance is a more sensitive function of the probe

length than the diameter.

The results in figures 2.23, 2.22, 2.24, and 2.21 can be used to determine the
relative dependence of the series reactance on substrate height, aspect ratio, probe di-
ameter and feed point position respectively. As the stated aim of this investigation is to
develop models for the computer aided design of rectangular microstrip antennas operat-
ing at about 5GHz, the most suitable indication of the sensitivity of the series reactance
to the above parameters is obtained by considering a rectangular patch: f, ~5GHz,
L=16.93mm, W=16mm, h=1.57mm fed by an APC-7 probe. The percentage change in
the series reactance as the substrate height, aspect ratio, probe diameter and feed point
position are in turn increased by 10% is: +11.5%, +10.0%, -8.2% and -2.1%. Therefore
the new model to be developed in the next section will concentrate on the dependence
of the series reactance on the substrate height, aspect ratio and probe diameter, feed

point position being rejected because it only has a minor effect on the series reactance.
2.4 The tapered transmission line model

Although Carver’s transmission line model is widely accepted, better agreement
with experimental results can be obtained by a more detailed consideration of the field
distribution in the region of the probe. A sketch of a cross-sectional view of the electric
field in the probe region is shown in figure 2.26. Efforts have been made by Richards
et.al. [35] to perform field analysis in the region of the probe using moment method

techniques. However, in explaining this new model a sketch will suffice.

Using an electrostatic field analogy, the crosses in figure 2.27 approximate an
equi-potential contour of mid-value between the two metal surfaces A and B. This
contour can then be roughly approximated by the quarter-wave sinusoid shown in figure
2.28. Now if the outer conductor of a tapered transmission line is placed along this
contour, then the fields along this short circuited transmission line will approximate
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those in the proximity of the feed probe. This tapered line deviates from the equi-
potential contour to make connection with the short circuiting patch in the y = 0 plane,
but because the tapered line is feeding a short circuit load, the stored energy density
decreases as £ and y approach f and O respectively; that is, as the end of the line is

approached. Therefore there is little error introduced by the approximation.

The reactance of the probe is now numerically evaluated using the transmission
line equation (2.1) to transform the short circuit at y = 0 through a stair-case approxi-
mation to the tapered transmission line to the antenna terminals at the plane y = —h,
where the reactance is renormalised to the characteristic impedance of the coaxial line

used to feed the antenna, typically 506). Therefore,

X
X, =505% (2.25)
Zol
where Z,; is the characteristic impedance of the coaxial tapered line at y = —h, and

X,t, is the calculated series reactance normalised to Z,.

Using the mid-value equi-potential contour, the model has produced series reac-
tances that are typically between 3Q and 51 greater than those obtained by the locus
transformation method. However, there is of course a multitude of equi-potentials that
could be chosen for the model. An investigation into the agreement between the results
of the locus transformation method and the reactances calculated using various con-
tours has concluded that an empirically determined contour is the best choice; where
e in figure 2.28 is chosen as a + (b — a)/20 and (f — e) is made a function of the feed
point’s dimensions and aspect ratio of the patch. Hence the amplitude of the sinusoid,
A,, is a variable and will be used to determine the outer radius of the tapered coaxial
line that is representing the probe. Figure 2.29 is a graph of the radius of the outer
conductor at y = 0, ry,, versus the probe diagonal, p, normalised to the length of the
patch, where

p? = h? + (b — a)? (2.26)
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Figure 2.26: Fringing electric field around the probe.
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Figure 2.28: The field distribution of a sinusoidally tapered transmission line.
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and is a measure of the probe’s dimensions. These points describe the sinusoidal contour
that was used with the tapered transmission line model to provide exact agreement with
the measured impedance locus transformations. The data are actually derived for the
case of an equivalent aspect ratio, r s 0.9. They have then been approximated by an

exponential contour, using a curve fitting program, as follows
'fT" = 1.020¢~+36°F (2.27)

In a similar fashion figure 2.30 has been used to show the taper radius as a function of
the aspect ratio of the patch and implies that for p/L = 0.14 the taper radius is almost
independent of the aspect ratio. Again using a curve fitting program the approximate
expression is

mto

2 = 0.935¢%-153" (2.28)

The combined expression is then

_’%o_ — 1.68160'153r_4'369% (2,29)

Table 2.4 shows, that by using the empirically determined taper of equation
(2.29), the tapered transmission line model calculates series reactances that are within
plus or minus 30} of the measured input impedance locus transformations. Notice that
the model has been tested over a large range of antenna dimensions and frequencies, all

with relative dielectric constants between 2.5 and 2.55.

Figure 2.31 and 2.32 show excellent agreement between the results of the tapered
transmission line model and those measured by the locus transformation method for
reactance versus substrate height and aspect ratio respectively. Figure 2.33 displays
series reactances versus frequency where the calculated results are compared with those
of the large cavity experiment. Notice the similar slopes of the two lines. Recall that
the results of the large cavity experiment are 3.51 higher than the accepted results of
the locus transformation method .
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Figure 2.29: Empirical determination of the radius of the outer conductor at y = —h
as a function of the probe dimensions, where the numbers refer to the measured fo. of

the antennas concerned: full specifications can be found through Appendix A.
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Figure 2.30: Empirical determination of the radius of the outer conductor at y = —h
as a function of the aspect ratio of the patch for the case p/L=0.14.
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Series reactance

Freq. h r Probe Calc'd Meas’d
MHz mm type Q Q
1189 1.59 1.5 SMA 10 10
1396 1.57 1.6 SMA 11 11
2213 1.59 1.7 SMA 16 19
2792 1.52 1.0 SMA 15 15
3387 0.80 0.9 SMA 9

3502 0.08 1.9 SMA 9 6
4659 1.57 1.6 APC-7 20 23
4670 0.08 0.9 APC-7 9 6
4744 1.57 0.9 APC-7 13 12
4784 1.57 0.9 SMA 15 18
4830 0.08 0.9 SMA 10 8
5013 1.57 1.0 APC-7 13 13

Table 2.4: Comparison between the series reactance calculated by the tapered trans-
mission line model and measured by the locus transformation method.

2.6 Conclusions

The models proposed by other authors for the calculation of the series reactance
have been reviewed and shown to be inadequate due to computational complexity or

poor accuracy, especially as the substrate thickness increases.

The equivalent series reactance of the probe has been measured using the large
cavity, the shorted transmission line, and the locus transformation method. The results
of these methods have been shown to agree with each other and with those performed

by other authors.

A novel tapered transmission line model, using an empirically determined con-
tour, has been shown to provide series reactance results that are within +3Q of the
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Figure 2.31: Series reactance versus substrate height for a rectangular element fed
through an APC-7 probe: calculated using the tapered transmission line model ( ,

and measured using the locus transformation method ( x x ), where f,. ~5GHs, and
€ = 2.55.
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Figure 2.32: Series reactance versus aspect ratio for a set of a rectangular elements fed
through APC-7 probes: calculated using the tapered transmission line model ( )

and measured using the locus transformation method ( x x x ), where fo,c ~5GHs3,
h=1.57mm, and ¢, = 2.55.
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Figure 2.33: Series reactance versus frequency for a 1.57mm thick substrate fed through
an APC-7 probe: calculated using the tapered transmission line model for a rectangular
element f,. =5GHs (— — —), and directly measured using the large cavity (——),
where €, = 2.55.

measured impedance locus transformations. Furthermore, this agreement is maintained

over a very wide range of antenna and feed dimensions and frequencies.

This new empirical model for calculating the equivalent series reactance of the
probe is incorporated into a computer-aided design program listed in Appendix C. The
series reactance is numerically evaluated using the transmission line equation (2.1) to
transform a short circuit load through a stair-case approximation to a tapered transmis-
sion line, where the taper is given by equation (2.29) and the length of the transformation
is equal to the substrate thickness. At the terminals of the antenna the reactance is
then re-normalised to the characteristic impedance of the coaxial line used to feed the

antenna.
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CHAPTER ITI

THE CALCULATION OF RESONANT FREQUENCY USING AN

EMPIRICALLY DETERMINED EDGE EXTENSION PARAMETER

3.1 Introduction

The narrow bandwidth of the microstrip antenna means that it is crucial that the
resonant frequency be accurately determined. The resonant frequency is very sensitive
to the effective dielectric constant of the substrate and the effective electrical dimensions
of the patch. Therefore the determination of the distance to which the fields fringe at
each end of the rectangular microstrip antenna is a major step in determining the

antenna’s resonant frequency.

The methods to determine the resonant frequency suggested by other authors
will be reviewed, where it will be noticed that the definition of resonant frequency
being used is often unclear. It will also be shown that these methods give results that
are in good agreement with measurements for antennas operating at frequencies up to
the lower microwave band, but give misleading results as the frequency is increased,
and especially at around 5GHz. The resonant frequency is clearly specified for probe
fed microstrip antennas using the antenna’s input impedance versus frequency locus
plotted on a Smith chart. The poor performance of the published models in predicting
the resonant frequency prompted the development of a new empirical model for the
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edge extension that will be shown to lead to resonant frequencies that are in excellent

agreement with measurements carried out at frequencies up to 5GHz.

3.2 A literature survey of the analytical and empirical models used to cal-

culate the resonant frequency

The procedures of other authors to calculate the resonant frequency of rectan-
gular patch antennas are now reviewed. Most use a resonant length transmission line
or cavity model together with equations for the effective dielectric constant and edge

extension which may or may not be their own.

To analyse the resonant frequency of rectangular microstrip antenna’s Howell
[2,3] used a rectangular cavity model and assumed the cavity to be driven at its funda-

mental TEMg;o mode. Then at resonance

c
fo= m (3.1)

where L is the antenna’s physical length. This model was tested at 3.5GHz on a rect-
angular patch mounted on a 0.8mm thick substrate. The calculated resonant frequency
was 2.8% above the measured frequency. The method is however only useful at low
frequencies, because as the frequency is increased effects of the fringing fields at each
end of the patch extend its effective electrical dimensions. Howell also ignored the fact
that the medium around the antenna is partially filled with air and a substrate material
having a non-unity dielectric constant, and that the effective dielectric constant of the

overall medium must therefore be between that of the air and the substrate material.

Derneryd [12] added to this simple model the effects of the non-uniform medium

and the fringing fields at each end of the patch by letting

c

2\/€e(L + 26 L)

fo= (3.2)

where ¢, is the effective dielectric constant and 6L is the effective length to which
the fields fringe at each end of the patch, and is called the edge extension. Hence
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the accuracy of Derneryd’s model for the resonant frequency depends on the accurate
determination of the effective dielectric constant of the substrate and the total electrical
length of the antenna or cavity, L + 26 L. Derneryd applied to microstrip antennas the
approximate electrostatic expressions for the effective dielectric constant and the edge
extension that were proposed for use with microstrip transmission lines by Schneider

[13] and Hammerstad [14],

& +1le —1 10h, o5
— ' 3.3
€e 2 2 (l + W ) ( )
300 W /h + 0.26
51 04125 T 0300 W/h + 0.262 (3.4)

€ — 0.258 W/h + 0.813

where the equation for the effective dielectric constant was obtained by empirically
modifying the theoretical data of Schneider [13] and Wheeler [17]. The edge extension

equation is an empirical expression based on the theoretical results of Silvester et.al.

[49].

Six years later Hammerstad [50] proposed another empirical equation based on
the calculations for the edge extension associated with the open circuited end of a
microstrip transmission line, and furthermore recommended its use in the design of

rectangular microstrip antennas

5L — h W/h+0.366[0-28+ €

27 W/h + 0.556

x 10274 + In(W /h + 2.518)]] (3.5)

Using a computer-aided matching technique Kirschning et.al. [51] derived the
following expressions from a rigorous numerical hybrid mode solution of the end effect

of a microstrip line,

5L = ME1lss (3.6)
€4
where
0.81 0.8544
€| = 0.434007 081 4 0.26 (W/h) +0.236 3.7)
)-8l — 0.189 (W /h)0-8544 4 0,87
(W/h)0.371
= AV AL7 A 3.8
=1+ 2.358¢, + 1 (3.8)
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0.5274 arctan(0.084(W /h)1-9413/€2)

§3=1+ D973 (3.9)
€4 = 1 + 0.0377 arctan(0.067(W /h)!1-456)[6 — 5¢0-036(1=¢r)] (3.10)
€5 =1—0.218¢"75W/h (3.11)

The authors recommend using a third equation published by Hammerstad [52] for the

calculation of the effective dielectric constant,

€r — €eo
P SR 3.12
where
Zom
= 13
w2¢—1 (20Zom
G = — - 3.14
12 €eo \/> Mo ( )
and
6,- + 1 fr - l IOh —a b
= 3.15
€eo 2 + 2 1+ W ) ( )
where
1 (W/R)+W/52R)2 1 , 3
=14 —1 Inl+(W/18.1h 3.16
e=1+ P T Ww/h)Troaz 187 T (W/18.1h) (3.16)
_ 0.053
b = 0.564 (‘" 0'9) (3.17)
€r + 3.0

These equations are all empirical modifications of theoretical models. Equations (3.12)
(3.13) and (3.14) are based on the work of Getsinger [48] which will be presented in

section 3.5.

Using the transmission line model for rectangular microstrip antennas Sengupta
(16] developed formulas for the resonant frequency that include the frequency shift due
to the effect of feeding the antenna through a coaxial feed probe. For the admittance
at each end of the transmission line Sengupta used the expressions of Marcuvitz [42]
for the admittance of a parallel-plate waveguide radiating into free space. Ignoring the
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probe, an expression for the resonant frequency is derived by determining the frequency

at which the input impedance is real

2h

- =
fr=Jo oh i2 2L (3.18)
1+ cIra In 357_—7
where
, ¢
fo= (3.19)

2L\/e.
and the relative shift in the resonant frequency caused by the probe is
§fr wh®W _ 4L

_ 1 3.20
fr  2aelL3 " yrd ( )

where a is evaluated using equation (1.14). Sengupta also recommends using equation

(3.3) for the effective dielectric constant.

These formulas are used in the next section to calculate the resonant frequency
of a number of antennas, and when the results are compared with measurements the

agreement is shown to decrease with increasing frequency.

3.3 The limitations of the published formulas used in the calculation of the

resonant frequency

Resonant frequencies have been calculated using the equations of other authors
for a number of rectangular patch antennas. The resonant frequency at which the
comparison is made is the cavity resonant frequency, foc, which will be defined in the
next section. Suffice to say that for a probe fed antenna, this is the frequency at which
the input impedance is real when the effects of the probe are removed. The effect of the
probe on the measured resonant frequency can be compensated for by first determining
the series reactance of the probe using the locus transformation method described in
Chapter II. Then the cavity resonant frequency is the frequency at which the input
reactance is equal to the series reactance of the probe.
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Table 3.1 shows the percentage difference between the calculated and measured
resonant frequencies. The first column lists the measured cavity resonant frequencies of a
number of antennas, where this frequency can be used as a guide to identify the complete
specifications of the antennas which can be found through Appendix A. Column two
lists the resonant frequencies calculated using the method of Derneryd [12] based on
equation (3.2) and Hammerstad’s expressions for the effective dielectric constant and
edge extension; equations (3.3) and (3.4). Hammerstad’s equations (3.3) and (3.5) are
used in column three and the results obtained using the equations of Kirschning et.al.

are listed in column four. The fifth column shows the results using Sengupta’s method.

Most of the above equations for the edge extension have been published for use
with microstrip transmission lines and provide unsatisfactory results when applied to
antennas, especially as the frequency is increased. The typical bandwidth of microstrip
antennas operating at 5GHz is 4%, therefore methods that give a 6% error in the
prediction of the resonant frequency are of little use. This error in the resonant frequency
is possibly because the antenna’s length is only half of a wavelength in the dielectric,
therefore evanescent and hybrid modes caused by perturbations in the cavity’s field
by the feed may be present in the fringing fields. This point is taken up in more
detail in Chapter VI. Sengupta’s expression was published for the specific application
to rectangular microstrip antennas. However, it too gives poor results for resonant
frequency when applied to antennas operating above 4GHz. An empirical model to
determine the edge extension is now developed, but first the input impedance versus

frequency locus is used to specifically define the resonant frequencies of the antenna.

3.4 The definition of resonant frequency

In dealing with resonant structures and their feeds there are at least three defi-

nitions for determining the frequency at which resonance occurs:

i when the structure, excluding the feed network, is resonant. Typically this im-
plies the frequency at which an electrical dimension of a cavity or antenna is a
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Resonant frequency percentage error
Freq.(MHz) | Derneryd | Hammerstad | Kirschning | Sengupta

633 —0.94 -2.21 +1.49 +1.43

658 +0.80 +0.69 +0.47 +0.28
1189 +1.15 —1.04 40.57 +0.51
1197 +0.74 —1.45 +0.15 +0.01
1396 +1.31 —1.15 +0.62 +0.56
1410 +0.53 -1.91 —0.16 —0.26
2195 +1.98 —1.24 +0.89 +1.10
2224 +2.32 +0.39 +1.32 +1.82
3387 +3.26 +1.17 +2.42 +2.67
3502 +3.52 +1.34 +2.66 +2.90
4672 +5.59 +1.16 +3.40 +4.70
4744 +5.84 +3.19 +3.91 +6.15
4770 +5.85 +3.66 +4.04 +6.43
4784 +4.52 +1.92 +2.63 +4.69
4792 +4.26 +1.87 +3.12 +3.75
4830 +3.82 +1.44 +2.68 +3.32
5013 +6.11 +3.31 +4.07 +6.43

Table 3.1: For the formulas of various authors, a comparison between the percentage
difference in the calculated and measured cavity resonant frequency.

multiple number of half-wavelengths.
ii when the input impedance, referred to the input terminals, is real.

iii when the VSWR, referred to the input terminals, is a minimum.

Furthermore when working with resonant type antennas and their feeds, the above
definitions typically do not lead to the same frequency value. Notice also that the use
of definition ii can lead to either two closely spaced resonant frequencies or no resonant
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frequency at all, as shown in the measured input impedance versus frequency results of

figures 5.12(a) and 5.11(b) respectively.

The Smith chart display of the input impedance versus frequency characteristic
of a cavity excited about its fundamental mode resonant frequency is shown in figure
3.1, and suggests that a microstrip patch antenna can be modelled as a leaky cavity
coupled through a series reactance. In the region near the centre of the operational
bandwidth of the antenna either of two values for resonant frequency can be identified:
foc, the frequency at which the cavity itself resonates, or f,;, the frequency at which the
input impedance of the antenna is real. The definition of resonant frequency using the
VSWR is not considered any further because this investigation is primarily concerned
with antennas that are matched to their feeding transmission lines, and when this is
the case, the frequency at which the VSWR is a minimum is equal to the frequency at
which the input impedance is real. A new empirical model for the calculation of the

cavity and impedance resonant frequencies will now be developed.

3.5 The calculation of the cavity resonant frequency using an empirically

determined edge extension parameter

Equations for the effective dielectric constant and edge extension are now pro-
posed. These equations are necessary inorder that equation (3.2) may be used to cal-
culate the cavity resonant frequency, and obtain an agreement with measurements that
is better over a wider frequency bandwidth than that obtained using the equations of
other authors. This section describes an equation for the effective dielectric constant
derived by another author\, and the development of an empirical model for the effective

edge extension.

The effective dielectric constant, €, is calculated using an expression developed
by Getsinger [48] for use with microstrip transmission lines
_ €r — €eo

1+ G(f2/f3)
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Figure 3.1: The definition of resonant frequency; foc the resonant frequency of the
cavity and f,., the frequency at which the input impedance is real.

where

Zom
e 3.22
fp Zﬂroh ( )
G = 0.6 + 0.009Zom, (3.23)

This analytical expression was derived for an approximation to a microstrip line; that
is, a transmission line supporting a single longitudinal section electric (LSE) mode.
Equation (3.22) may be regarded as an approximation to the first TE-mode cut-off
frequency while G is an empirically determined factor. The application of this expression
to microstrip antennas was recommended by James et.al. [40] because it can be used to
attribute the frequency dispersion effects that may be observed to the effective dielectric
constant. The calculation includes the zero frequency effective dielectric constant, €¢o,
which is obtained from equation (3.3). A model for the edge extension is now developed
on the assumption that the effective dielectric constant calculated by equation (3.21) is
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a correct result that accurately describes the physical phenomenon.

An empirical equation for the edge extension, 6L, is determined using equation
(3.2), by substituting the measured results for the cavity resonant frequency, fo;, and
the effective dielectric constant, €., calculated using equation (3.21). Figure 3.2 shows
for a range of antennas the calculated results for the edge extension as a function of the
dimensions of the W by h aperture located at each end of the antenna. The calculations
were carried out for a range of antennas of different dimensions built on substrates of
relative dielectric constants between 2.5 and 2.62. Because this small range in dielectric
constant is so widely used in antenna applications, the dielectric constant will not be
included in the model for the edge extension. It is therefore understood that the model
will only be applicable to antennas on substrates of dielectric constant between these
values. Based on the formulas of the previous authors, the empirical equation for
the edge extension will primarily be a function of W/h; the aspect ratio of the cross-
section through the dielectric filled region under the patch. Shown in figure 3.3 is the
extrapolated edge extension at W/h = 0 versus the electrical substrate thickness. This
graph has no physical interpretation, but it is used to determine a correction term that
takes into account the substrate thickness. The overall expression of best fit for the
effective edge extension as a function of the dimensions of the aperture and frequency
is

322.5W

where

h
C— { 0.606 + 0.1281n {; h/X, > 0.009
0; otherwise.

Here h and W are the aperture width and length respectively which correspond to the
substrate height and patch width of the antenna. Equation (3.24) has been evaluated for
h/Xs=0.01, 0.02, 0.03, 0.04, and the lines of 8,6 L versus W/h have been superimposed
on the points of figure 3.2. The specifications of the antennas used are referred to in

Appendix A.

Using this empirical approach, any error in the calculated effective dielectric
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section 3.0 The smpedance resonant frequency

constant due to the failure of equation (3.21) to accurately represent the physical phe-
nomenon is accounted for in the edge extension term. In the next section the combina-
tion of equations (3.2), (3.21) and (3.24) are shown to lead to calculated results for foc
that are within 2% of measured ones for a wide variety of antennas. However, in any
design exercise the frequency at which the input impedance is real, fo:, is of primary
concern, so the impedance resonant frequency will now be calculated from the cavity

resonant frequency.

0.21-04(5013)s—5 54— ' I N

e 0.038(4744)

037(4770)  .039(4672)
» .038(4784)— g 03

— "019(4670)

| .02(4792) _—  0.02

S 02(4830)
S 01 .015(3502) 1
. .015(3387)
018(2224) . -018(2195)
. .018(2210)
. .018(2213) 01(1396)

~ 022(2792) -+ 01(1189)— h/A,=0.01
.01(1410)"*.01(1197)

// .006(658) *

*.01(633)

1 S | 1 = e
0 20 40 60 80 100 120 140

W/h

Figure 3.2: Empirical determination of the edge extension as a function of the aperture
dimensions, where the numbers along side each point refer to the h/A; and f,c MHz.

3.6 The impedance resonant frequency

To determine f,, from foc, the equation for the circle of best fit to the input
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0.2 T i |
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Figure 3.3: Empirical determination of the edge extension as a function of the substrate
height, where the numbers along side each data point refer to foc MHz.
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s
4]

Figure 3.4: Network model of a leaky resonant cavity.
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section 3.6 The smpedance resonant frequency

impedance versus frequency locus must be obtained. The network model of the antenna
suggested by Carver [15,30] and shown in figure 1.8(b) is a good starting point because
it has been useful in the calculation of the input impedance of microstrip antennas
operating at lower microwave frequencies. However for the 3GHz and 5GHz antennas
studied in this investigation, there is typically a gap between the impedance locus and
the perimeter of the Smith chart. This gap can be observed in the measured input
impedance results of figure 2.1. Carver’s network of figure 1.8(b) can therefore be
improved by adding a series resistance, R,, to the circuit, as shown in figure 3.4. It
turns out that the equation for the resonant frequency is independent of the series

resistance. The series resistance will be treated in more detail in Chapter IV.

Using normalised parameters the equation for the input impedance of the network

of figure 3.4 is

Zin = Ts + JTs + 1+jqo(;g/fgc_ 3 (3.25)
and was obtained using
- 2«\:@—0 (3.26)
and for a parallel RLC circuit
Qo= ‘% (3.27)
where
zip = % (3.28)
ro = % (3.29)
ry = g—: (3.30)
o= % (3.31)

Note that r, is the resonant resistance, that is the input resistance at resonance fo:,

and that Z, is the characteristic impedance of the transmission line feeding the cavity.

Because only the relationship between the closely spaced frequencies fo; and
foc is of interest, let f & foc so that the classical definition of the frequency tuning
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ot

parameter [41] can be used

(3.32)

Substituting the frequency tuning parameter into equation (3.25) results in an expres-

sion for the input impedance versus frequency locus

Zin =Ts+J%s + (3.33)

Yo
1+ 352Q00
To calculate f,;, substitute f,; for f and then equate the imaginary part of equation

(3.33) to zero to obtain a quadratic equation in 4:

ro 1

52 - 6+ =
2Qoz, 4Q%

0 (3.34)

Equation (3.32) can be used to determine f,; from foc, where the series reactance
term, z,, is calculated using the tapered transmission line model, and the unloaded

quality factor, Qo, for a lossy dielectrically filled rectangular cavity is given by [53]

1 1 1 1 :
Qo Qrad Quie Qcu
and is evaluated using [24]
W
= 3.36
Ql’dd 4Gradpohfch ( )
1
S - 3.37
lee ta.n5 ( )
h
Qeu = (3.38)
8
G = 1 /” (1 + Jo(BoL sin 6)) sin2(£'gg- cos §) sin® 4 &0 (3.39)
rad = 5ox2 0 cos? .
5y = 1] —2 (3.40)
WHoO

The transmission line model for the input impedance of a rectangular patch antenna,

to be discussed in Chapter V, can be used to derive an expression for the resonant

resistance, r,, in terms of the radiation conductance
Zo

~ 2Ga4
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section 8.7 Discussion of results

where the radiation conductance can be calculated using equation (3.39), or one of the

many other expressions to be reviewed in Chapter V.

3.7 Discussion of results

Table 3.1 clearly shows that the agreement between the measured cavity resonant
frequencies and those calculated using the formulas of other authors falls off as the
frequency is increased. Typically the difference exceeds 2% for frequencies greater than

2.5GHz, and up to an average difference of 5% at 5GHz.

The first and second columns of Table 3.2 compare the measured cavity reso-
nant frequencies with those calculated using equation (3.2), where equations (3.21) and
(3.24) were used for the effective dielectric constant and the empirically determined edge
extension respectively. The third column of Table 3.2 lists the percentage difference be-
tween the measured and calculated frequencies. For frequencies less than 3.5GHz, the
agreement between the calculated and measured results is similar to that obtained using
the formulas of other authors, as listed in Table 3.1. However the frequencies calcu-
lated using the accurately determined parameters are within 2% of measurements for
frequencies up to 5GHz. Furthermore there is no indication of the agreement falling oft

as the frequency increases.

The sixth column of Table 3.2 shows that the maximum percentage difference
between the measured and calculated impedance resonant frequencies is less than 2%.
The antennas tested represent a wide range of aspect ratios (W/L), substrate heights,
feed point positions, and frequencies. The dielectric constant of the substrate materials

was between 2.5 and 2.62.

The computational effort required to determine the impedance resonant fre-
quency can be decreased if the resonant resistance, r,, is assumed to have a value
equal to one; that is, the antenna is assumed to be critically coupled to the transmis-
sion line feeding it. This assumption was made during the calculation of the results
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Cavity and impedance resonant freguencies ;
Joc Joc % Joz foz %
meas’d | calc’d error | meas’d | calc’d error
633 627 -1.03 634 628 —0.95
658 652 —0.96 658 652 -0.91
1189 1190 +0.09 1190 1193 +0.25
1197 1193 —0.36 1197 1195 -0.17
1396 1389 —0.51 1393 1393 0.00
1410 1392 -1.25 N/A 1396 N/A
2195 2153 -1.93 N/A 2175 N/A
N/A 2203 N/A 2224 2209 —0.70
3387 3422 +1.02 N/A 3428 N/A
3502 3539 +1.06 3507 3547 +1.10
4659 4630 —0.62 N/A 4702 N/A
4744 4725 —0.39 N/A 4751 N/A
4770 4756 -0.29 4778 4779 +0.02
4784 4707 —1.59 4798 4740 —1.20
4792 4805 +0.28 4794 4818 +0.50
4830 4822 -0.17 4833 4835 +0.04
5013 5000 —0.26 5028 5031 +0.06

Table 3.2: Calculated and measured resonant frequencies, where N/A refers to cases
where the data was not available.

listed in the fifth column of Table 3.2. The resonant resistance is used in the evaluation
of the frequency tuning parameter; equation (3.34). The assumption that the antenna
is critically coupled can be justified for two reasons. Firstly, the resonant resistance
is difficult to calculate because it depends on the radiation conductance, and it will
be shown in Chapter V that the expressions for the radiation conductance proposed
by other authors disagree with conductances derived from experiments by up to 70%
when used with microstrip elements at frequencies of 5GHz. The second justification
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for assuming r, = 1 is that the effect on the calculated impedance resonant frequency
is demonstrated in figure 3.5 to be small. Shown are the results of the calculation of
the impedance resonant frequency as a function of the resonant resistance. Here foc
has been calculated for a 16.93mm by 16mm by 1.57mm rectangular element to be
5GHz, and when the normalised resonant resistance is equal to one, the corresponding
calculated f,; is 5.033GHz. The value of r, was then varied between 0.6 and 2.5, and
the resulting change in f,, expressed as a percentage of 5.033GHz. The figure shows
that the impedance resonant frequency is a weak function of the resonant resistance,
especially as the coupling moves from critical to over-coupled; that is, ro greater than

one.

+1'0 [ I T T
X
=]
2| +05 - o
L
B2
3
§ 0 L _
-0.5 L I 1 I
0.5 1.0 1.5 2.0 2.5
To

Figure 3.5: Sensitivity of the impedance resonant frequency to the resonant resistance.

Figure 3.6 shows a comparison between the calculated and measured cavity res-
onant frequencies as a function of the patch width, for a set of antennas of different
widths. Notice that the agreement between the two results is independent of width.
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g
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Cavity resonant frequency (MHs)

4500 l 1 |
10 20 30
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Figure 3.6: Calculated ( ) and measured (x x x) cavity resonant frequency versus
the width for a 18.0lmm by W by 1.57mm rectangular antenna, where €,=2.55.

3.8 Conclusions

Specific definitions of the resonant frequencies of a microstrip antenna have been
proposed. A new empirical model for the effective edge extension of rectangular mi-
crostrip antennas has been shown to provide cavity resonant frequencies that are within
2% of measurements. A method for determining the impedance resonant frequency
from the cavity resonant frequency is also proposed; it again provides results that are
within 2% of measurements. The models have been tested on a wide variety of antenna
geometries, including a study on the variation of the accuracy asa function of the width
of the patch. The new formulas represent a significant improvement on those of other
authors because of their simplicity and the fact that they produce accurate results up

to a frequency of 5GHz.

In the computer-aided design program listed in Appendix C the cavity resonant
frequency is calculated from the dimensions of the rectangular patch antenna using
equations (3.2), (3.21), and (3.24). The impedance resonant frequency is then calculated
from the cavity resonant frequency using equations (3.32) to (3.40), where the series
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reactance is calculated using the tapered transmission line model outlined in Chapter

II. The value of the resonant resistance is assumed equal o one.
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CHAPTER 1V

THE APPLICATION OF THE DEFINITION OF BANDWIDTH

FOR SINGLE PORT RESONATORS TO MICROSTRIP ANTENNAS

4.1 Introduction

The bandwidth of an antenna can be defined in many ways: in terms of a change
in the far field radiation pattern’s shape, direction, polarisation, loss in the gain, or
an increase in side-lobe levels or, as is usually the case with microstrip antennas, a
change in the VSWR. The VSWR definition of bandwidth is however not suitable for
comparative studies of bandwidth because it requires the antennas to be matched or
driven by the same degree of mismatch. In other words, the VSWR definition is suitable
for determining the bandwidth of an antenna by direct measurements where a specific
antenna is being tested. However, when studying the effect of antenna geometry on
the bandwidth of a family of antennas an experimentally evaluated comparison may be
difficult, because the coupling between the feed and each antenna in the investigation
may have to be adjusted to give a match at a specific frequency. The bandwidth
definition used for single port resonators is applicable to microstrip patch antennas
because they are, in essence, cavity resonators with leaky side walls. In this chapter the
classical definition of bandwidth is proposed as the most suitable definition for carrying
out comparative studies between microstrip antennas.
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4.2 The resonant cavity definition of bandwidth

It has already been mentioned in Chapters II and III that the input impedance of
a microstrip antenna can be closely approximated by the circular locus that characterises
a single mode resonant cavity. The Smith chart of Figure 4.1 shows how the measured
input impedance versus frequency locus can be approximated by a circle of best fit,
where the measurements were carried out on a 18.1mm by 16mm rectangular patch
over a 3.5GHz to 6.5GHz bandwidth; the resonant frequency being about 5GHz. The
lumped network model for the approximating circle response is given in Figure 3.4,
where R, represents the sum of the copper and dielectric losses in the cavity as well as

the radiation from the cavity. Thus

Ro = Reu + Ryje + Ryqd (4.1)

where R,,4 > Rey + Rg;,. The LC terms account for the energy stored in the antenna
structure. The X, term is the equivalent series reactance of the probe, which is only
included in the network when probe fed antennas are considered. The series resistance
term, R,, models the gap between the locus and the perimeter of the Smith chart.
The gap was originally attributed by Ginzton [41] to resistive losses in the coupling
structure. More recently however, Griffin [54] pointed out that the gap is a consequence
of the fundamental difference between a distributed parameter resonator, which the
antenna is, and a lumped fixed element equivalent circuit: moreover, the gap is mostly
due to the residual effects of higher order modes rather than losses in the coupling
structure. Therefore let

R,= R +R, (4.2)

where R; represents the losses in the coupling structure, and the energy radiated and
dissipated in the higher order modes is represented by the Rj term. For the repre-
sentation of the antenna operating about a single resonant mode the Ry term can be
approximated to zero, and because R is negligible in value then to a good approximation
R, can be removed from the circuit model.
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Figure 4.1: The input impedance response of a rectangular microstrip antenna, 18.1mm
by 16mm by 1.57mm, D =6mm, €, = 2.55, measured over a 4+30% bandwidth about the
resonant frequency: fo. #5GHs. Measured data (-+-----) and the circle approximation

(- ).

The classical method [41) for determining the terminal characteristics of a single
port single mode resonator requires that the locus be symmetrical about the real axis
of the Smith chart. This is usually achieved by choosing a special reference plane along
the transmission line feeding the cavity at which the series reactance term representing
the coupling structure disappears. This happens at a series of singular positions, a half
wavelength apart, called the detuned-short positions. This shift in the reference plane is
usually achieved by rotating the locus around the chart until symmetry about the real
axis is achieved, where the off-resonance region of the locus is located near the short
circuit end of the chart. It is however more accurate to directly subtract the value of
the series reactance, j X,. The equivalent series reactance of the feed probe is inductive.
Therefore, the input impedance locus is made symmetrical about the real axis of the
Smith chart by subtracting the value of jwL, from each point on the locus. The resulting
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transformed circle of best fit is shown in figure 4.2. For the parallel RLC circuit of figure
3.4, the unloaded quality factor, Q,, describes the ratio of the energy dissipated to the
energy stored within the cavity. The unloaded quality factor can be expressed in terms
of the half power point frequencies, f) and fo. These points represent the intersections

of the r = z contour with the locus of the transformed impedance. Thus

e
%= h (4:3)

where foc is the cavity resonant frequency defined in Chapter III.

N ~
/. N
,,{_’/ > _\_\— §r=:c)7
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Figure 4.2: The transformed circle approximation for the input impedance response of
a rectangular microstrip antenna, 18.1mm by 16mm by 1.57mm, D =6mm, ¢, = 2.53,
measured over a +30% bandwidth about the resonant frequency: foc ~5GHsz.

The loaded quality factor is defined as the ratio of the total reactance to the
total series loss, and is a function of the unloaded quality factor, Q,, and the coupling
coefficient, 5. Thus

QL= (4.4)
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and
1
1+ 2

B=p (4.5)

where B is the ratio of the coupled resistance to the cavity resistance, R,. When
B1 = 1 the cavity is critically coupled. When f; < 1 the cavity is under coupled, and
over coupled when §; > 1. Also 8 is related to the resonant resistance by

1

7o for the under coupled cavity

g = { ro for the over coupled cavity

When comparing the bandwidths of a number of microstrip antennas, it is helpful
to use a definition of bandwidth that is independent of the degree of coupling between
the antennas and their respective feeds, which in practice typically means the positions
of the feed points along the E-planes of the patches. The bandwidth between the half

power point frequencies is expressed in terms of the unloaded coupling factor

1
BW = — i
o (46)

Therefore the bandwidth can be determined for differently shaped patches for compar-
ative bandwidth studies, without the need to match each antenna to the transmission

line feeding it.

The application of the single port cavity definition of bandwidth to microstrip
antennas is based on the assumption that these antennas can be modelled as cavities
with the network model shown in figure 3.4. This assumption can be easily tested
because one of the results of the classical theory is that, for the definition of bandwidth
based on the unloaded cavity factor, the bandwidth is independent of changes in the
coupling coefficient, which in this case is achieved by altering the feed point position.
The results of an experimental investigation carried out to test this assumption are show
in figure 4.3. Here the bandwidth is calculated from the measured input impedance
versus frequency data of a set of rectangular patches and is plotted against the feed
point position, D. Here D = 6.4mm corresponds to a critically coupled antenna, and
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D < 6.4mm and D > 6.4mm corresponds to the over coupled and under coupled cases
respectively. The bandwidth can be seen to be almost independent of the changes in

the coupling mechanism.

4.4 I T ] T T

Bandwidth: 139 (%)
-
[
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Figure 4.3: Bandwidth versus feed point inset distance for a 18.lmm by 16mm by
1.57mm rectangular element, f,c ~5GH3z, ¢, = 2.55.

Specifying an antenna’s bandwidth in terms of @, has two advantages over spec-
ifying it in terms of the VSWR. Firstly, the antenna bandwidth can be investigated
without regard for the feeding structure. This means, for example, that the bandwidth
of two antennas can be compared even though neither may be matched to its feeding
structure nor mismatched by equal amounts. The other advantage of this definition is
that once the locus has been transformed so that it is symmetrical about the real axis
of the Smith chart, there is no ambiguity in specifying the resonant frequency because
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there is now only one frequency at which the input impedance is real, the cavity field

structure resonant and the VSWR a minimum.

4.3 Conclusion

The classical definition of bandwidth, as used for single port resonant cavities,
is regarded as a more appropriate quantity for comparative studies between microstrip
antennas whether they are matched or not. The use for this bandwidth definition will
be described in Chapter VIII, where an experimental investigation into the bandwidth

performance of a novel hexagonal patch is presented.
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CHAPTER V

THE CALCULATION OF THE INPUT IMPEDANCE USING THE
TRANSMISSION LINE MODEL

WITH EMPIRICALLY DETERMINED APERTURE ADMITTANCES

5.1 Introduction

The accuracy of the original models devised for designing rectangular microstrip
antennas can be improved if new empirical formulas are used to determine key pa-
rameters in these simple models. The particular quantity for which new formulas are
proposed is the equivalent impedance of the radiating apertures that are assumed to
be located at éach end of the antenna element. These quantities are incorporated in a
simple model that consists of two aperture antennas separated by a low characteristic
impedance microstrip transmission line that is connected part way along its length to
a coaxial feed line. In the past the model has predicted resonant frequencies and input
impedances that were only in agreement with measurements at low frequencies, which
led to the discarding of the simple transmission line model in favour of more compre-
hensive modal-expansion cavity models [29,32]. It will be shown that the empirical
formulas for parameters presented here give design results that are in accurate agree-
ment with measurements for the input impedances of rectangular elements operating
at frequencies up to 5GHz.
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5.2 Survey of the methods used to calculate the effective aperture admittance

at each end of the patch

A major part of modelling the input impedance and far field radiation pattern
is the determination of the effective admittance which the walls present to the fields
within the cavity. When the resonant frequency was initially considered, the antenna
was modelled as a lossless cavity bounded by two short circuit and four open circuit
walls. This rudimentary model predicts frequencies that are higher than those measured
because it ignores the extent to which the fields fringe beyond the physical dimensions
of the patch. The radiated and stored power associated with the fringing fields are
represented by an eff;ective aperture admittance. For the case of a rectangular element,
the side walls are assumed to be open circuited and the effective aperture admittances
of the two end walls are determined by modelling them as radiating apertures, both
with input admittances, Y, referred to as the aperture admittance. This parameter is
also referred to in the literature as the wall admittance. There are no rigorous solutions
for the aperture admittance, but several authors have published approximate solutions

and the results of these formulas will now be reviewed, tested, and compared.

One appropriate model for the aperture admittance has been developed by Mar-
cuvitz [42] for the case of a semi-infinite parallel-plate feeding an aperture in a ground
plane which is then radiating into free space. If the height of the guide is h', then the

expressions in units of mho per unit length of aperture are

Yoﬂ'h’
G 5.1
a® g (5.1)
B, ~ 2¥oh 1 (”—") (5.2)
Ao '7h:

where Y, is the characteristic admittance of the air-filled guide, and is given by

Yo= — 5.3
o ﬂoh’ ( )
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and
e = 2.71828

~ = 1.78107

These formulas have been applied to microstrip antennas by Sengupta [16]. If a rectan-

gular antenna of width W is mounted on an substrate of thickness h, then

W
YO"I e = \/.e—e mho (5.4)
hno
where
a=1+1.393(h/W) + 0.667(h/W)In(W/h + 1.44) (5.5)
Then
Gg = YomPsh mho (5.6)
2ae,
_ YomBsh \/f_ez"re
B, = rac, In ( ~Bih mho (5.7)
where
Bs = Pov/ee (5.8)

Sengupta’s equations for the admittance of the radiating apertures can be derived from
the expressions of Marcuvitz by firstly taking into account the image beneath the ground

plane of the aperture at each end of the antenna. Thus

R =2k (5.9)
is substituted into equations (5.1) and (5.2). Secondly because the characteristic imped-
ance of the transmission line between the ends of the antenna is independent of any

radiation considerations, Sengupta has substituted

h =h (5.10)

into equation (5.3). When both these substitutions are made equations (5.6) and (5.7)
are the result.
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Another expression that has been widely used with the transmission line model
was proposed by Harrington (9] for the input admittance of a parallel-plate guide feeding
an aperture in a metallic plane, and radiating into a half-space. The expressions for a

slot of width A in units of mho per unit length are

(Boh)?

) -

Gy = ™= 37) (5.11)
NoAo

_3.135 — 2log Bk

B,
¢ NoAo

(5.12)

where the aperture is assumed narrow; that is /A, < 0.1. Expression (5.12) is based
on the quasi-static capacitance associated with the fields fringing from the end of the

antenna element.

Derneryd [12] suggested modelling the aperture admittance as the input imped-
ance of an equivalent slot radiator above the ground plane. Referring to figure 1.5, the
length and width of the slots at each end of the transmission line are respecti\}ely w
and h, and the electric field distribution across the slot is constant in the y-direction.
The radiation field was determined by replacing the slot’s electric field by a longitudinal
magnetic current distribution. The effect of the image slot beneath the ground plane
was taken into account by multiplying the magnitude of the magnetic current by a factor
of two. The slot’s radiation conductance was determined by integrating the real part
of the Poynting vector over a hemisphere of large radius. The approximate solutions in
the units of mho are

(5.13)

The aperture’s input susceptance was obtained using a static capacitance representation
of the fringing field in the region beyond the end of a microstrip transmission line. The

equivalent capacitance of the slot is

6L
vph Zom

C, = (5.14)

where Yph is the substrate phase velocity and Z,,, is the characteristic impedance of
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the microstrip line. The approximate expression [14] for the edge extension is

€ +0.300 W /h + 0.262

5L = 0.412h
€c — 0.258 W /h + 0.813

(5.15)

where ¢, is the effective dielectric constant.

Carver [32] assumes the aperture conductance is that of a parallel-plate TEM
waveguide slot radiating into a half-space, and suggests using an approximation to

Harrington’s [9] expression for a narrow slot,

mho (5.16)

This expression is used on the assumption that only a dominant TMjo mode is excited
in the cavity. Therefore the waves within the cavity are normally incident on the two
radiating ends of the antenna producing uniform field intensities across each aperture.
Carver also suggests that the susceptance may be approximated using Hammerstad’s

[14] formula for the capacitance of an open circuited microstrip line

_ 0.016686 LW e,

Ba hXo

mho (5.17)

Carver [32] goes on to suggest an empirical modification to the aperture admit-
tance given by equations (5.16) and (5.17). This modification is based on an analysis
of the zig-zag nature of the quasi-TEM plane waves in the cavity reported by Chang
and Kuester [55]. The analysis of this condition was carried out as a function of the
patch aspect ratio, W/L, and showed that the aperture admittance is a function of
both the frequency and the angle of incidence of waves on the cavity walls, suggesting
that the normal incidence assumed above is inadequate. By probing the fields near the
cavity’s walls, Carver has shown empirically that expressions (5.16) and (5.17) may be

multiplied by an aspect ratio factor given by

F(W/L) = 0.7747 + 0.5977(W /L — 1) — 0.1638(W /L — 1)° (5.18)
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which is recommended to provide improved agreement with the measured input imped-

ance loci of microstrip antennas operating at frequencies lower than about 3.5GHz.

Newman [19] also recommended using Carver’s equations (5.16) and (5.17). How-
ever Newman has incorrectly quoted Carver for the conductance equation. Newman

published the expression

mho (5.19)

where

/\a =L = (5'20)

which is only true if the free space wavelength in Carver’s equation (5.16) is replaced

by the substrate wavelength.

5.2.1 A comparison between the aperture admittance formulas

For typical microstrip antenna geometries, where (8oh)%/24 < 1, equation (5.11)
reduces to (5.16) and (5.13) for the aperture conductance when W > A,. Equations
(5.11) and (5.6) can be derived when (5.3) is substituted into (5.1). Also (5.19) is equiv-
alent to (5.11) using the substrate wavelength. Furthermore each of the formulas imply
that the conductance is proportional to the effective electrical width of the aperture.

The main difference between them is the constant factor.

For the aperture susceptance, (5.12) was obtained using a quasi-static capaci-
tance approach, while (5.14) and (5.17) were determined using the static capacitance.

Also equation (5.17) can be derived from (5.14) using:

| Ba | | wC, | (5.21)
hf}o
Zon] “ W—ﬁ (5.22)
W
= 5.23
" Bave (52
2
B = A_" (5.24)
o
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Also expression (5.7) can be derived from (5.2). The similarities in the susceptance
expressions are not as obvious as those found with the conductance. However in the
next paragraph they are evaluated and shown to produce similar susceptance versus

frequency characteristics. The main difference again being the factor of proportionality.

Figures 5.1(a) and (b) compare these published aperture admittances for a typ-
ical antenna geometry operating at about 1.4GHz. Because of the large variation be-
tween the results of the different formulas, it is concluded that the input impedance
results obtained using the transmission line model are greatly dependent on the choice
of the correct aperture admittance. Each of the formulas was used in turn with the
transmission line model to calculate the input impedance and the results compared
with measurements for the case of foc & 1.4GHz. The best agreement was obtained
with Carver’s expressions (5.16), (5.17) and (5.18). The calculated and measured input
impedances are shown in figure 5.2. The same equations also provide useful results at
2.2GHz, shown in figure 5.3, but are shown in figure 5.4 to be worthless when applied

to an antenna operating at about 5GHz.

It is therefore necessary to develop accurate empirical equations for the aperture
admittance that are applicable to rectangular elements on electrically thick substrates;

that is, during operation at mid-microwave frequencies, say 5GHz for example.
5.3 The determination of an empirical equation for the aperture admittance

Modelling the microstrip antenna as a multi-mode lossy cavity has tended to
replace the transmission line model in recent work. However, if the width of the patch
is restricted, then the fundamental resonant mode field distributions are the same for
both the transmission line and the cavity models. Therefore good results might be
expected for the transmission line model if its parameters are empirically determined

to account for the residual effects of other modes.

The transmission line model is used to derive an empirical equation for the aper-
ture admittance parameter. The input admittance of the similar effective aperture
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Figure 5.1: Calculated aperture conductances (a) and susceptances (b) using the pub-
lished equations for a rectangular element: 65.5mm by 105.6mm by 1.57mm, SMA,
D=17mm, ¢, = 2.55: (1) Derneryd, (2) Carver, (3) Carver with aspect ratio factor,
(4) Harrington using ),, (5) Harrington using ,, (6) Marcuvits, (7) Newman, and (8)
Sengupta.
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Figure 5.2: Measured ( x x x ) and calculated ( ¢ « ) input impedances using Carver’s
aperture admittance for a rectangular element: 65.5mm by 105.6mm by 1.57mm, SMA,
D=17mm, ¢, = 2.55, where [=1380MH3z plus 10MH3z increments.

Figure 5.3: Measured ( * x x) and calculated ( * + ¢ ) input impedances using Carver’s
aperture admittance for a rectangular element: 41.4mm by 68.58mm by 1.59mm, SMA,
D=10.16mm, e, = 2.5, where f=2200MHz plus 20MHz increments.
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Figure 5.4: Measured ( x x x ) and calculated ( * * ¢« ) input impedances using Carver’s
aperture admittance for a rectangular element: 16.93mm by 16mm by 1.57mm, APC-7,
D=5.5mm, ¢, = 2.55, where f=4600MHz plus 200MH3z increments.

antennas, one at each end of the line, is determined using measured input impedance
data. The calculated aperture admittances resulting from this technique will be referred
to as empirical admittances. Where necessary the effect of the feed probe is modelled
by a series reactance, the value of which is determined using the locus transformation
method already outlined in Chapter II. This derivation of the empirical admittances
has been completed for two rectangular elements: 18.03mm by 16mm and 16.93mm by
16mm, both mounted on 1.57mm thick substrates each having a dielectric constant of
2.55. Figures 5.5(a) and (b) show the empirical aperture admittances together with
values obtained using the formulas of other authors. The figures also show the close
agreement between the two sets of empirical conductance and susceptance data. It is
interesting to note that Derneryd’s expressions (5.13) and (5.14) can be modified to
achieve better agreement with the empirical values. This is done by using the conduc-
tance expression for a long aperture, even though for the apertures under consideration
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W /Ao = 0.27. Also the susceptance is calculated using equation (5.14) with the empiri-
cally determined expression for § L, equation (3.24), and Getsinger’s equation (3.21) for
the effective dielectric constant. In contrast, Derneryd recommended using equations
(1.10) and (1.9) for the edge extension and the effective dielectric constant, respectively.
With these modifications Derneryd’s formulas for the aperture admittance give results
that are close to the empirically derived aperture admittance. Figure 5.6 shows the
calculated input impedance locus using these modified equations for the aperture ad-
mittance. There is a 1% error in the impedance resonant frequency and a 12% error in
resonant resistance when the results are compared with measurements. However this
excellent agreement is not maintained over a very large frequency range. Therefore due
to the sensitivity of the calculated input impedance to the aperture admittance, it is

necessary to determine an accurate empirical equation for the aperture admittance.

A simple approach to the determination of an empirical model for the aperture
admittance of antennas operating at around 5GHz might be the approximation of the
empirical aperture data shown in figure 5.5 by lines of best fit. This approach would
provide very accurate input impedances for antennas operating at about 5GHz, but
would be of limited use at other frequencies and geometries. Instead it was decided to
aim at developing a set of equations that will enable the transmission line model to be
used to calculate the input impedance to sufficient accuracy for the design of antennas

operating over a wide range of frequencies; say 0.5GHz to 5GHz.

The modified set of Derneryd’s equations are in fair agreement with measure-
ments so they are used as a starting point in the development of new empirical equations
for the aperture admittance. Derneryd’s equations (5.13) and (5.14) can be used to show
that the conductance is a function of the effective electrical length of the aperture, while
the susceptance is a function of the effective electrical length of the aperture and the

edge extension normalised to the substrate thickness. That is,

G4 = function (E) (5.25)
Ao
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Figure 5.5: Aperture conductances (a) and susceptances (b) versus frequency for a
rectangular element: 16.93mm by 16mm by 1.57mm, APC-7, D=5.5mm, ¢; = 2.55: (1)
Derneryd, (2) Carver, (3) Carver with aspect ratio factor, (4) Harrington using Ao, (5)
Harrington using A4, (6) Marcuvits, (7) Newman, (8) Sengupta, Empirical: 16.93mm by
16mm by 1.57mm (x ) and 18.03mm by 16mm by 1.57mm (%), and Modified Derneryd

(---)

5-12



section 5.9 The determination of an empirical equation for the aperture admitiance

and

wC,4 = function (5L W)

YD (5.26)
The aperture susceptance can also be considered in terms of a classical parallel-plate
capacitor, where the equivalent capacitor has a plate area of 6L by W and a plate
separation of h. It is worth noting that the ratio §L/h only varies between 0.7 and 0.9
for typical antenna geometries. Therefore it is concluded that the aperture susceptance,

like the conductance, is predominantly a function of the effective electrical length of the

aperture.

An experiment was carried out to determine the empirical aperture admittance as
a function of the aperture dimensions using a 16.93mm long antenna on a 1.57mm thick
substrate of dielectric constant 2.55. The width of the patch was varied between 13mm
and 30mm. The empirical conductance data is given in figure 5.7, and approximated

by the exponential equation of best fit

1.4TW
Gq = %c % mho (5.27)

The aperture susceptance is graphed in figure 5.8, and the straight line of best fit is

SLW 5
—0. LA 5.28
wCs = 0.0455 : ,\0+ 1ot (5.28)

Strictly speaking wCj is an approximation to the aperture susceptance because a sus-
ceptance is only the reciprocal of the reactance when the resistance is equal to gero.
Therefore an iterative routine is used to determine the aperture admittance from the

aperture conductance, G4, and reactance, 1/wCj.

Notice that both the aperture conductance and susceptance are increasing func-
tions of the frequency. This is because these aperture admittance parameters now
include many other characteristics of the antenna that were hitherto ignored in the
transmission line model. For example, copper and dielectric losses are combined with
the aperture conductance, and the aperture susceptance includes the energy stored in

5-13



section 5.4 Calculating the input smpedance using the empirical aperture admittances

Figure 5.6: Measured (x x x ) and calculated ( « » + ) input impedances using a mod-
ified set of Derneryd’s equations for the aperture admittance of a rectangular element:
16.93mm by 16mm by 1.57mm, APC-7, D=5.5mm, €, = 2.55, where {=4600MHz plus
200MHs increments.

evanescent modes. These parameters also account for the residual effects of higher order

modes.

5.4 Calculating the input impedance using the empirically determined aper-

ture admittance parameters

The transmission line model as described by equation (1.15) in Chapter I is
now used with the empirically determined aperture admittances to calculate the input
impedance loci of a number of rectangular elements of differing feed types, and operating
from 600MHz to 5GHz. The tapered transmission line model described in Chapter II is

used to model the effects of the feed when probe fed structures are considered.

Figures 5.9 and 5.10 show the combination of results for four 5GHz antenna el-
ements on 1.57mm and 0.8mm thick substrates fed through APC-7 and SMA probes.
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Figure 5.7: Empirical aperture conductance versus aperture width.

It can be seen that the proposed models provide good results for different feeds and
substrate thicknesses. It is also concluded that the previous assumptions are accept-
able. That is, the aperture conductance is independent of the substrate thickness and
the aperture susceptance is only weakly dependent on the ratio of the effective edge
extension to the substrate thickness. Figure 5.11 also shows good agreement between
calculated and measured results for extremes in patch aspect ratio, 0.8 and 1.65 respec-
tively. Figures 5.12 and 5.13 demonstrate that the accuracy of the models is maintained
as the frequency is decreased. Shown are the calculated and measured input impedance
loci for elements operating at 3.5, 2.2, 1.2 and 0.63GHz respectively. Notice also that
the 1.2GHz element in figure 5.13(a) is fed through a microstrip transmission line.
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Figure 5.8: Empirical aperture susceptance versus aperture dimensions.

Where they exist, table 5.1 lists the resonant resistances and impedance resonant
frequencies for the antennas under consideration, together with the percentage errors

between the calculated and measured results.

5.5 Conclusions

The accuracy of the transmission line model in determining input impedances
of rectangular microstrip antennas has been greatly improved by the use of accurately
determined empirical equations for the input admittances of the effective apertures lo-
cated at each end of the transmission line where, if necessary, the effects of the feed
probe are evaluated using the tapered transmission line model. The accuracy of this
impedance modelling combination has been extensively tested on typical antenna ge-
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(b)

Figure 5.9: Calculated (¢ + » ) and measured ( x x x) input impedances for rectan-
gular elements with W =16mm, ¢, = 2.55, h=1.57mm: (a) L=16.93mm, D=5.5mm,
APC-7 and (b), L=18.11mm, D=6mm, SMA, where f=4500MHz plus 100MHz incre-

ments.
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(b)

Figure 5.10: Calculated (+ + » ) and measured (x x x ) input impedances for rectan-
gular elements with ¢, = 2.55, h=0.8mm: (a) L=18.47mm, APC-7, D=6.14mm and
(b), L=18.47mm, SMA, D=6.14mm, where {=4500MHz plus 100MHz increments.
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(b)

Figure 5.11: Calculated (+ « - ) and measured ( x x x) input impedances for rectan-
gular elements with L=18.03mm, h=1.57mm, ¢, = 2.55, APC-7, D=6.21mm, where (a)
W =13.5mm, and (b) W =28mm, where f=4500MHz plus 100MHz increments.
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(b)

Figure 5.12: Calculated (¢ ¢ + ) and measured (x x x) input impedances for rect-
angular elements: (a) 25.66mm by 23.1mm by 0.8mm, D=10.15mm, €,=2.55, where
f=3400MHz plus 50MHz increments and (b), 41.4mm by 68.58mm by 1.59mm,
D=10.16mm, SMA, ¢,=2.5, where f=2200MHz plus 20MHz increments for the mea-
surements, and for the calculated data f=2100MHz plus 20MHz increments.
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(b)

Figure 5.13: Calculated (s » » ) and measured (x x x) input impedances for rectan-
gular elements: (a) 76mm by 114mm by 1.59mm, transmission line fed, ¢,=2.62, where
f=1157MHz plus 10MHz increments and (b), 150mm by 75mm by 3.18mm, D=60mm,
SMA, ¢,=2.56, where {=632MHz plus IMH3z increments for the measurements, and for
the calculated data f=618MHz plus 1MHz increments.
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Resonant frequency and resonant resistance
L/W Jo: Joz % R, R, %
mm/mm | meas’d |calu’d |error | meas’d |calu’d |error
16.93/16.00 | 5028 | 5060 | +0.6 52 59 +13
18.11/16.00 | 4795 | 4760 | —0.7 68 59 -13
18.47/16.00 | 4674 4825 | +3.2 69 63 -9
18.47/16.00 | 4825 | 4824 | —.02 85 64 —-25
18.03/13.50 | 4770 | 4805 | +0.7 65 62 -5
25.66/23.10 | 3510 | 3542 |+0.9 23 23 0
41.40/68.58 | 2221 | 2164 | -2.6 50 41 —18
76.00/144.0| 1197 | 1194 | -0.3 150 118 | -21
150.0/75.00 | 633 626 | —1.1 90 41 —54

Table 5.1: Calculated and measured resonant resistances and impedance resonant fre-
quencies.

ometries operating up to a frequency of 5GHz. Errors in the resonant resistance and

the impedance resonant frequency are typically of the order of 17% and 2% respectively.

In the computer-aided design program listed in Appendix C the input impedance
of a rectangular microstrip antenna is calculated using equation (1.15); a form of the
transmission line equation adopted to model the microstrip antenna fed at a general
point along its E-plane axis. An iterative routine is used to determine the aperture
admittance from the aperture conductance and susceptance equations (5.27) and (5.28)
respectively. When required, the equations of the tapered transmission line model
developed in Chapter I are used to calculate the equivalent series reactance of the feed

probe.
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CHAPTER VI

THE CALCULATION OF THE FAR FIELD RADIATION PATTERN
USING A TWO APERTURE ARRAY

6.1 Introduction

Each of the analytical models introduced in Chapter I involves an approximation
for the field distribution around the boundary of the antenna so that it is expressed in
terms of the components of the electric field normal to the ground plane, E;(z,y). The
far field radiation pattern can be obtained by the application of Huygen’s principle to
the equivalent magnetic current sources [29,56], or obtained directly from equivalent
electric current sources on the top side of the patch and the ground plane [15]. Because
the near fields along the sides of the element are polarised in such a direction that they
have no effect on the far field radiation in the main E- and H-planes, their contribution
is usually omitted, leaving only the two sources at each end of the antenna. With
these approximations the radiation problem is reduced to the analysis of a two aperture
array, where the apertures are modelled as slot antennas or equivalent magnetic dipoles
[12]. The far field radiation from a two aperture array was also obtained using the
vector Kirchhoff relationship [57]. Agrawal et.al. [36] calculated the radiation pattern
of the antenna directly from a numerical solution for the electric current distributions
on the segments of two fine wire grids which model the patch and its image beneath
the ground plane. In all of these models the accuracy of the far field radiation pattern

6-1



section 6.2 Ezamination of the near fields wsing a liguid crystal film

is directly dependent on a knowledge of either the electric currents on the patch and
ground plane or the field distributions around the boundary of the antenna element.
In the analyst’s favour, however, is the fact that the radiation pattern is not sensitive
to small changes in the near field distribution. Therefore radiation patterns that are
accurate enough for design purposes are not difficult to obtain. However detailed near
field information is required when the far field radiation pattern needs to be accurately
investigated away from the E- and H-planes, or when cross-polarisation, or side-lobe

information is required.

This chapter describes an investigation into the fundamental radiation mecha-
nism of rectangular elements mounted on typical substrates and operating at frequencies
up to 5GHz. In order to base the two aperture array model on a good foundation, the
radiation characteristics of the individual apertures are studied in detail using a liquid
crystal film to observe the near field distributions. The far fields of the individual aper-
tures are measured. Finally a two aperture side by side array model is proposed for the
calculation of the far field radiation patterns, where the aperture width and separation
parameters take into account the effective distance to which the fields at each end of

the patch fringe.

6.2 Examination of the near fields using a liquid crystal film

A liquid crystal film [58,59] was previously used by Derneryd [60] to verify the
standing-wave nature of the fields under the patch by viewing the distributions of the
fringing fields. When the film is placed on the patch, the component of the electric field
intensity in the plane of the film induces a voltage in the resistive coating on the film
surface, causing localised heating, the extent of which is seen using a heat sensitive liquid
crystal. Thus the coloured patterns on the surface of the film give a relative indication
of the power associated with the electric field intensity. The high to low field intensity
scale is indicated by the colours blue through to yellow. The black areas correspond
to intensity levels outside of the dynamic range of the detector; that is, saturation and
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under excitation. Plate 6.1 shows a liquid crystal display of the fringing fields of a
18.47mm by 16mm by 0.8mm rectangular antenna fed by a SMA probe located 6.14mm
from the right hand edge. Figure 6.1 can be used in conjunction with the plates to
indicate the position of the liquid crystal film on the antenna. The antenna was driven at
its cavity resonant frequency, 4830MHz, with a power level of 0.00ImW. An asymmetry
in the size of the blue areas at each end of the antenna can be observed. This indicates
that in the 2 = h plane, refer to figure 1.1, the electric field intensity is stronger
at the aperture closest to the feed point. This effect is consistent for rectangular,
circular or hexagonal antennas mounted on 0.8mm or 1.57mm thick substrates and fed
through SMA or APC-7 probes, when the operating frequency is of the order of 5GHz.
No asymmetry in the power level was observed for transmission line fed antennas, or
antennas operating at 3.1GHz or 3.3GHz. Therefore it is concluded that the effect can
be associated with any probe fed antenna built on substrates of typical thickness and
operating at mid-microwave frequencies, say 5GHz. The asymmetry is attributed to
two frequency dependent phenomena. Firstly, as the frequency is increased the effective
electrical dimensions of the probe are also increased, which will in turn increase the
distortion of the field distribution under the patch caused by the presence of the probe.
Also the amount of energy stored in the evanescent modes associated with the probe will
be increased. Secondly an increase in the effective electrical substrate thickness occurs
when the frequency is increased, thereby accommodating an increase in the residual
effects of higher order mod;:s. The difference in the power levels radiated from the two
apertures was tested for the previously mentioned combinations of substrate thickness
and probe dimensions, and estimated to be 1.04+0.4dB. This was done by observing the
size of the illuminated area associated with the aperture emanating the greater power,
then noting the increase in input power level required to obtain a similar sized blue area
for the low power aperture. This increase in the input power is then a rough estimate

of the difference between the power levels of the two apertures.

Plate 6.2 shows the distribution of the field intensity of the fringing field off the
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Figure 6.1: Sketches indicating the location of the antenna behind the liquid crystal
film for (a) plate 6.1 and (b) plate 6.2.
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Plate 6.1: Liquid crystal display of the fields around the periphery of a rectangular
patch.

Plate 6.2: Liquid crystal display of the fields off the end of a rectangular patch.
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edge of the patch, where the crystal film is aligned in the E-plane of a 16.93mm by
16mm by 1.57mm antenna, operating at f,,=5013MHz. Again the blue area indicates
the region of highest electric field intensity in the plane of the film. Therefore it is
concluded that the direction of maximum radiation is roughly normal to the patch.
This observation is consistent with Derneryd’s [12] approach to modelling the radiation
pattern of the antenna, where the radiation is considered to be emanating from two slot
antennas in the z = h plane, refer to figure 1.1. However closer examination of the plate
leads to the conclusion that the direction of maximum radiation is slightly tilted off
the normal in a direction away from the patch, where this angle shall be called the tilt
angle, ¢;. This tilting of the angle of maximum radiation in the indicated direction was
also observed for the short circuited patch on a 1.57mm thick substrate to be described
in the next section, but not detectable for the case of antennas mounted on substrates
of electrical thickness less than those considered here; that is 0.042),, which is equal to

1.57mm at 5GHz.

Increasing the substrate thickness has been widely used to decrease the quality
factor and therefore increase the bandwidth of the antenna. However plates 6.1 and
6.2 show that the radiation sources and hence the radiation from antennas on thick
substrates appears to be subject to undesirable properties. The effects on the far fields
of the tilt and power level asymmetry of the apertures at each end of a 0.042A, thick

antenna will now be examined in an experimental investigation.

6.3 Mecasured far field radiation pattern of a single aperture

The following far field measurements were carried out to further verify the power
level asymmetry and beam tilting effects that were observed when using a liquid crystal

film to examine the near fields of antennas mounted on electrically thick substrates.

Because of the difficulties of separating the far field radiation from the individual
apertures located at each end of a rectangular element, the rectangular antenna was
modified so that the radiation from one of the apertures was shielded. The resulting
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structure is the short circuit patch shown in figure 6.2(a). Here the radiation from
the aperture furthermost from the feed point, aperture B, is shielded by connecting a
wide microstrip transmission line to the end of the antenna. This line presents an open
circuit at the reference plane of aperture B and so the field distribution under the short
circuit patch is the same as that for the original rectangular patch antenna. At plane
B the transmission line presents an open circuit to the original half wavelength long
antenna because it is transforming, along a length A,/4, the short circuit at its other
end. Because the measured input impedance shown in figure 6.2(b) is close to that of
the original rectangular antenna, it is therefore concluded that the field distributions
under the patch and fringing around its boundary are a very good approximation to
those of the original antenna. Moreover a liquid crystal examination of the structure’s
fringing fields in the X-Y plane shows that the only significant fringing is along aperture

A. Fringing from aperture B is thus successfully shielded.

For the purpose of defining measurement planes and aiding analysis, a general A;
by Ay rectangular aperture is now defined and placed in the spherical coordinate system
of figure 6.3. Notice that the aperture’s field distribution is left unspecified so that it
can be used to represent either the end or the side magnetic walls of the rectangular
patch antenna. For the isolated aperture, the E- and H-plane radiation patterns are
represented by the far field distributions in the X-Y and Z-Y planes of the coordinate

system respectively.

Figure 6.4 shows the measured E-plane far field pattern for the single aperture of
the short circuit patch. Notice the small gain in the broadside (¢ = 7/2) direction, again
justifying the use of apertures in the z = h plane for a radiation pattern model. Refer
to figure 1.1. The low gain also leads to the conclusion that the equivalent radiating
aperture is quite thin. However, this figure gives no indication of the beam tilt referred

to in the preceding section.

In order to increase the sensitivity of the experiment to the direction of the
main lobe, microwave energy absorbent pads were placed equi-distant from the axis of
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Figure 6.2: The short circuit patch; (a) sketch of the structure where L=29.16mm,
W =16mm, D=6.3mm, and (b), the measured input impedance locus ( ) compared

with the locus of a rectangular element: 18.03mm by 16mm by 1.57mm, D=6.21mm,
APC-7, €,=2.55 (— — —).




section 6.3 Measured far field radiation pattern of a single aperture

/
A P(r,6,4)
2\,
AvT A ]
4
P > Y
X 12
¢

Figure 6.3: Rectangular aperture in a spherical coordinate geometry.
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Figure 6.4: Measured E-plane pattern for the short circuited patch.
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the radiating aperture to ensure significant absorption of the radiation emanating from
the edges of the dielectric sheet. Thus the single aperture of the short circuit patch
was effectively radiating through a window as shown in figure 6.5, where the window
width refers to the distance between the pads. The pads were 15mm thick and made
by slicing up a commercially available absorber of the type typically used to line the
walls of anechoic chambers. The measured patterns shown in figure 6.6 indicate that
the pads do not interfere with the general operation of the antenna. Here radiation
patterns are compared for a 16.93mm by 16mm by 1.57mm rectangular element, with
and without 30mm of absorber tightly pressed totally over the face of the patch. Only
minor changes in the shape of the pattern are observed whilst, in fact, the measured
pattern with the absorber in position is 6.7dB down on the unobstructed pattern. It is
therefore concluded that the absorber material does not interfere with the shape of the

radiation pattern.

window absorbent pad/

metallic patch
1 4 //
1
L /

radiating aperture / edge of the dielectric sheet

\

Figure 6.5: The placing of absorbent pads around a radiating aperture for E-plane
measurement.

Figure 6.7 shows the radiation pattern of the short circuit patch measured
through a 40mm wide window. Notice that the maximum in the radiation pattern
is tilted roughly 5° off the normal in a direction away from the antenna, thereby ver-
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section 6.3 Measured far field radiation pattern of a single aperture

ifying the near field observations referred to earlier. Figure 6.8 illustrates a section
through the short circuit patch and the coordinate system used. The measured direc-
tion of maximum radiation is also indicated. The lobes in the pattern of figure 6.7 at
30° and 150° are due to secondary radiation from the edges of the dielectric substrate
on which the short circuited patch is mounted. These lobes can be observed on all of

the far field radiation patterns presented.

Absorbent pads were also placed on each side of one of the two apertures of a
16.93mm by 16mm by 1.57mm rectangular patch antenna with the aim of measuring in
turn the radiation from the apertures at each end of the antenna. The window width
was chosen at 30mm in order to significantly absorb the radiation from the aperture
that was not of interest. This process was, in turn, applied to the apertures near to and
distant from the feed point. For these respective apertures the measured far field E-
plane patterns are given in figures 6.9 and 6.10. Again notice a small but distinguishable
tilt in the direction of maximum radiation. In both cases the tilt represents a 5° squint
off the normal direction away from the patch itself. The conclusion again verifies the

near field observations using the liquid crystal film.

Comparing the absolute maximum signal levels of the radiation patterns from
the individual apertures reveals a 0.9dB difference, thereby supporting the near field
liquid crystal observations which indicated a 1.0+:0.4dB difference.

These far field measurements have served to independently verify the observations
that the aperture nearest the feed point is radiating at a higher signal level than the
other, as well as confirming the existence of a 5° tilting of the beams off the normal
and in directions away from the antenna element. Although these characteristics of
the apertures are now established, it still remains to be determined whether or not
their effect on the far field radiation pattern is significant enough to include them in an
analytical model of the two aperture array; that will be used to calculate the radiation
pattern of the rectangular antenna element.
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section 6.3 Measured far field radiation pattern of a single aperture

Figure 6.6: Measured E-plane patterns for a 16.93mm by 16mm by 1.57mm rectangular
element with (— — ~) 30mm of absorbent pad and without ( ).

120 60

150 30

0

180
0 -5 -10 -15db ¢

Figure 6.7: Measured E-plane patterns for the short circuited patch through a 40mm
window.
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Y
A
50 g~
direction of maximum radiation
absorbent pad
substrate patch
NSNS OSSOSO BRSNS
2 ground plane g S coaxial feed

Figure 6.8: Sketch of a section through the short circuit patch.

6.4 Calculation of the far field radiation pattern of a rectangular microstrip

antenna using a two aperture array

In developing a model for the far field radiation pattern it is advantageous to
continue with the transmission line analogy introduced in Chapter V so that the same
model is being used for the radiation pattern and the input impedance. Here a quasi-
TEMy;0 mode is again assumed to exist under the patch. If the leakage from the
sides of the element is ignored and the fringing fields across the ends of the patch are
assumed to be the only sources of far field radiation in the E- and H-planes then, as was
previously proposed by Derneryd [12], the rectangular antenna element is represented
by a two element side by side array of uniformly illuminated apertures. However unlike
Derneryd’s model, the equivalent apertures are not necessarily excited at the same signal

level, nor are they radiating in a direction normal to the patch.

The expressions for the far field of a single uniformly illuminated aperture have
been obtained by considering the case of an equivalent magnetic dipole with a time
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Figure 6.9: Measured E-plane pattern for the aperture near to the feed point of a
16.93mm by 16mm by 1.57mm rectangular element.
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Figure 6.10: Measured E-plane pattern for the aperture far from the feed point of a
16.93mm by 16mm by 1.57mm rectangular element.
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section 6.4 Calculation of the radiation field of a rectangular antenna

harmonic magnetic current

V.
M=uyu, 2E'_,—uz1° (6.1)
w

where the factor 2 accounts for the image of the magnetic current beneath the ground
plane, and V,, is the voltage across the aperture. According to Bahl et.al. [61] the far

field at a distance r from the origin is given by

—jy¢2VoAlﬁoe_jﬂ°'

By = 2270 T p(a,g) (62)
Eyg=0 (6.3)
where
F(8,¢) = sin( =252 Bow gin g cos #) smfgﬂ‘: Fo-lcosf) . - (6.4)
B S5 sin § cos ¢ =45~ cosf
For the E-plane pattern let § = w/2, then:
sm( ¥ cos @)
Fg) = SE (6.5)
£t cos ¢
and for the pattern in the H-plane let ¢ = /2, so that
ﬂoA(
sin( =%~ cos #) sin 0 (6.6)

F(6) = ‘5—2’3 cosd

Now the E-plane pattern of the two aperture array is obtained by the vector addition

of the contributions to the far fields from the two apertures shown in figure 6.11. Thus

Ey=Ey, + Eyp (6.7)
. —Ju424A15, Vou e=IPor Sm(éo'fm cos ¢d) e~ IPors Sin(&!& cos ¢,) ] (6.8)
i ra BoAw St cos ¢y Vob g BoA Eoyt cos @, .
where

bs = ¢+ ¢t (6'9)

da=¢— ¢t (6.10)

ramr—%cosdt (6.11)

rp T+ % cos¢ (6.12)
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section 6.5 Discussion of results

Then letting r; & ry 5 r in the denominator and substituting (6.11) and (6.12) into the
numerator gives an equation for the E-plane pattern of a patch antenna that includes

the excitation level and beam tilting of the radiation from the individual apertures.

~

T
5 =

Figure 6.11: Coordinate geometry for the two aperture side by side array.

The H-plane radiation pattern is independent of the nature of the array and
therefore can be obtained using the equation for the H-plane pattern of a single aper-
ture, equation (6.6). The magnitudes of equations (6.6) and (6.8) are normalised and

compared with measured H- and E-plane far field radiation patterns in the next section.

6.5 Discussion of results

The asymmetry in the power level of the two apertures has been established
in antennas of electrically thick substrates of the order of 0.02A, and 0.042),, while
the beam tilting was only observed for the 0.042), substrates. Equation (6.8) for the
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section 6.5 Discussion of results

E-plane far field radiation pattern of the rectangular antenna can be used to -show
that the effect of the asymmetry in the excitation level is to cause a slight ripple in
the calculated pattern, the magnitude of which is smaller than the tolerances of the
experimental technique. Therefore ripple due specifically to asymmetrical excitation of

the apertures could not observed in the measured patterns.

The effects on the antenna’s far field pattern of the beam tilting also turns out
to be minor because the single thin aperture is characterised by an E-plane radiation
pattern that is almost omni-directional. So the orientation of the aperture has little
affect upon the analytical results. Figure 6.4 showed that the measured pattern of a
single aperture has a slight gain roughly in the ¢ = 7 /2 direction. Also, the calculated

gain is almost 0dB;.

Further investigations with the equations for the far field radiation patterns
showed that their accuracy is mainly dependent on the aperture separation term, A,.
Furthermore, other authors [4,12,61] have suggested using the length of the patch for
the aperture separation; however, this approach was found to constantly predict pat-
terns of lower gain than those measured for the antennas on electrically thick substrates

operating around 5GHz.

A more accurate representation of the two aperture array is obtained when the
aperture separation is made to include the aperture width. Referring to figure 6.11
indicates that

Ay =L+ Ay (6.13)

Inclusion of the aperture width into the separation term is necessary for antennas op-
erating at mid-microwave frequencies because the width of the aperture is significant
when compared to the patch length. For example, following the recommendations of
other authors, let the equivalent aperture width equal the substrate thickness. Then for
typical antennas operating at 1.2GHz and 5GHz, the ratios of the substrate thicknesses
to the patch lengths are 2.1% and 9.3% respectively. So it is concluded that the width
of the aperture can no longer be ignored.
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section 6.5 Dsscussson of results

It was also found that the equivalent aperture width is best represented by the
equivalent length to which the fields fringe beyond the end of the patch; that is, the
effective edge extension as calculated in Chapter III. Moreover the dielectric substrate

is taken into account by using an equivalent free space edge extension. Therefore

Ay = /&bL (6.14)
and hence

and as previously recommended by other authors, let the length of the apertures be

A=W (6.16)

For most antennas in general use the equivalent free space edge extension will be
greater than the substrate height. This increased aperture width will have an associated
increase in the gain of the patterns radiated by the individual apertures, however in
practice this will be negligible because the apertures are still very thin compared with
the wavelength. However, increasing the width of the apertures will significantly add to
the array separation and cause a marked increase in the gain of the radiation pattern of
the antenna. This increase represents improved agreement with measurements over the
patterns obtained using A, = L and A, = h, as recommended by other authors. Figure
6.12 compares with measurements the E-plane patterns calculated by the substitution
of equations (6.14) (6.15) and (6.16) into (6.8). The figure also includes the calculated
result obtained when the patch length is substituted for the array separation. The
improved agreement between the results of this new model and the measured pattern

is easily seen.

The model is also used to calculate the H-plane pattern to good agreement with
measurements, as shown in figure 6.13. Figures 6.14 and 6.15 show comparisons with
measurements for 5GHz and 3.5GHz antennas on thin substrates.
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Figure 6.12: Measured (— — —) E-plane pattern for a 16.93mm by 16mm by 1.57mm
rectangular element at fo,=5013MHs, with the calculated results of the new model
( ) and old model (------- ).

180

Figure 6.13: Measured (— —— ) and calculated ( ) H-plane pattern for a 16.93mm
by 16mm by 1.57mm rectangular element at fo.=5013MH3.
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180

Figure 6.14: Measured (— — —) and calculated ( ) patterns for a 18.47mm by
16mm by 0.8mm rectangular element at fo.=4670MH3, (a) E-plane and (b) H-plane.
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60 120

30 150

6=05 5 -10  -15db 150
(b)

Figure 6.15: Measured (— ——) and calculated (. ) patterns for a 25.66mm by
23.1mm by 0.8mm rectangular element at f,,=3502MHs, (a) E-plane and (b) H-plane.
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6.6 Conchusions

A study of the fundamental radiation characteristics of the apertures at each end
of electrically thick rectangular antennas has been carried out. The aperture nearest
the feed point was shown to be excited at a higher relative signal level than the other,
and a tilt off the normal direction of the radiation beams of both apertures was also
observed. However, both phenomena were shown to have little effect on the E- and
H-plane radiation patterns of the overall antenna, mainly because the apertures are so
thin that their E-plane radiation patterns are almost omni-directional. However these
characteristics of the apertures may be, and probably are, significant if a detailed knowl-
edge of the far field radiation pattern is required, particularly that off the main planes,
or when side-lobe and cross-polarisation information needs to be determined. The two
aperture side by side array model was improved through an accurate representation of
the array separation which takes into account of the equivalent free space edge extension

associated with the fringing fields at the end of the patch.

The computer-aided design program listed in Appendix C enables the calculation
of far field radiation patterns of rectangular microstrip antennas using equations (6.8)
and (6.6) for the E-plane and H-plane patterns respectively. The two apertures in the
model are assumed to have approximately the same characteristics, that is, Voq & Vyy,
and ¢¢ ~ 0. The dimensions of the effective radiating apertures are calculated using

equations (6.15) and (6.16).
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CHAPTER VII

AN ANALYTICAL MODEL FOR THE MUTUAL COUPLING BETWEEN
TWO RECTANGULAR PATCH ANTENNAS

7.1 Introduction

Mutual coupling between two microstrip antenna elements can result in the
degradation of the radiation pattern and VSWR performance of each of the elements.
These effects are difficult to predict, especially in scanned arrays where they are sensitive

to the scan angle.

In 1979 Jedlicka and Carver [62] published a comprehensive set of measurements
of mutual coupling as a function of the spacing between two rectangular microstrip
antennas. The results have been widely used as a basis for comparison with many
analytical models. A new analytical model for the mutual coupling is compared with
these measurements and others performed as part of this investigation. The model is

very simple and is used to study the mechanism of the coupling phenomenon.
7.2 Survey of models for the calculation of mutual coupling

_Various analyses of mutual coupling between rectangular microstrip antennas
have been published. Krowne et.al. [63] modelled the H-plane coupling between two
rectangular elements using a coupled transmission line approach and the method of
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section 7.3 A model for the mutual coupling between rectangular patch antennas

moments technique to calculate even and odd mode transmission line parameters. In a
second paper Krowne [64] modelled the E-plane coupling using an equivalent x-network
of capacitances, where the capacitance values were obtained by an approximation to
a quasi-static formulation of the gap in a microstrip line. The rectangular antennas

themselves were represented by transmission lines.

Penard and Daniel [65] have used the equivalence theorem to reduce the problem
to one of coupling between two loops of magnetic current and then used the reaction
theorem to calculate the coupling. The calculated magnitude of the transfer coefficient

is shown to agree with their own measurements to within 1dB for separations greater

than O0.1A.

Pozar [39] has presented a moment method solution which uses an exact Green’s
function for the dielectric slab. This is regarded as rigorously accounting for surface
waves and other coupling mechanisms between patches. Pozar’s results show good
agreement with the measurements of Jedlicka et.al., however the value of the effective

dielectric constant was chosen to ensure this agreement.

The analytical models published by the above authors rely on extensive numerical
calculation which tends to impede development of a physical understanding of the phe-
nomena involved and engineering insight for their exploitation. This investigation into
a simpler analytical technique that models the coupling as the power transfer between

two aperture antennas was undertaken to promote understanding and insight.

7.3 A radiation based model for the mutual coupling between well separated

rectangular patch antennas

A simple radiation based model for determining the mutual coupling between
rectangular microstrip patch antennas is developed for the case where the separation
is greater than the classical 2D?/), far field distance. The antennas are modelled by
resonant cavities radiating through the four rectangular apertures that form the sides
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section 7.8 A model for the mutual coupling between rectangular patch antennas

of each cavity. The coupling mechanism is then modelled as the power transfer that
occurs when the far field radiation pattern of the transmitting aperture illuminates the
receiving aperture as shown in figure 7.1(a). Only the two apertures facing each other

are considered to have an effect on mutual coupling.

This model is developed with the aim of accounting for the mutual coupling,
between two antennas, that is measured at reference planes located at the coaxial con-
nections to each of the coupled antennas. Therefore it is necessary to consider the
cascade of two-port equivalent networks shown in figure 7.1(b) to relate the parts of the
model to the different mechanisms of signal flow from the transmitting to the receiving
coaxial connections. Ports 1 and 2 are the terminals of the transmitting and receiving
elements and the apertures responsible for the coupling are at ports A and B. With
the elements isolated from each other it is assumed that s;; and sop are set to zero
at some specified frequency which is the resonant frequency of each element and also
the frequency at which experimental data has been gathered. Also sqq and sy, are the
reflection coefficients of the transmitting and receiving apertures respectively. The s43
term represents the forward and reverse transfer coefficients between the two aperture
antennas. The transfer coefficients s4; and sg, account for transmission between the

antenna terminals at ports 1 and 2 and the apertures at ports A and B.

In terms of the scattering parameters, the total forward transfer coefficient be-
tween the terminals of the two elements is s5) and is expressed in terms of a set of

scattering transfer parameters for the cascaded two-port networks in figure 7.1(b)
831 = Top(Ta1Ts3 — TaaTas) — Too(Ta1Tas — TaaTas) (7.1)
The patch elements are matched to their external coaxial connections so that
811 =82 =0 (7.2)

and expression (7.1) becomes

821 = 8154382 (7.3)
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Figure 7.1: Mutual coupling between two patch antennas located in each others far field:
(a) side-elevation sketch of two antennas coupled in the E-plane, and (b) the equivalent
network in terms of the scattering coefficients.

The transfer coefficient, s43, models the power transfer between two aperture antennas
and the sq; and sq coefficients represent the ratios of the wave amplitudes at the coaxial

connections to those in the associated radiating apertures taking part in the coupling.

Each of these three transfer coefficients will now be considered in detail.

7.3.1 The transfer coefficient modelling the radiative coupling: s43

Regard the two rectangular elements as resonant cavities with electric fields dis-
tributed over the aperture-like four magnetic walls. The equivalence theorem is used to
replace the electric fields of the walls by equivalent magnetic currents. Also the ground
plane of figure 7.1(a) is replaced by the image of these magnetic currents for the purpose
of determining the radiation in the half space above the ground plane. The coupling is
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sectson 7.8 A model for the mutual coupling between rectangular patch antennas

evaluated on the basis of the power transfer that occurs when the transmitting aperture

illuminates the receiving aperture.

The two antennas are assumed to be in each others far field to the extent that
the separation is at least 2D2/), where D is the largest dimension of the radiating
(or receiving) aperture. Referring to figure 1.1, the aperture field distributions are
taken to be the z-directed electric field around the patch’s perimeter. This choice of
orientation of the effective aperture at each end of the antenna does not conflict with
the use of the y-component of the fringing field in the models for the antenna’s input
impedance and radiation pattern. Appreciate that it is the electric field distributions in
the magnetic walls of the cavity that are being used in the coupling model rather than
a component of the curved field lines of the fringing field that exists out from the edges
of the patch, as shown in figure 7.1(a). Both elements are assumed to be operating at
a common resonant frequency and in their fundamental TMg; modes. Referring to the
aperture and coordinate geometry shown in figure 6.3, the time harmonic electric field
distributions of the apertures located along the edges of the patch can be expressed as

follows. At each end of the patch
E,=u,Em -A4/2<z2Z<A4)2 (7.4)

and for each side of the patch,

E, =u,Enysin 2z _ A2 <z< A2 (7.5)

o

where the length of the effective free space aperture is resonant, that is, A; = A,/2.

In both cases the far field radiation pattern is calculated by taking the equivalent
magnetic current density of the source distributions and integrating over the source
points to obtain the electric vector potential F,. The far field approximation is used to
obtain the Ey-component of the electric field in terms of F; through the approximate
relation;

E, = —uyjfoF;sinf (7.6)
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The resulting expressions for the H-plane far fields of the end [12] and side [66] apertures

are

) sin{(wA;/A;) cosf)tan b

By = i B Ay AL o) c80)

—gd,jEmAwe_jﬂO'cos((rAl/z\o)cosB)
xrtanf

LY (7.7)

E,= (7.8)

where Ay and A; are the width and length of the equivalent aperture being considered.

Equations (7.7) and (7.8) are now used to calculate the transmitted and received
power. The transmitted power is given by the Poynting vector P where

E2
"o

P (7.9)

and 5, is the characteristic impedance of free space. The radiation intensity is the power

per unit solid angle, and is given in the units of watt per sterradian by
d(8,¢) = r*P (7.10)

The total power radiated by the aperture is found by the integration of equation (7.10)

over a spherical surface that encloses the aperture so that
1I'r2 ® 2
P = T/ E“(8)sinf df Watt (7.11)
o JO

The power received by the equivalent aperture in the coupled antenna is derived in a

similar way

_ 24y
o

and | s43 |2 follows as the ratio of (7.12) and (7.11)

A
P, / E%(z) dz Watt (7.12)
0

2 P
| 843 |°= 2 (7.13)

7.3.2 Transfer coefficients within the antenna elements: s;; and sg,

The coefficients s,; and sy, represent the ratios of the wave amplitudes at the
coaxial connections to those in the associated radiating apertures selected in the previous
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section for the determination of s43. Simple reasoning in terms of the distribution of
the power at the coaxial connection port and the equivalent radiating apertures around

the four edges of the rectangular patches yields values for these transfer coefficients.

Because each antenna element is assumed to be matched to its coaxial connection,
and if the antenna’s copper and dielectric losses are assumed negligible, then all of
the input power must be radiated. Only a fraction of that power is considered in the
determination of s43. Thus, in the case of two elements with their ends facing each other,
only the power passing through the apertures equivalent to those ends is considered.
For the case of element sides facing each other, the power passing through the equivalent
apertures is considered with accurate account being taken of the level relative to the
power through the end apertures. This is done by assuming unit amplitude for the
aperture distributions at the positions that are common to the end and side apertures;
namely the corners of the rectangular patch. This means that the coefficients s;; and
89 are the same for both the “ends facing” and the “sides facing” or, more succinctly,

the E-plane and H-plane coupling cases.

For rectangular geometries that are nearly square only a small fraction of the
total input power is radiated through the side apertures and therefore nearly half of the

input power is radiated through each end aperture. This means that

| a1 |22 0.5 (7.14)

and

10log | 841 |°= —3dB (7.15)

If the only contribution to the power in the receiving antenna is through an end or a

side aperture, then reciprocity applies so that

| s9p |2=| 841 |?= 0.5 (7.16)
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7.4 Discussion of results

The mutual coupling is calculated using a free space equivalent to the experimen-
tal study, where the dimensions of the patch elements are multiplied by /¢, in order

that the free space wavelength be used throughout the model.

Jedlicka and Carver [62] published the set of mutual coupling measurements for
two substrate thicknesses shown in figure 7.2. Although these experimental results have
been widely referred to by other researchers, Jedlicka et.al. omits details of the tuning
and matching conditions maintained as the spacing between the elements is varied.
However, it is reasonable to assume that each element was resonant and matched to its
coaxial connection at the specified test frequency when isolated from other elements.
There is no information given on the mismatches that may occur due to the interaction
between elements as the spacing decreases. Experiments carried out as part of this
investigation show that this is only important at spacings smaller than the minimum
tested by Jedlicka and Carver. The measured results correspond to the | 32 |2 scattering

transfer coefficient in figure 7.1.

Figure 7.2 shows the agreement between the calculated and measured coupling for
two substrate thicknesses. For separations greater than 0.75),, the calculated mutual
coupling is within 3dB of the measurements for both the E- and H-plane cases. Excellent
agreement with measurements is also shown in figure 7.3 for the coupling between two
elements excited at 5GHz. These results also show that the model holds for separations
less than the far field distance, which is equal to 1.2A, and 0.5A, for the E- and H-
plane coupling cases respectively. The good agreement between the results of this simple
radiation coupling model and measurements indicates that the amount of coupling by

a surface wave mechanism is negligible, even at 5GHz.
7.4 Conclusions

This work has shown that for E- and H-plane coupling between rectangular
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Figure 7.2: Measured (¢ « o ) and calculated ( ) mutual coupling as a function

of separation for two 66mm by 105.6mm rectangular elements of thickness (a) 1.57mm
and (b) 3.2mm, where f,=1.4GHs.
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Figure 7.3: Measured (¢ + » ) and calculated ( ) mutual coupling as a function of
separation for two 16.93mm by 16mm by 1.57mm rectangular elements, where f,=5GHs.

patches separated by at least 0.75),, a very simple space radiation based transmission
model of the coupling phenomena can provide results of comparable accuracy with those
obtained by more sophisticated analytical techniques. Furthermore the model has been

shown to give excellent results for antennas operating up to a frequency of 5GHz.

This model for calculating the mutual coupling between neighbouring rectangu-
lar microstrip antennas is used in the program listed in Appendix C. The coupling is
expressed in terms of the magnitude of the scattering transfer coefficient. Given the di-
mensions of the two antennas, the frequency and the separation, the program evaluates

the coupling using equations (7.3), and (7.11) through to to (7.14).
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CHAPTER VIII

THE BANDWIDTH CHARACTERISTICS OF THE
RECTANGULAR PATCH ANTENNA

AND ITS EXTENSION USING A HEXAGONALLY SHAPED PATCH

8.1 Introduction

This chapter does not contribute to the computer-aided design of rectangular
microstrip antennas but rather is in part an application of the work described in the
previous chapters. The transmission line model described in Chapter V is used to in-
vestigate the dependence of the bandwidth on other antenna parameters. The efforts
of other authors to increase the bandwidth of rectangular patch antennas are reviewed.
Finally the definition of bandwidth introduced in Chapter IV is used to identify the
hexagonally shaped patch as exhibiting a greater bandwidth than an equivalent rectan-

gular patch, and a comparable bandwidth to a circular patch.

8.2 Using the transmission line model to study the effect of antenna param-

eters on the bandwidth of the antenna

\

The transmission line model has been used to account for the variation in the
bandwidth of the rectangular patch antenna as cther antenna parameters are varied.
For example figure 8.1 shows that at 5GHz the bandwidth, expressed as a function of

8-1



section 8.2 Using the transmission line model to study the bandwidth of the antenna
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Figure 8.1: Bandwidth versus substrate height and relative dielectric constant.

the operating frequency, is an increasing function of the substrate thickness, h, and a

decreasing function of the relative dielectric constant, €.

The narrow bandwidth of the antenna was explained in Chapter III in terms of
the cavity model as being due to the high quality factor of the equivalent cavity. The
same conclusion can be reached using the transmission line model by calculating the
antenna’s input impedance as a function of frequency. Thus the frequency sensitivity
of the input impedance can be attributed to the large ratio of aperture impedance, Z,,
to the characteristic impedance of the transmission line, Zop,. Refer to figure 1.4. This
result is shown in figure 8.2, where the VSWR is plotted as a function of normalised
frequency for three values of the characteristic impedance of the microstrip line. An
extension to figure 8.2 is figure 8.3 where the percentage bandwidth is plotted against
the characteristic impedance of the microstrip line. The transmission line model was
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also used to calculate the bandwidth versus frequency relationship for different substrate

thicknesses and substrate dielectric constants. Refer to figure 8.4.

8.3 A review of the techniques used by other authors to increase the band-

width of microstrip antennas

There are many ways of increasing the bandwidth of microstrip antennas. How-
ever, all methods represent a compromise of bandwidth against substrate thinness,
efficiency, or complexity in the antenna’s structure. The techniques to increase the

bandwidth can be combined into two groups.

The first group involves alterations to the fundamental element. The reason for
the increase in the bandwidth can be explained by considering either a decrease in the
antenna’s quality factor or, appealing to the transmission line model, by an increase
in the characteristic impedance of the microstrip line. An increase in the substrate
thickness, k, will increase the bandwidth but at the cost of the antenna’s low profile
advantage. Karlsson [67] achieved a 17% bandwidth (VSWR<2:1) for a 6GHz square
patch by increasing the substrate height to 8mm, where ¢, = 4. Hall [68] showed that
an increase in the loss tangent of the substrate material will lower the quality factor of
the cavity, however, a decrease in the radiation efficiency will also result. Wiesbeck [69]
loaded the cavity by cutting holes and slots into the metallic patch. This improvement
may be explained in terms of lowering the quality factor of the cavity, or increasing the
inductance per unit length of the transmission line, thus increasing the characteristic
impedance of the line. A decrease in the dielectric constant has also been used to

increase the bandwidth [2,70].

The other group of bandwidth broadening techniques involves a majer alter-
ation to the antenna’s structure. The shape of the patch element has a small effect
on bandwidth. The circular patch usually has a one to two percent wider bandwidth
than its rectangular equivalent. When the patch is fed from a microstrip line, it is
usually necessary to use a transmission line transformer to match the input impedance
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of the patch to the characteristic impedance of the microstrip feed line. The resulting
bandwidth of the antenna system is then limited by the transformer rather than by
the patch. However Howell [2] and Derneryd [71] have used a computer optimised two
section transmission line transformer to match the element without decreasing the sys-
tem bandwidth. Derneryd also used this technique to enhance the system’s bandwidth
by matching the element at two frequencies, +12% each side of the element’s resonant
frequency. The usefulness of an antenna may be extended by a dual band configuration
(71,72,73]. Here the element or the feed is constructed so that the antenna appears to
be resonant at more than one frequency. However, the bandwidth is still a problem
because at each of the resonant frequencies it is still only of the same order as the
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bandwidth of a simple element. Ito et.al. [74] obtained a bandwidth improvement of
two and a half times that of a single linear strip element by placing a window in the
ground plane, directly behind the element. Here the antenna will radiate from both
gides, and the antenna’s electrical characteristics will depend on the size and location
of the window. Multilayer elements were used by Hall [70] to achieve a bandwidth of
18% (VSWR<1.2:1). Two rectangular patches were placed above a smaller feeder patch
which excited the top two patches by electromagnetic coupling. Broad-band microstrip
antennas have also been constructed by combining togetherlinto arrays a number of
stagger-tuned elements. The simplest case being a microstrip power divider feeding two
rectangular patches located side by side, each resonant at a slightly different frequency.
A more complex log-periodic type array has been built by Hall [68] and achieved a
30% bandwidth (VSWR<2.2:1) without any loss of radiation efficiency, or increased
substrate thickness compared to the single element. The antenna was constructed of
nine rectangular patches placed in a line and fed, via electromagnetic coupling, by a
microstrip line buried in the centre of the substrate. The sizes of the patches were
increased as the feed progressed through the array. Travelling wave antennas have also
been constructed using microstrip techniques. However, there is a problem with mode
control because these antennas are usually many wavelengths long. It has been shown
that a microstrip line will radiate from discontinuities such as bends, and Wood [75]
used this principle to design a spiralling line antenna that produced circularly polarised
radiation over a 40% bandwidth (VSWR<1.3:1). Table 8.1 summarises the bandwidth

related properties of the antennas that have been discussed.
8.4 Bandwidth of the hexagonal patch

A new hexagonally shaped patch exhibits a bandwidth greater than an equivalent
rectangular element and comparable to that of a circular element. Figure 8.5 shows that
the hexagon is formed by adding triangles along the sides of the rectangular patch, where
the extension from the original rectangle is described in terms of the apex distance,
a, measured from the original side of the rectangle. Also positive and negative apex
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Microstrip antenna structures
Antenna h € | foz n |Bandwidth | VSWR
type mm MHz %

Rec. patch |1.59 [2.32 | 10 90 5 <2.0:1
Cir. patch 1.59 (232 | 10 90 7 <2.0:1
Lossy sub’t |[1.59 (2.32 | 10 16 40 <2.2:1
Spiral 1.59 (232 | 10 50 40 <13:1
 Stacked 4.77 (232 | 10 80 18 <1.2:1
Log periodic [1.59 [2.32 | 10 70 30 <2.2:1
Window 0.80 |260 | 3 |N/A 6 N/A

Table 8.1: A summary of the bandwidth characteristics of microstrip antenna structures,
where N/A refers to cases where no data is available.

distances are considered.

Input impedances were measured for a series of hexagonal elements with different
apex distances as a function of frequency over a 1.6:1 range of variation. The impedance
behaviour was then expressed in terms of the bandwidth using the definition presented
in Chapter IV. Figure 8.6 shows that the bandwidth is proportional to the apex distance.
It also shows that for the 0 to +3mm range of apex distances the resonant frequency is

increased by 3.5 percent and the resonant resistance decreased by 11{2.

The increase in the bandwidth with increasing apex distance is believed to be due
to enhanced radiation from the sides of the patch. Hence the quality factor is decreased
because the energy lost by the cavity through radiation is increased. This explanation
is based cn the changes in the far field radiation pattern that will be discussed in the

next section.
8.6 Par field radiation pattern of the hexagonal patch

As the apex distance increases from 0 to +4mm, the gain is increased by 2dB,
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ground plane .

metallic patch —

Figure 8.5: The basic geometry of the hexagonal patch.
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the E-plane beam-width increases from 62 to 72 degrees and the H-plane beam-width
decreases from 65 to 59 degrees. Figure 8.7 shows typical E-plane radiation patterns

for both the rectangular and hexagonal, a=+4mm, patch antennas.

30

180
0

Figure 8.7: E-plane far field radiation patterns for a rectangular (———), 18.1mm by
16mm by 1.57mm, and hexagonal ( ) a=+4mm, element.

8.6 Conclusions

The transmission line model has been used to account for some of the bandwidth
properties of rectangular patch antennas. The resulis of an experimental investigation
into the bandwidth performance of a novel hexagonal element have been presented.
This element exhibits a wider-band and greater gain performance than an equivalent

rectangular patch anteana.
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CHAPTER IX

CONCLUSIONS

9.1 Conclusions

Models for inclusicn in a computer-aided design program have been developed
for rectangular microstrip antennas, fed by either a coaxial probe or a microstrip trans-
mission line. Both the leaky resonant cavity and transmission line models were used to
calculate the main electrical characteristics of the antenna to an accuracy sufficient for
most design purposes. The accuracy of the new models for the probe reactance, resonant
frequency, and input impedance all relied on empirically determined key parameters,
while the radiation pattern and mutual coupling models represent the application of

existing classical techniques of electromagnetic analysis.

The major achievement of this research was the presentation of formulas for
critical antenna characteristics that produced results in very good agreement with mea-
surements for antennas on typical substrates operating from 600MHz to 5GHz. The
model for the feed probe predicted equivalent series reactances that were within £30Q or
15% of measurements. This was very satisfying alongside errors of up to 350% for mod-
els suggested by other authors. For the resonant frequency models the agreement with
measurement3s was within +2%. This was achieved through specific definitions of the
cavity and impedance resonant frequencies and the accurate empirical determination of
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the effective edge extension. Again these models provided consistently accurate results
for a very wide variety of antenna geometries. The accuracy of the transmission line
model in calculating the input impedance was greatly improved by the use of empiri-
cally determined aperture admittances. The calculated loci gave resonant frequencies
and resonant resistances that were on average within 2% and 17% of measurements.
This agreement represents a significant improvement over the results that are obtained
if a:n aperture admittance calculated using one of the pu!:)lished expressions is substi-
tuted into the transmission line model. The near field investigations carried out using
the liquid crystal film produced some very interesting results regarding the radiation
characteristics of the apertures located at each end of the antennas mounted on elec-
trically thick substrates. However, the asymmetry in the excitation level and the beam
tilting were later shown to be of little significance to the antenna’s radiated field in the
main E- and H-planes. Furthermore, the widely used two aperture array model has al-
ready been frequently shown in the literature to produce results in good agreement with
measurements. Even for the case of an electrically thick substrate the model, as stated
in the literature, provides results within 3dB of measurements. However, the agreement
was improved to 2dB by correctly accounting for the array separation in terms of the
effective width of the apertures at each end of the patch. This is regarded as a minor
achievement of the research because the current state of the radiation pattern models
provides main plane patterns that are sufficiently accurate for most design purposes.
Another achievement of the research was the modelling of the mutual coupling in terms
of the power transfer between twe apertures located in each others far field. This work
demonstrated that useful results can be obtained from a simple model. Although lim-
ited to cases where the separation was at lcast 0.75),, it gave both F- and H-plane
mutual coupling results that were within 3dB of measurements for antennas operating

up to and including 5GHz.

Areas within the microstrip antenna field that need immediate attention include
a rigorous solution for the aperture admittance. Like the effective dielectric constant,
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the aperture admittance parameter affects the accuracy of the analysis of all of the
important electrical characteristics of the antenna. The great variation between the ap-
proximations that are currently being used has already been highlighted. The empirical
equations for the aperture admittance presented here will certainly be useful until a
rigorous approach is found. However, a more accurate empirical approach would be to
determine a set of aperture admittance equations that cover a set of frequency bands
of interest rather than the approach taken here where the aim was to present equations
that were widely applicable. This aperture admittance problem is also evident from the
liquid crystal near field investigations, which indicated a need for further work on the
detailed nature of the mode structure of the fields under and fringing from the patch.
Only when the types of observations described here are accounted for in an analytical
model will all of the properties of the radiation field be predictable. Such a complete
analysis would also permit the accurate calculation of input impedance and mutual
coupling between antennas on thick substrates, even when they are so closely spaced

that they are loading each others field distributions.

Because the brightest future of microstrip antenna technology lies in array ap-
plications, there is still a need for further work in developing new antenna geometries.
This may include new patch shapes, or making major changes to the antenna’s structure
by cutting notches in the substrate, or even its total removal from around the patch.
A new hexagonal element with enhanced bandwidth and gain performance over the
rectangular antenna has been introduced but further work is neceded to determine its

suitability- as an array element.

This thesis describes the development of simple models requiring moderate com-
puting power for the major electrical characteristics of rectangular microstrip antennas.
The models have been incorporated in a computer-aided design program which has
been extensively tested on antennas representing a wide variety of those commonly
encountered, and proven. to provide results that are accurate enough for most design

purposes.
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Appendsiz A Antenns manufacture and specsfications

APPENDIX A

ANTENNA MANUFACTURE AND SPECIFICATIONS

All of the antennas and microstrip transmission lines were manufactured using

DI-CLAD CUT-N-PEEL woven PTFE laminate made by Keene Corporation, where:
€=2.55, h=1.57mm or 0.735mm, and ¢{=0.05mm.

The antennas were manufactured using standard precision workshop equipment,
including: a flat table, a right angle block, and a scalpel blade fixed to a height vernier.
The copper clad substrate was mounted in the vertical position while the blade in the
height vernier was used to successively scribe and eventually cut through the copper.
After all of the horizontal cuts were made, the substrate was rotated by 90° to facilitate
cutting in the direction perpendicular to those taken first. Any lifting along the edges
was then lightly smoothed down. The technique produced a consistent undersized prod-
uct, however this was taken into account by adding 0.03mm to all dimensions before

cutting. The final manufacturing accuracy was +0.04mm.

APC-7 and SMA connectors were used throughout this project, the relevant
dimensions of which are given in table A.1. For the case of probe fed antennas, the
inner conductors of either APC-7 or SMA type connectors were extended through the
dielectric substrate to make connection with the metallic patch. Hence these probes are
referred to as either APC-7 or SMA in dimension.
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Antenna manufacture and specifications

Coaxial connector dimensions
Type inner radius outer radius
a(mm) b(mm)
APC-7 s 1.520 3.50
SMA 0.635 2.05

Table A.1: Dimensions of the coaxial connectors feeding the antenna, where the inner
conductor is extended to become the probe.

The complete manufacturing data for the antennas referred to in the thesis are
listed in the “DATA” statements near the start of the computer program in Appendix
C. The order of information is:

Measured fo., L, W, h, D, €, Feed type

Note that due reference is given to the data obtained from measurements published
by other authors. Experiments that were incomplete in their description were quite
common. However, the parameters could often be pieced together through reference to
successive papers published by the author or members of the same research group. In
the cases of [19],[29],and [30] however, it was necessary to directly write to the authors
concerned seeking full details of their experiments. Without exception these researchers
did not reply to the request, necessitating the guessing of some of the parameters of

their experiments in order to make up the data sets.
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APPENDIX B

RADIATION PATTERN, INPUT IMPEDANCE,
AND MUTUAL COUPLING MEASUREMENT

All of the experimental techniques were built around an automatic network anal-

yser system (ANA) based on the HP8410 controlled by a HP9845 mini-computer.

The far field radiation patterns were measured in a 3m by 3m by 9.1m anechoic
chamber lined on all faces with 46cm high pyramidal absorbers. The test path of the
ANA was used to measure the radiation pattern of the antenna by determining the sg;
scattering transfer coefficient for the free space path loss between the rotating test an-
tenna and the receiving horn. Figure B.1 shows a schematic of the measurement system

where the HP9845 was used to plot out the radiation patterns in polar coordinates.

Input impedances were also measured using the ANA where the reference plane
was defined at the back of the ground plane through the use of in-house constructed
calibration terminations. The gold plated APC-7 short and open circuited terminations
were used to move the reference plane 33.6mm away from the face of the connector
in the test port of the ANA, permitting the easy manufacture of numerous extended
flange mount receptacles that were used to feed the antennas. The SMA calibration
terminations were constructed using a commercial flange mount receptacle for the short
circuit and a modified in-line female-female adapter for the open circuit. Again, the
reference plane was the back of the ground plane. The HP9845 was used to present the
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Radiation pattern, input impedance, and mutual coupling. measurement

Microwave anechoic chamber

\
/

7 Afiggnma Standard
~7~ under X
/ﬂ'/ test fixed
£ B on ground plane antenna
!! Transmission return Unknown
Angle |= |
trol
~ St HP8410B
|
[l ] Automatic microwave
I | network analyser
| Rotation | system
l control I
unit
| |
l {
Angle det. Control
I bus HP-IB
L pata | f— —
bus
INTEL 8085 HP 9845
processor control
HP-1B computer HP-1IB

HP 9872A
Digital
plotter

Figure B.1: Schematic of the equipment used to measure far field radiation patterns.
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811 results for the input impedance in Smith chart form. Also a HP5245L frequency
counter and HP5257A transfer oscillator were used to calibrate the frequency of the
ANA.

The mutual coupling between the antennas shown in figure 7.1 was measured
with an ANA in terms of s5; using the same technique as proposed by Jedlicka et.al.
[62], where in order to establish two antennas of varying separation, a set of substrate

inserts were placed between the antennas to form a continuous substrate of variable

length.
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APPENDIX C

COMPUTER-AIDED DESIGN PROGRAM
FOR RECTANGULAR MICROSTRIP ANTENNAS

The following is a listing of the computer-aided design program for rectangular
microstrip antennas. It includes all of the new models introduced in the body of this
thesis and, through the use of multiple option flags, can be used to execute many of
the models suggested by other authors. The program is written in BASIC computer

language and is suitable for execution on a HP9845 mini-computer.



Appendiz C Compuler program

19 I R R AN R R R EER RN R AR R R RRF R FR R R R R IR AR R A RER A A RRAAR A AL R KRR RTE
20 I RN RN AR R R RN E R R RN RN RS AR RS I AR A F R AR IR R AR RN AN EANREF R A A AR R E RIS
30 [N 2 *#
48 L M COMPUTER AIDED DESIGH *%
59 | * % OF * %
€0 LI 34 RECTANGULAR MICROSTRIP ANTENMAS %
70 [ 2 e
&80 U 4 Part of the research effort towards the .
90 [N 2 degree of Doctor of philosophy by: #*
100 I 2 * %
110 I *% HOEL MAXWELL MARTIN *#
120 [ 2 ] "%
130 I o## University of Rdelaide * %
140 i Department of Electrical and Electronic **
150 1 % Engineering *
160 I e
17 [ 4.4 December 1984 4
180 [ 2 *#
190 I %% **
200 1 ## Supervisor:Dr.D.H.Griffin *#
210 (I 24 **
220 | Rk AR AR R R SRR R IR AR R R R R R R R RN R R R R R RRRRRRERREFRF AR A RRRANT R A SRR A RN
230 | ok n ok u R R AR AR R AR R AR AR AR R F R RS F R ERF AR AR R AR AR ARE R R R AL A AR AR RIS
240 |

250 !

260 !

270 !

289 !

290 |

300 I This is a computer-aided design program for rectangular microstrip

310 ! antennas. The design and analysis are carried out using the formulas

3z | presented in the thesis of the same title. The equation numbers

330 | in the thesis can be used to identify the same equations in

340 ! the program.

350 !

368 | The genera) tayout of the program is shoun below. If the designer is

370 | starting with a desired resonant frequency and a specified patch width,
380 ! substrate height, dielectric constant and feed type, then the ltength

390 I of the patch must be designed before analysis can take place. Refer

400 | to line ’“Ddesign’. The analysis of a fully specified patch starts at

410 | line ‘Analysis’. From this point the designeér can choose to analyse

420 ! for the series reactance of the probe and the resonant frequency,

430 | the input impedance, the far field radiation pattern or the mutual

440 | coupling between two antennas of the same dimenszions. 1f the measured
450 | resonant frequency is put into the program then the radiation pattern
460 | and mutual coupling are evaluated at this frequency. Houwever if the

470 | résonant frequency is calculated, then this calculated value replaces
480 | the megasured frequency in any further analysic.

490 1

560 I Two sets of flags, located at lines ‘F1’ and ‘F27, permit the

510 | evaluation of the equations proposed by other authors for various

520 | antenra and tranimission line parameters. This program also includes

53a | the code that was used to determine the empirical equations for ths

S48 | effective edge extension and the aperture admittance. The aperture

558 ! admittance being the reciprocal of the impedance referred to az the

Séuv | slotv impedance in the program.

570 !

580 !

590 ! The analysis of a rectangular resonant cavity is also included in the
600 | program. These subroutines enable the calculation of the resonant

610 | frequencies from a setv of dimensions and the dielectric constant,

cze I or the calculation of the dielectric constant from two sets of meazured
€30 | resonant frequencies obtained from two cavities of slightly different
640 ! dimensions.

658 !

660 !

670 !
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650
660
670
680 #hEend Program layout ###sxs
700
7’10
720
7?30
749
7?50
760
770
780
790
800
81@
820
830
840
850
860
870
8680
890
900
910
920
930
940
950
960
970
980
996
1000
1010
1020
1630
1040
105@
1860
1070
1080
1099
1100
1110
1120
1130
1140
1150
11€0
1170
1180
1190
1200
1210
1220

Antenna specifications
Foc,H,h,Er >

< Synthesis models

Initial antenna
design Analytical models from
the thesis

&

—_<

Analysis for |
Res. freqg.:Foc,Foz
Input impedance:Zin
Radiation patterns
Mutual impedanceis2t

v

'

Modify design

el

v

v ~

ves
/N
’ .

/ modify N
> < antenna > <
N specs? 14
N s

~ ’
N/
no |
v

Fabrication
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Computer program

12206 !

1236 !

1240 ! Eekk#e subroutine listing *¥#eEd

1250 |

1260 ! Description Name Line(no.)

1278 | Input impedance of a rectangular patch Zin Z2in(5980)>

1280 | Input impedance of an aperture antenna Zslot 2s1(6180)

1299 | Empirical developmént of an expression

1366 | for the aperture input impedance Zslotsyn 23y (7630

1318 | Effective dielectric constant Effer Eff(8080@)>

132@ | Characteristic imp. of a parallal plate

1330 ! transmission line 2om 2om(82%56)

1340 | Edge exitension Deltal De ) (8400

135@ ! Microstrip feed point Msfp Msf (9580

1368 ! Mutual coupling Couplingfar Mut(106890>

1370 ! Mutual coupling with E-plane orientation Eplane Epi<12528>

1386 | Mutual coupling with H-plane orientation Hplane Hp1(12750>

1390 | Transmission line equation T Tle(13198

1400 ! Simpsons rule Simp Sim(12930)

1418 | Polar to rectangular Ptor Ptr (135407

1420 | Rectangular to polar Rtop Rtp<13648>

1430 ! Complex multiply Cmult Crau¢13750>

1440 | Complex divide Cdiv Cdi (13846

1450 | Characteristic jmpedance of a coax line 2o 20c(14140)

1460 | Capacitance of a parallal plate Cpp Cppcl14240>

1470 ! Guality factor and radiation conductance Randgrad Ran(14388)

1488 ! Resonant cavity analysis Cavity Cav(14690)

1498 | Solution of a quadratic equation Quadratic Qua(l15768)

1560 | Paralle) combination of two impedances Parallel Par(158908)

{S1@ ! Factorial Factorial Fac(16010>

1520 ! Bessel’s function of order zero Bessel Bes(16130)

1530 ! Sine and cosine integrals Sici Sci(16368)

1548 | Radiation pattern Rad Rad(1€6€48)

1550 ! Resonant frequency Fo Res(17460)

1560 |

1570 !

158 |

1581 ! #*EEER MAIN Program FEFFFE

1582 |

1583 |

15906 !

160@ TRACE ALL VYARIABLES

1618 PRINT ALL IS 16

1626 PRINTER IS @

1630 FIXED 2

1640 Start:!

1650 PRINTER IS 1€

1660 PRINT "Computer-aided design of a rectangular patch Antenna or"

1678 PRINT "analysis of a rectangular resonant Cavity AsC 2"

1680 INPUT Rns$

1698 IF Ans$="A" THEN GOTO 1720

1780 CALL Cavity

1718 GOTO Start

1720 PRINTER IS @

17386 PRINT P T 2 A L i S R T A A A R R R R AL A A AR AL
1740 PRINT “i*iif***i*****4*4*****«*&4**************f**i**fﬁf&f**’ti*i*afﬁ*fﬁf"
1750 PRINT "#= COMPUTER-RIDED DESIGN !
1760 PRINT "##% OF ax"
1770 PRINT "=## RECTANGULAR MICROSTRIP ANTEMHAS LA
1780 PRINT D T T S S A L s a2 s s S RS T R SR L LS S ottt Ll
1798 PRINT A ENFRE AR R IR AR IR R LN A AR AR IR AN IR AR A A LA R ARFRERRAASRT AR ERTY
igee !

1810 F1: ) #*%s##%xx4%%x*Flags for the ana]ysisi**ii******ii*****ﬁi&ﬁ%**f*******i**
1820 Tiflags$="Sinusoidal" ICaver Newmans/SenguptasSinusoidal - Straight
i83@ ! type of TL model for the feed.

1840 Foflag$="Martin" IMartin/Senguptasout

1850 Fringeflag$="Empirical" IFactor/Hammi Hamm2 K IR/Experimental /Empirical
1860 Erflag$="Getsinger" | Getsinger-/Hammer st ad

1970 | HAR AR AR A AR EERRREARAAREAFE R R AR R R RN AR RS R SR AR R AR S AR H TR RRI AR AR R
1880 PRINTER IS 16
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1890
1900
1910
1920
1930
1940
1958
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050

FRINT "Do vou need to Deszign an antenna length for a specified”

PRINT "resonant frequency, or do vou want to Analyse a full set of"

PRINT "dimensions DsR?"

PRINTER IS @

INPUT Anss

IF Ans$="D" THEN GOTO Ddesign

GOTO Adata

|

!

!
Ddesign:! Data for the design of the antenna length

!

PRINT

PRINT

PRINT "==-----INITIAL DESIGN FOR THE LENGTH OF A RECTANGULAR PATCH -=---- "
PRINT

INPUT "Focicavity res freq(Mhz),Width{(mm>,Height (mm>,Dielectric const,Feed

type?",Focmhz, Wmm, Hmm,Er,Feeds

2060
2079
2030
2890
2100
2110
2120
2130
2140
)

2150
2160
2170
2160
2190
2200
22190
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330

CALL Zom<{Wmm,Hmmn,Zom> 'Hammerstad
CALL Effer(Erflags$,Focmhz,Zom,Er,HWmm,Hmm,Effer)

Fochz=Focmhz+1E6
Viergthmma=3EB~ (2#Fochz*SAR(Effer)) !Approximate antenna length to be
! used in the expression for Deltal (3.1

CALL DeltallFringef!tags$,Wnm,Hmnm, VI angthmma,Er,Effer,Focmhz,Deltalmm)
Deltalm=Deltalmm-~ 1000
Viength=(3E8-4%Fochz*Deltalm*SUR(Effer)>) / (2%¥Fochz*SARCEFffer))

| Rés half waveim) (3.2

Viengthmm=¥1length#10880 {mm

CALL Gandgrad{(Focmhz,Hmm,¥lengthmm,Wmn,Grad, @rad, }di,Gcu, o’
Rrad=1/Grad !ohm

Re=Rrad/2 !Rrad=Rslot,Reilresistance at the end=Rslot//Rslot
D=V1lengthmm#ACSC(SAR{SO-Re>>/Pl iCaver APS Jan 81 ppl2

PRINT "Design cavity resonant fregquency(Foc)=";Focmhz;"Mhz"

PRINT “Calculated patch length=";Vlengthmm; " mm"

PRINT "Initial guess of the feedpoint for Z2in = S0ochm is ";D;"mm"
GOTO Cont

|

!
Adata: |

)

INPUT "Enter antenna specs. from the Key board or Array K/A",Anss
IF Ans$="R" THEN GOTO Data

INPUT "Do you have a measured resonant frequency Y/H ?",Anss$

IF Ans$a"N" THEN GOTO Dimse

PRINTER IS 16

PRINT “Foc:icavity res freqiMhz) ,Length(mmy,Hidth<mm>,Height(mm>,Feed inzet

distance(mm),Dielectric const,Feedtype?"

2340
2350
2360
237va
23806
2390
2400
2410

PRINTER IS @
INPUT Focmhz,Ylengthmm,Wmmn, Hmm,D,Er,Fecds$
PRINT "Measured cavity resonant frequency(Focr=";Focmhz; "Mhz"
PRINT “Specified patch length=";Ylengthmm; "mm"
PRINT “Specified feedpoint=";D; "um"
GOTO Cont
Dims: PRINTER IS 16
PRINT "Lengthmm,Width<(mmd ,Height{mms,Feed inset distance(mm’,Dielectric co

nst,Feedtype?"

2429
2430
2440
24358
2450
2470
2430
2490
2560
2510
2520
2330
2540

PRINTER IS @

INPUT Viengthmm,Wmm,Hmm,D,Er ,Feed$ N
Focmhz=, 94300/ (2% (¥Ylengthum/ 1000 )+SORCEr ) approximate rezonant frequency
! needed for the determination of Deltal and Effer, where the .9 accounts
! for the effect of fringing.

PRINT "Approximate rescrant frequéncys";Focmhz; "MHz"

PRINT "Speci1fied patch length=";%Ylengthmmn; “mm"

PRINT "Specified feedpoint=";D0;"mm"

GOTO Cont

Data: !

PRINT "Data set: €33.5/6586,915-/1189,/11972/1396/1396-/1410-1518-2195-2210"
PRINT " 2213/2224/2792/3387 /"

PRINT * 3502-4670/46722-4744+74778/4784/4792/4830/5013 7"
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2550 INPUT "Foc of data array set ?",Data

2560 ! Data=3013

257@ RESTORE

2580 FOR Nwi TU 40

2590 RERD Focmhz,Viengthmm,Wmm,Hmm,D,Er,Feed$

2600 IF Focmhz=Data THEN GOTO Enddata

2610 NEXT N

2620 PRINT

2630 PRINT " Data not available"

2640 GOTO Start

2650 ! Frequency corrected foc.

2660 DATR 4659,18.03,30.06,1.57,6.21,2.55,"APC?"

2670 DATR 4669,18.03,28.0,1.5?,6.21,2.55,"APC?"

2688 DATR 4674,18.03,25.65,1.57,6.21,2.55, "APC?"

2698 DATR 4687,18.03,24.75,1.57,6.21,2.55, "APC?"

2700 DATA 4700,18.03,22.66,1.57,6.21,2.55, "APCT"

2710 DATA 4724,18.03,19.40,1.57,6.21,2.55, "APC?"

2729 DATA 4751,18,.03,16.49,1.57,6.21,2.55,"APC?"

2?36 DATA S@07,18.03,13.04,1.57,6.21,2.55,"APC?"

2740 )

2?50 DATR 633,5,1%0,75,3.175,60,2.56,"SMA" (Pozar APS Nou82 [39]

2760 | & Newman “MWorkshop’(19]

2?78 DATA 658,139.7,204.5,1.5688,63.50,2.59, "SMA" (Pozar APS NowB2 [39]

278 DATA 915,5?.7,50,1.57,0,2.1, "SMA"

2796 DATR 1189,76.2,114.3,1.59,22.9,2.62,"SMA" !Richards APS Jan’81 (291

2808 DATA 1197,76.0,114.0,1.59,00,2.62,"SMA"

2810 DATA 1396,65.5,1085.6,1.57,17,2.53%,"SMA"

2020 DATA 1410,66,105.6,1.57,17,2.5,"SMA"

286306 DATA 1518,59.5,100,1.59,08,2.62,"TL"

2840 DATH 2195,41.4,66.58,1.5608,00.00,2.506,"TL"!Carver/Coffey ARU pp352 [30]
1

2858 ! and Er=2.% from APS Jan’'81 [29] ppl3

2860 DRTA 2210,41.4,68.58,1.598,008.00,2.58, "SMA" | [301 pp53

2878 DATA 2213,41.4,68.58,1.588,16.16,2.50, "SMA"! [38]) pp54

26882 DATA 2224,41.4,48,1.59,7.62,2.50, "SMA"

2890 ! refer Carver/Mink APS Jan’81 [15) for Er=2.5

2908 DATA 2792,33.0,33.0,1.524,11.58,2.55, "SMA" |Derneryd Ericson [24]
2910 DATA 3387,26.63,23,.8,10.15,2.55, "SMA"

2928 DATA 3502,25.66,23.10,08.80,10.15,2.55, "SMA"
2930 DATA 4670,18.47,16,0.80,6.14,2.55, "APC7" 14663
2948 DATA 4672,18.083,30,1.57,6.21,2.55, "APC?"

2950 DATA 4744,18,083,16,1.57,6.21,2.55, "APC?"

2968 DATA 4770,18.03,13.5,1.57,6.21,2,55, "APC?"
2976 DATA 4764,18.11,16,1.57,6,2.55, "SHA"

2988 DATA 4792,18.54,16.94,.8,6.14,2.55, "SMA"

2990 DATA 46830,18.47,16,.8,6.14,2.55, "SMA"

3000 DATA 5013,16.93,16,1.57,5.5,2.55, "APC?"

3910 ! DATA 5013,27.04,25.55,2.51,5.5,1.,"AFC?"
3020 Enddata: |
3038 PRINT

304@ PRINT "Measured cavity resonant frequency(Foc)=";Focmhz; "Mhz"
3056 |

3060 !

jerve |

3080 !

369@ PRINT "Specified patch length=";¥lengthmm; "mm"
3188 PRINT "Specified feedpoint position=";D; " "mm"
3110 Cont:!

3128 PRINT

31380 IF Feed$="SMA" THEN GOTO 3210

3140 IF Feed$="AFPC?" THEN GOTO 3189

31586 IF Feed#$="TL" THEN GOTO 3230

3160 PRINT "feed not specified correctly"

317@ GOTO Start

3180 Radiusi=1.52 !mm

3196 Radiuso=3.5 !mm

3200 GOTO 3230

3210 Radiusi=.64 !mm

32280 Radiuso=2.85 lmm

3238 ¢

3240 Rr=Wmm/Ylengthmm
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3250 |

3260 PRINT "Patch width=";Umm; "“"mmn"

3278 PRINT "Substrate height="j;Hmm;"mm "!100%h/1amdas @ Foc=";Hdl ams
3280 PRINT "Dielectric constant="jEr

3298 PRINT "Feed type=";Feed$

3380 !

3310 !

33280 !

3330 Anatysis: |

9340 PRINT "emmmmmm e e e e S — S o s oSS S S —m s m e e
3350 PRINT "==—=w=-e———=-- ANALYSIS OF A RECTANGULAR PATCH----===-----—<--—====-=<= v
3360 PRINT "memmm e s e e o e e e e e — S — S m S oSS s sm s m——momem e "
3370 |

3380 CALL Zom(Wmm,Hmm,20m> |Hammerstad

3390 CALL Effer(Erflags$,Focmhz,Zom,Er,Wmnm,Hnm,Effer)

3400 CALL Doltal(Fringeflagt,Nmm,Hmm,Vlengthmm,EP,Effer,Focmhz,DelLalmm)
3410 !

3428 | ##Zom by other authors##

3438 ! Carver APS trans Jan “81 ppS [15]
3440 Zomcaver=Hmm#*3?77/(Umm*#SQARCEr))

3450 ! Sengupter APSIS 83 pplS9 (451

3460 ﬂlpha=l+l.393*(Hmm/Nmm)+.66?*(Hmm/Nmm)*LDG(Hmm/Hmm+1.444)
34708 Zomsen=377%Hmm/ (Wmm*Alpha*SARCEFfar))
3480 |

3498 Deltalm=Deltalmm- 10080

3500 FochzaFocmhz#*lE®S

3510 VYiamom=3E8/Fochz!'m

3528 VYiamsm=Y)amom/SARCEffer>!im

3530 Viamsum=Vlamsm#1000

3548 Vliamomm=VY1amom#1000

3550 2omssZom/SQARCEffer)

3%60 !

3570 PRINTER IS 1é

3588 PRINT " Yhe order of analysis is!-"

3598 PRINT " Series reactante of the probe,"
3608 PRINT " Resonant freguency,"

3610 PRINT °© Input impedance,"”

3620 PRINT " Radiation pattern, and"

3630 PRINT " Mutual coupling."”

3640 PRINT " Empirical determination of Zslot”

3650 PRINT "However these analyses do not need to be done in order.”
3668 PRINTER IS ©

35678 INPUT "Do you want to follow the above order Y/N ?",Ans$

3680 IF Ans$="Y" THEN GOTO Feedpt

3690 INPUT "Go immediately to the input impedance analysis YN ?",fnz#
3708 IF Anss="Y" THEN GOTO T}

37t@ INPUT "Go immediately to the radiation pattern analysis Y/N ?",Ans$
3726 IF FAnss="Y" THEN GOTO Pattern

3730 INPUT "Go immediately to the mutual impedance analytis Y/H 7" ,Ans$
3748 IF Ans$="Y" THEN GOTO Mutual

3750 INPUT "Determine values for 2slot Y/N ?2",fins$

3760 IF Anss="Y" THEN GOTO Sy

3770 GOTO 3590

3780 PRINT

3798 PRINT

3880 PRINT

3sle |

3820 !

3830 !

3840 Feedpt: PRINT

38%0 PRINT "=-w--—m-oo—osmmmme— Analysis of the probeg------—-------=----~-=-=--~-< "
3860 !

3870 IF Feed$="TL" THEN GOTO 3910

3880 CALL Msfp(Tlflagt,Focmhz,Er.EPfer,Nmm,Deltalmm,Hmm,Radiusi,Radiuso,%series

3898 PRINT "Series reactance of the probe @ Foc = +j"j¥series;"ohm (P T1f1ags
I")"

’

39080 GOTO Fo

3910 Xseria§=0! the case for a transmission line fe¢ed

3928 PRIMT “For the transmission line fed caze the series reactance = +j"; Hseri
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@s;"ohm (";Ti¢lags$;">"

3530
3940
3950
3960
3970
3960
3990
4000

!

[

1
Fo: PRINT

PRINT "=--wee———— Analysis for the resonant frequency--------——=-----——-----
]

Hdlams=180#Hmm- VY1 amsmm

CALL Fo(Foflag$,Feeds$,Er,Effer,Y1engthmm,Radiusi,Radiuso,Wmm,Deltalmm,Hmm,

Xseries Focmhz)

4010
4020
4030
4040
4050
4060
4070
4080
4090
4100
4110
4120
4130
4140
4158
4160
4170
4180
4199
42080
4210
4229
4230
4240
4259
4260
4270
4280
4250
4300
4310
4320
4330
4340
4350
4360
4376
4380
4390
4400
4410
4420
4430
4440
4450
4460
4470
4480
4490
4500
45160
4520
4530
¥

4540
4550
4568
4578
4580

PRINT
PRINT "Wavelength in the free space @ Foc="j;¥lamomm; "mm"
PRINT "Wavelength in the substrate ® FocCusing effective Erd="j¥lamsmm; "mm

PRINT "Aspect ratio="jWmm /Viengthmm

FIXED 4

PRINT "Substrate height(h/lamdas @ Foc>="j;Hd)ams

FIXED 2 '

PRINT "Effective dielectric constant=";Effer;" (";Erflag$;" "

PRINT "Characteristic impedance of MS line,freespace=";2Zom

PRINT "Characteristic impedance of MS line,substrate=";2oms;"(Hammerstad>»"
PRINT "Characteristic impedance of MS line,substrate=";Zoncaver;"(Caver)"
PRINT "Characteristic impedance of MS line,substrate=";Zomsen; " Senguptar"”
PRINT "Edge extension=";Deltalmm; "mm <C(";Fringeflags$;">"

|

]

1

GOTO T1 'Program developmnent

i === Calculate 2in using the cavity model for a frequency Fregmhz------ "
INPUT "Freqmhz ?",Freqmhz

Ftp=(Freqmhz~Focmhz) Freqmhz frequency tuning paraneter
Pi=Rr !r

P2=9

P3=1

PdsFtp+Qlo

CALL Cdiv(P1,P2,P3,P4,P5,P6)

Rezin=PS5#50

Vimzin=(P6+Xseries 50)#50

PRINT "Fraqa";Freqmhz;"Z2in=";Rezin,Yimzin;Focmhzc;Xseries
PRINT

)

)

!
Ti: INPUT "Modify antenna specs. Y /N ?",Ans$

IF Ans$="N" THEN GOTO 439@

PRINT
PRINT " Change in the dimensions"
GOTO Dims

INPUT “Go to the input impedance or start of the analysis I/A 7",Anss$
IF Ans$="A" THEN GOTO Analysis

PRINT
|
|
|

T12: PRINT "=—---omo—m Analysis for the input impedance-—-----—---=====—==---= S
|
PRINT
!

F2i | # %k r b bR B R R A SRR R AR H AR AFLACSH A % R S FF XN R AR RERR A KA RL AR R RS RRAER A,
Slotflags="M" ! C/NsCF-DsMd Ma-Sen HosHs M/.....refer to SUB Zslot
Lengthflags="p" IPsphysical ,E/eleltrical..Transmission line model) only
Fpflags="IN" !Feedpoint model IH/0UT

I R r bt R T U X R ERERF N AL NS AR EAF RS AR R F R LR R AR F LS LR R F I RA KRR E AR AR R AR S

PRINT "Lengthflag=";Lengthflags$
PRINT "Slotflag=";Slotflags
PRINT "Fpflag=";Fpflags

FRIMT "Fringeflag=";Fringeflags$
PRINT
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4590 PRINT

4600 !

4610 |

4620 |

4630 INPUT "START,STOP,STEP FREQUENCY Mhz?",Fstart,Fatop,Fstep

4648 ! Fstart=4500

4650 | Fstop=5300

4660 ! Fstep=500

4678 FOR Freqmhz=Fstart TO Fstop STEP Fstep

4680 PRINT

4698 PRINT “"Freq=";Fregmhz;"Mhz"

4700 FIXED 3

4710 Hdlams=Hom- /V1amsmm

4720 | PRINT "h/lams="j;Hdlans 4
4738 FIXED 2

4740 VY1amomm=3ES/Freqmhz

4750 CALL EffercErflags$,Freqmhz,Zom,Er,Kmnn,Hnm,Effer)

4760 Viamsmm=V1amomm/SAR(Effer)

47?70 IF Feed$="TL" THEN GOTO 4800

4780 CALL Msfp(Tlflags,Frethz.Er,Effer,umm,Deltalmm,Hmm,Radiusi,Radiuso,%serie
s)

4790 GOTO 4810

4800 Xseries=90

4810 CALL Zin(Vlengthmm,Vlamomm,Vlamsmm,Zoms,Er,Effcr,Nmm,Hmm,Deltalmm,SloLflag
$,Lengthflags,D,2pr,2pi,2sr,2si)

4820 2inr=Zpr

4838 ! Now include the effect of the probe

4840 IF Fpflags="IN" THEN GOTO 4860

4850 IF Fpflag$="0UT" THEN Xseries=0

4860 ZinisZpi+Xseries

4870 R1=Zinr-50

4860 R2=Zinr+50

4899 CALL Cdiv<(R1,2ini,R2,2ini,Rcr,Rci’

4300 PRINT "Series reactance=";Xseries;"ohm"

4910 PRINT “"Reflection coeff.=";Rcr;"+j";Rci

4920 PRINT "2ine";2inr;"+j";2ini;"ohn"

4930 NEXT Freqmhz

49406 |

4950 |

4960 !

4979 INPUT "Stay in impedance routine and new feedpoint Yes/YH/ZHH 7Y, Ans$!SP
4980 IF Anss="YY" THEN GOTO S060@

4990 IF Ans$="YN" THEN GOTO TI

5900 INPUT "Go back to the start of the analysis Y/N ?",Ans$!SF

5018 IF Anss="Y" THEHW GOTO Analysis

5020 INPUT "Calculate the Pattern or the Mutual coupling P-M 2", Ans$ ISP
S830 IF Ans$="M" THEHM GOTO Mutual

5840 IF Anss$="FP" THEN GOTO Pattern

5058 GOTO 4970

5068 IMNPUT "New feedpoint(mm> ?",D

5078 PRINT "Feedpoint position=";D;"mm"

5880 GOTO Ti2

3050 !

5100 !

5110 Pattern: !

5128 PRINT

$1306 PRINT "-—-—====--- Analysis for the radiation pattern------=-------==---===7°
5148 PRINT

5150 CALL Rad(Focmhz,Er,Y1engthmm,Wnm,Hmm, Deltalmnd

S160 INPUT "Calculate the Mutual coupling or go to the start M/3 2", Anz$ ISP
5178 IF Ans$="S" THEN GOTO Start

5180 !

S190 !

3200 !

5210 PRINT

$228 Mutual: ! PRINT"=------ Ansiysis for the mutual coupling-----—----==-—=--=-- "
$230 ! Coupling$="E"!.,.......E/H-PLANE COUPLING

5240 ! Dlamo=.95
5250 INPUT “"Separation in free space wavelengths 7",Dlamo
%2608 INPUT "Direction of coupling E/H 7",Coupting$
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5270
5280
5290
5300
5310
S320
5330
5349
5350
3360
3370
5380
5390
S400
S410
5420
5430
S440
5450
5460
5470
5480
5490
5500
3518
8320
5530
3540
5550
3560
5570
5580
5590
5600
5610
8620
5630
5640
5630
5660
5670
5680
5690
S700
5710
5720
5730
S740
5750
S76e
5770

Computer program

CALL Couplingfar<Dlamo,Focmhz,Er,Couplings,¥lengthmmn,dmnm, Hmn, Deltalmn>
INPUT "Stay in mutual coupling or go to the start of analysis MR 7%, Anz$

IF Ans$="A" THEN GOTO Analysis

GOTO 52560

i

INPUT "Synthesis of patch or array P/A ?",Ans$
IF Ans$="A" THEN GOTO S3828

!

!

!
Syl PRINT "==m-e—em——e———o 2slot synthesis---------—-=--—=—----=-
!

INPUT “"Xseries @ Foc rom measurements(ohm) ?",Xseries
VisaXseries/ (2#PI#Focmhz+*1E6)

VispsVIsg#1EL2

PRINT "Xs @ Foc="j;Xseries,"Ls="};¥1s#1E12}"pH"

PRINT

PRINT

PRINT "frequ.Mhz 2in Xseries Zslot
INPUT "Frequency Mhz, Input impedance R,X ?",Freqmhz,Zinr,2ini
Xseries=2#PI#Fregmhz*V1s*1E6

CALL EffercErfilags$,Freqmhz,2om,Er,Wmm,Hun,Effer)
Viamsmm=3ES/(Freqmhz#SQR(Effer))

! 2in: Input impedance at the terminals

[4'H Parelleled trasferred impedances

| 2Zs: Input impedance of the slot antenna

I ¥11 mm

Zpr=2inr

IF Fpflags$="0UT" THEN GOTO 5390

| CALL Msfp(Freqmhz,Er,Hmm,Radiusi,Radiusc,Xseries)
2pisZini-Xseries!Inputted

GOTO Se@e6

2pis=Zini

CALL Zslotsyn(2Zoms,D,Viengthmm,V1amsmm,2pr,2pi,Zsr,Zsi)
IF Fpflags$="0UT" THEN GOTO S4¢€@ .
ZsrplmZsr%10080-/Wmm !'2slot/length (ochm/m>
Z23iplm2si%1808/Wmm

Ysr=100042sr/(2sr~2+25i2>
Y$i2-1000#28i/(2sr~2+2si*2>

PRINT Freqmhz,2inr;2inijXseries;2sr;2sijY¥sr;¥ysi

GOTO Sé958

PRINT Fregqmhz,2inr;2inij"--=-~- “s2s8r;2sij2srpl;i2sipl
PRINT

PRINT

Yzlot(mmhoo"

INPUT "Stay in 2slot determination or goto Rnalysis S/A ?",Ans$

IF Ans$="A" THEN GOTO Analysis
GOTO Sy
I
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37?5 !

3760 !

5770 !

5780 |

s?90 |

35000 |

3810 Sub: !

SB20 | WN R BRI E RN I WK I T I A I T TN
Lk R X YT R Ly Yy R T YT T Y TRy
5840 I AR Rt N e Rt NN RN R A FXEXSUBROUTINESH ¥ AR XA R AR R KX AERARA T X HER N A RN X XA RREX &
S8T0 | KRR R R E A E R R AT RN FER R AR R ER AR IR R R IR ERRRE R AR AR AT RAAARFARFEERARRERESH
S860 | R AR R AR E R ERRREFE R R R AR AR R R AR R R F R RRRE SRR REH R AR R R R LA A AR RRARARARRAER
3870 !

Ssee !

5890 !

5900 2in: ! Input impedance of a rectangular patch arntenna using a transmission
5910 I 1ine model # % a#in st it rdkt R s R E At RS RERXERR R EREF R RAER K RA AR REEFEAXRATLEREAR
5920 |

5938 SUB 2in(Vlengthmm,V1amomm,Ylamsnm,Zoms ,Er,Effer,mm,Hmm, Dettalmm,Slotflags

yLengthflags$,vVil1,2inr,2ini,2sr,281)

5940 Fregqhz=3E11-V]amomm

5950 D2=(Viengthmm-¥11>-1000 !'m PHYSICAL LENGTH

5960 Di=V11-1800 Im PHYSICAL LENGTH

3970 IF Lengthflags="P" THEN GOTO 6010

5980 Di=Di+Deltalmms1000 ! m ELECTRICAL LENGTH

3950 D2=D2+Delrtalmm/1080 ! m ELECTRICAL LENGTH

60600 | INPUT “"Slotflag:C/N/Cf/Md/D/MasSen Ho/Hs/M ?",Slotflags! T
6010 CALL Zslov(Stotflags,Vianomm,Viamsmm,Viengthmm, Wmm,Hmm,Effer,Deltalmm,2omns
yZ8r,283)

6020 | GOTO 40601 T
6030 | INPUT "?",2sr,2si

6040 CALL T11<Freghz,Effer,D1,20oms,0,2sr,28i,2inir,2inli)>

60350 CALL T11<(Freqhz,Effer,D2,20ms,08,28r,281,2in2r,2in2i>

6060 FIXED 6

6078 | PRINT "2R“=";2inirj2inti;"(short distance)","2B =";2in2r;2in2i

60680 FIXED 2

6690 | Paralleling 2inl and 2in2

6100 CALL Cmult(2inir,2inli,2in2r,2in2i,Dt,D2>

€118 Denr=2inir+2in2r

6120 Deni=2inti+2in2i

6130 CALL Cdivi(D1,D2,Denr,Deni,2inr,2ini> tohm

6140 SUBEND

615e !

6160 |

6176 |

61680 231: | Input Impedarce of & S$10t ANLENNAXFAXE AR KA RHUR RS AR EAXARARAAHRRER R AR H W
6190

6200 SUB 2slot(Slotflags,VYlamomm,Vlamsmm,Vlengthimm, Wmm, Hmm, Effer,Deltalmm, 2oms,
23r,2s8i)

€218 | Input impedance of a slot antenna using the formulae of....

6220 ! Slotflags:C.... Carver using free space wavelength

6230 | N.... Newman:Carver with the substrate wavelength for G

6240 | Cf... Carver with the empirical factor

6250 ! D.... Derneryd

6260 | Md... Derneryd with a wide slot

6270 | Ho... Harrington using free space wavelength

6288 ! Hs... Harrington using substrate wavelength

6296 ! Ma... Marcuvitz ppl?9

6300 ! Sen.. Sengupta APSIS 83 ppl39

6318 ! M.... Martin by empirical methods

6326 !

6330 !

63408 Freqmhz=3ES/V1amomm

6359 IF Slotflags="C" THEN GOTO 6439

€360 IF Slotflag#="N" THEN GOTO 6530

€370 IF Slotflags="Cf" THEN GOTO €580

6380 IF Slotflags="Md" THEN GOTO 6660

6390 IF Slotflags="D" THEN GOTO €686

6480 IF Slotflags="Ma" THEN GOTO €960

€410 IF Slotflags="Sen" THEN GOTO 7040
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€428 IF Slotflag$="Ho" THEN GOTO 7170
6430 IF Slotflag$="Hs" THEN GOTO 7170
€448 IF Slotflags="M" THEN GOTO 7300
6458 PRINT "Slotflag error"

6460 GOTO 7500 IEXIT

6470 |

6488 ! Carver PT00929pp42

6490 G=,00836%Wmm/V1amomm! (5.16)
6500 B=,01666#DeltalmmélmmeEffer/(Hnmn#*V)amommd! (35.17>
6510 GOTO 7270

63520 |

6530 | Newman Mexico pp9.2
6540 G=.00836#Wmm*SARCEffer)/VY1amomm

6350 B=.01668#Deltalmm*Wmm*Effer - (Hmm*VY)1amomm>! (5.17>
6568 GOTO 7270
6570 |

6588 1| Carver Mexico pp?.6 & APS trans Jan 81

6590 Wdl=Wnm/Viengthmm

6600 Fuwl=,7747+.5977#%(Nd1-1)>-.1638%CHdI1-1>~2! (5.18)
6610 PRINT "FCw/1)>=3“3Fwl

6620 G=Fw)%.00836%#KUmm/V)amommn

66380 B=Ful%.01668#Deltalmnmtdmm*Effer/(Hmm*Y)amomm)
6640 GOTO 7279

6650 |

6668 | Modified Derneryd

66780 GOTO 6740 !wide slot

6680 |

6698 | Darneryd APS Nov 76

6700 WdlamaWmm-/VY1amomm

6710 IF Wdiam>1 THEN GOTO 6740

6720 G=»(Umm-/V]amomm)>~2/98 !narrow (5.13>
6730 GOTO 6730

6740 G=Umm-/(120%V1amomm) !wide (5.13>
€750 Freq=3Ell- Viamomm !Hz

€760 D: C=Deltalmm/(Freq#Zoms#Vlamsmm) | (5.14)
6778 N=8 iInth guess

6788 S=-}

6798 Errors,002%C

6800 Bt=2%PI#Freq#C#(1+S#N-10680) ITest or First approximation
6810 Rt=G/(GA2+Bt~2)

6820 Xt=-Bt/ (G 2+Bt~2)

6830 Ct=ABS(1/(2#PI#Freq#Xt)>

6840 IF ABS(C-Ct)><Error THEN GOTOD 6890
6850 IF N>B6 THEN GOTO 6870

6860 IF Ct<C THEN s=-S

6870 N=N+1

6680 GOTO 6800

66890 Zsr=Rt

6900 2si=Xt

6918 B=-Xt/(RL~2+4X1"2)

€920 GOTO 73500

€930 |

6940 ! Marcuvitz ppl?79

€950 Ha=2#Hmm-/1000 !Aperture height(m)

6960 Yom=1/(377#(Hmm~-1000)> 'mho Sengupta APS July ‘80 pp48l [44] (5.13>
69780 Ha=2%Hmm/ 1000 !Rperture height (m)

6980 G=Yom#PI#Ha* (Wmm- 1900/ (2%Y1amonm/ 108007 !mho (35.1)
€990 B=L0G(2#2,71828+(V]amomnm/1@06)/(1.76107+%Ha>) | (5.27
7000 BsYom#B#Ha¥#(Wmm/1000)>/(V]1amomm/18080> !mho

7010 ! # W because G & B are per length expressions’ in Macuvitz.

706286 GOTO 7260

7630 |

7040 ! Sengupta APSIS “83 pplS9

7050 Alpha=1+1.393%CHmm/Wmm>+,667%CHmm Wmm) #LOGCWmm/ Hmm+1.4445! (3.5

7660 | Alpha=l

7870 Beta=2#PI#SQRC(Effer)/(VYlamomm/10008)

7080 | PRINTER IS @

7090 | PRINT "Alpha=";Alpha

7188 Yom=Alpha®*mm*SQARC(Effer)>/1800/(377*(Hmm-1060)>)> !mho

7118 ' Carver APS Jan’81 [135] (3.4
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7120
7130
7140
7150
7166
7178
7180
7190
7200
7210
7220
7230
7240
7250
7260
7270
7280
7290
7300
7310
7320
7330
7340
73506
7360
7370
7380
7390
7400
7410
7420
7430
7440
7450
7460
7470
7480
7490
7500
7510
7520
7530
7540
7550
7360
7570
7580
?59%0
7600
7610
7620
7630
7640
7650
7660
7670
7680
7650
7700
rri@
7720
7730
7740
7750
7760
7e7e
7780
7790
7800
’e1e

G=Yom#Beta# (Hmm-1000) -/ (2*A)pha*Effer)!

B=LOG(SUR(Effer ) #2%P[#%2.71828-(1.78107%#Beta* (Hmm~18087))) !

B=BiYom*Beta®* (Hnm 1880)~(PI*Alpha*Effer)

GOTO 7260
!

! Harrington "Time Harmonic EM Fields" pp183 [9]

IF Stotflags="Hs" THEN GOTO 7210
Viam=¥)amomm

GOTO 7220

ViamsYlamsmm

Bet a=2000%PI-/V1am

Betah=Bet a*Hmm-/ 1000
Galmm#*(1-Betah~2-24>/(120%V1am> !

B=(3.135-2#LGT(Betah))%xlWmm/(377%Viam) !base 10

I #d4Yslot to Z23lot¥e
2sr=G/ (G 2+B~2)
2si=-{#B/(G~2+B~2)
GOTO 7500

1

W: ! MartiniEmpirical Z2slot @ SGHz

G2S546/1E6XEXP(4.47xHmm-V 1 amomm) 'mho, 265

Wc=,0455%(Deltalmmlmm Hnmn V1amomm) +5E~4
Cslc 2Pl Freqmhz/1E6

N=@ Inth guess

Sa-1

Error=,002+C

Bt=2#Pl4Freqmhz#1E6#C#(1+S#N/100B> !Test or First approximation

Rt =G/ (G~2+Bt~2)
Xt=-Bt/(G*2+Bt~2)
Ct=RABS(1/(2#Pl*Freqmhz#1E6#Xt))
IF ABSC(C~Ct)><Error THEN GOTO 7470
IF N>@ THEN GOTO 7450

IF Ct<C THEN S=-§

N=N+1

GOTO 7380

ZsraRt

2si=Xt

Bu-Xt/(Rt~"2+Xt~2)

| PRINT "Slotflag=";Slotflags!
FIXED 6

PRINT "Zslot=";2sr;2si;"ohm"!
Gm=G#1000

Bm=B# 1000

PRINT "Yslot=";Gm;Bm; "mmho"!

'mho,26/95

Computer program

(5.6>
(5.7

(5.11)
(5.12)>

(5.27>
(5.28>

PRINT “W/1amo=";Wmm/V]amomm;"dLi/hlamo=";Deltalmmebimm/ Himn/ V1 amomnm

PRINT "wCs=s";2%Pl#Freqmhz#*1EC*C#1000; "mho"

FIXED 2
SUBEND
|
|
!

23yt | Synthesis of the S1ot iNpUl TMPEedancCe # X ¥ HRE# XK EXXARREFRER KRR RF KA KR
]

SUB 2slotsyn(2oms,¥Y11,Y1engthmm,Ylamsmm,Zinr,2ini,2sr,2s1)

!
' V1L mm

| all impedances in Ohm
Di=v11-1000 !m
D2=(Ylengthmm-¥11>-,1008 !

Bet a=2000%PI1/V1amsmm

RAD

Ci=COS(Beta#*Dl1)
C2=COS(Beta#D2)
S1=SIN(Beta*D1)
S2=3SIN(Beta#D2)

CALL Crec(2inr,Zini,Yinr,Yini)
Yox1/2oms

S6=51#C2+C1%S2

CaCi#C2

S=S1%S2
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7820 ArsYinrsC

7838 Riw=Yini#C-Yo#S6

7840 Br=-2#C+2#S-Yini#Zoms#S6

7850 BisYinr#Zoms#Sé6

7860 Cres-1#Yinr#S*2Zoms~2

7870 Cim=-1#(Yini#S#2oms~2+20ms#S6>

7680 | Evaluate 2R

7898 P3=2#Ar

7900 Pd4=2#Ai

791@ CALL Cdiv¢Br,Bi,P3,P4,21,22)

7920 Z1=-21

7930 22=-22

7940 CALL Cmult(Br,Bi,Br,Bi,Bb1,B2>

7930 PS3S=4#Ar

7960 Pé6=4%A1

7978 CALL Cmult<PS5,P6,Cr,Ci,P?,P8>

?98@ P9=B1-P?

7996 P1O=B2-P8

8000 CALL Csqr¢P9,Pi1B,P11,P12)>

80106 CALL Cdiv(Pi11,P12,P3,P4,23,24)>

0028 Zsr=21-23 {Zslot

8030 23i=22-24

8040 SUBEND

8056 |

seso !

s@z7e !

8086 Eff: | Effective dielectric constant of a microstrip t.]  $#¥Fisdeekerestens
geso !

8100 SUB EffercErflags$,Freqmhz,2om,Er,Wmm,Hnm,Effer)

8118 Effer=(Er+1)/2+C(Er-15/(2%#SARC1+10%Hmm/Wmm) ! 1.9
8120 IF Erflag$="Hammerstad" THEN GOTO 8210

8138 IF Erflag$="Getsinger” THEN GOTO 8160

8140 PRINT "error 0 Eff"

8130 PAUSE

8168 2oms=Zom/SARC(Effer)

6170 FpwZoms/(,B#PI#Hmm) ! (3.22)
6160 Efferi=Effer

8190 G=.6+.005%Zoms! (3.23)
8200 Effer=Er-(Er-Efferl)/(1+G#(Freqmhz-/1088>~2/Fp~2>! (3.21
8210 SUBEND

8220 |

8238

8240 |

8250 Zom: ! Characteristic imp. of a Microstrip transmission linek s seriwsihiess
gz260 |

8270 SUB Zom(Wmm,Hmm, Zom> .

8280 |t M.V.Schneider,"Microstrip lines for MICs",BSTJ,MaysJune,1369,Yo) 48

8298 | ppld21-1444,pp1430

8300 Wh=Wmm-/Hmm

8318 Huw=Hmm/Kh

8320 IF Hw>1 THEN GOTO 8350

8330 Zom=120#P1/(Wh+2.42-.44%Hu+(1-Hw)>"6>

8340 GOTO 8360

6350 2Zom=60#L0G(8¥Hw+Wh/4)

836@ SUBEND

8370 |

g38e !

83%0 !

8400 Del: ! Fringing length of @ MICrostrip Open CIirCUILRARFARELLAASRARAARAARLSS
8410 !

8420 SUB Deltal(Fringeflag$,Wmm,Hmm, "t engthmm,Er,Effter,Fmhz,Deltalmm’

8430 VYiamsmm=3ES/(Fmhz*SQR(Effer))

8440 IF Fringeflag$="Hammi" THEN GOTO 8519

8436 IF Fringeflag$="Hamm2" THEHW GOTO 8640

8460 IF Fringeflag$="KIR" THEN GOTO 8750

84780 IF Fringeflag$="Empirical” THEN GOTO 9320

8480 [F Fringeflag$é="Experimental" THEH GOTO 8930

8498 PRINT "Fringeflag error"

85060 PRUSE

8516 | E.D.Hammerstand"Equations for microstrip circuit design"
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8528 | EMC’7?3,pp268-272

8530 ! ,...with factor .412

8540 Wh=Wmm-Hmm

8350 Efferh=(Er+1)/72+(Er-1)-(2#SARC1+10*Hmm/Wnmd>>! 1.9
8566 | Effer using Hamwmerstad EMC‘?5

8570 Deltalmm=,412¢Hmmr*(Efferh+.3)#(Wh+,262)/((Effarh~.258)%#(Kh+.813>)! (1.18»
85680 Deltalmmdh=Deltalmm-Hmm

8390 Focmhz=300-(2#(Viengthmin/ 1000+2«Deltalmmn/ 1800 *«SQRCEfferhi)! (3.27
8600 Error=(Focmhz-Fnhz)*1008-Fmhz

8618 ! PRINT "HAMi/ha";D&ltalmmdh, "Freq=";Focmhz,"%e=";Error

86206 GOTO 95480

8630 |

8648 | Hammerstad :Int. MTT Conf.’ 81 ppS4-%6/Lier IEE-H Aug’82 pplél-163

8630 Wh=Wmm/Hmm

8660 Deltalmm=Hmm/2/PI#((Wh+.366>/(Uh+.556))

8670 Deltalmm=Deltalmm#(.28+C(Er+1)/Er+#(.274+L0GC(WHN+2.5183)>5 I1In 3.5
8680 Deltalmmdh=Deltalmm/Hmm

8698 Focmhz=300/(2#(Viengthmnn-1008+2%Deltalmm/1060) *SARCEfferhi)

8700 | Change above Effer using MTT’80 later

8710 Errora(Focmhz-Fmhz)#100/Fmhz

B720 | PRINT "HAM2/h=";Deltslmmdh, "Freq="}Focmhz,"%e=" ;Error
8730 GOTO 9540

8748 |

8750 K: ! Kirschning Elect Lett Feb 81 ppi23-12S5
87€0 Efferha(Er+1)-2+(Er-1>/(2+SAR(1+10%Hmmn Hnm>> !'Effer using Hammerstad
8778 RRD

8780 213,434907#CEfferh~.81+.26>#((Wmm-Hmm>~,8544+.236)>! (3.7
B790 Z1=2Z1/CCEfferh~.81-.189)%C(Wmm Hmm)~.8544+,.873)

6800 22=1+CWmm/Hmm>~,371-,¢2.358%Er+1)! (3.8
8818 23=1+.5274#ATNC.0B84#(Wmm Hmm)~(1.9413-22>>/Efferh~.9236! (3.9
8820 24=1+,08377#ATNC.BE7#(Hmm/Hmm)>~1,456)#(6~S#EXP(.B36#(1-Erd)J! (3.10>
6838 25=1-,2108#4EXP(-7.5%# CWmm/Hmm)>)> ! (3.11>
8840 Deltalmm=Hmm#Z1#23#25-24! (3.6

8830 Focmhz=380-C(2%#(Vliengthmm 1806+2%Deltalmm/1000)*SARCEfferhs)
8860 Errore(Focmhz-Fmhz)>#180-/Fmhz .
8870 Deltalmmdh=Deltalmm/ Hmm

8888 ! PRINT "KIR/h=";Deltalmmdh, "Freq=";Focmhz,"%e=";Error
8890 ! PRINT "Er=";Er,"Effer=" Effer,"Efferh=" Efferh

8900 | PRINT "Z212348=";21,;22;23}24;2S

8918 GOTO 9540

6920 |

8930 ! Experimental determination of deltalmm

8940 t INPUT "Patch length(mm) ?",Viengthmm

8950 | PRINT "Freq.=";Fmhz

8960 Deltalmm=500#(150/(SRRCEffer)*Fmhz>-¥Ylengthmm/ 10060
8978 | Hh=1000# (Hmm/Wmm>~21!

8980 ! PRINT "(h/W>~2#1000="}Hh

8998 Viamsmm=3ES/(Fmhz#SARC(Effer>)

9008 VYiamsmm=3ES/{(Fmhz#SQRC(Effer))

9010 Viamomm=3ES/Fmhz

9020 ! PRINT "lamo="j;Vlamnomm,"lams=";V1amsmm
9030 HKHuw=kmm/V1amsmm

9040 ! PRINT "W/lamdas=";Ww

9050 ! Ra=21000*Hmm*Wmm/V1amsmm~2

9060 | Rao=1000#HmmetWmm/ Y1 amomm~2

9870 | PRINT “10808#Wh-lams~2"}Aa,Rao

9080 | Aaaa=Hmm#*Wmm

9090 | PRINT "Wh=";Raaa

910@ FIXED 6

9118 Hhs=Hmm/V)amsmmn

9128 Hho=Hmm/V1amomm

9130 HWHwozkmm/V)Yamomm

9140 Wws=Wmm/V1amsmm

9158 | PRINT "W-/lamdas=";Wws!,"W/1amdao=";Kwo

9160 | PRINT "~---hh h-slamdas=";Hhs;"hh"!,"hs1amdac=";Hho
9170 Wh=Wmm- Hmm

9180 ! PRINT "-=-=UWWH W h=";Wh} "WWW"

9190 Deltalmmdh=Delvalmmn/ Hum

9208 ! PRINT "Synthesis"

9218 | PRINT "----Deltalmm=";Deltalmm,"Deltal/h=";Deltalmmdh
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Appen

92280
9238
9240
9258
9260
9270
9289
9290
9300
9310
9320
9330
9340
9350
9368
9370
9380
9398
94080
9410
9420
9430
9440
9450
9460
9470
9489
9498
9300
9510
9529
9530
9540
9550
9360
9570
9580
9390
9600
9610
9620
IRes
9630
96406
9650
9660
9678
9680
9690
9700
9710
9720
9730
9740
9758
9760
g?77e
9780
9790
9860
3810
9820
9830
9840
9850
9860
9870
98880
96950
9560

diz C Computer program

Deltalmmds=Deltalmn/Viamsum

Deltalmmdo=Deltalmun V1 amomm

! PRINT "Deltalmm/Lamdas=";Deltalmmds,"Deltaimm/Landao=";Deltalmwmdo
Bl=2#PI#Deltalmm/¥) amsmm

t PRINT "----kkkk kDeltaL=";Bl;"kkkk"

| Deltalmmdhs=Deltalmm/Hmm/Viamsmm

| PRINT "Deltalmm-h/lams=";Deltalmmdhs

FIXED 2

STOP

|

E: | PRINT " Empirical determination of deltalmm”

FIXED 3

Betas=2%PI/VYliamsmm !mm,in substrate

! Deltalmm=54%(Hmm/Wmmd>~2+,849

Hds=Hmm/Y1 amsmm

IF Hds<.009 THEN GOTO 9420

! Deltalmm=C(Hmm-Hmm#*3.225E-4+.1421%L0GC111.11%(Hum /Y)amsmm) > /Betas

! Deltalmma{Wmm*3.225E-4/Hmm+.606+. 128#LOG(Hnw-Y1amsmm) > Bet as 13,5784
C=,606+. 128%LOGC(HMm V) amsmm> 3/5-84

GOTO 9430

C=0

Deltalmm=C(Wmm#3,225E-4/Hmm+C)/Bet as 135,84 (3.24>

| PRINT "C=";C,"h-lambdas="jHmm-Y1amsmm, "W h=";Wmm Hmm
Bd=DeltalmméBetas

Deltalmmdh=Deltalmm/Hmm

| PRINT

| PRINT "Dle";Deltalmm,"Betas#D1=";Bd,"D1/h=";Deltalmmdh
FIXED 2

I PRINT
Focmhz=300-/(2#(Ylengthmm/1000+2+Deltalmm/ 10080> *SORC(Effer))
Errors(Focmhz-Fmhz)#100/Fmnhz

! PRINT "MARTIN/h=";Deltalmmdh, "Freq=";Focmhz,"%e=";Error
SUBEND

|

t

!
Msf: | Microstrip fead PoOint sk sssf e e d AR X AR AL RAARAA KA F LRI AR AR ERREL SR
1

SUB Msfp(TIflags,Freqmhz,Er,Effer,Wnm,Deltalmm,T,A,B,Xs>
Freq=Freqmhz*1E6
Vlongthmm-1800*(3E8—44Fr0q*(ncltalmm/IGGG)GSQR(EffOr))/(Z*Freq*SQR(Effer))
half wvave(m)

Ar=Wmm/Viengthmm ! Patch aspect ratio

Viam=3EB8/Freq

Viamomm=Vilam#1000

Viams=V1am/SQRCEr> Im

Viamsmm=V1lams #1000

! PRINT "lamdas=";¥Ylamsmm; "mm"

! PRINT "hslamdas=";T/V1amsmm

! PRINT "d-/lamdas=";R/Y1ansmm

{ PRINT "r=";Ar

IF Tiflag#="Sinusoidal” THEN GOTO 9810

IF Tiflag$="Straight" THEN GOTO 10480

IF Tiflags$="Carver" THEN GOTO 18S€@

IF T1flag$="Newman" THEN GOTO 106600

IF TIflag$="Sengupta” THEN GOTC 18640

IF Tiflags="Lier" THEM GOTO 106719

IF Tiflags=s"Griffin" THEN GOTO 10820

PRINT “flag error Msf+10"

PRUSE
I Sinusoidal equ-potential contour for the tapered coax TL
that represents the walls of a tapered transmiziicon line.

I

! INPUTS:FrequencyCFreql..c.vessesusassMHZ
| Dielectric Constant(Er>

! Substrate Height(T)...........mm
! Radius of inner(A)....cazcaeamm
!
|
|
]

Radius of cuter(Bl)....cocnaes-Mm
Patch aspect ratic(fr)

QUTPUT:Series reactanCe...sssessesssa0hm
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9910

9920

9930

9949

9950

9960

9970

9980

9950

10000
10010
10020
10030
10040
100350
106060
10070
10080
100690
101080
10119
101280
10130
10140
10150
10160
ig17e
10100
18190
19200
10210
10220
10230
10240
10250
10260
1027@
10280
18290
16300
1e3t1e
18320
19330
18340
18330
18360
18379
10380
108390
10400
10410
10420
18430
10440
16450
10460
16470
180480
19490
16500
10510
105280
10530
18540
10550
18560
18570
18580
10590
10600

Fi=.5] T
]

'

! N!NUMBER OF SEGMENTS OVER T

N=16! INITIAL NUMBER OF SEGMENTS ALONG T

2siold=0!DUMMY FOR TESTING

! b!RADIUS OF OUTER CONDUCTOR

BoxdiagaS@R(T~2+(B-A>+2>

Break=1+(B~-A>/206/R

Rtoda=1,681#EXP(, 153#Ar)*EXP(-4,369*(Boxdiags/¥lengthmm)> 15-4-84 120 Mk2

IF Rtoda>=Break THEN GOTO 14630

Rtoda=Break !which will cause As to be zero.

Aa=(B-A)>~/A

Fls(Rtoda-1-Ras20>/Aa

F2=.9 I1Shift factoricontour is started from the point a+(b-a’>-/20

FIXED 3

| PRINT "RtosA=";Rtodaj"L=";¥lengthmm;"Break=";Break;"A#*Break (mm)>";A*Break

| PRINT "T,A,Rto,RAs,F2,Boxdiag/¥!amsmm, Boxdiag~L" ! P
! PRINT T;RA;Rtoda*A;F1;F2;Boxdiag/VY]lamsmin; Boxdiag/Viengthmm | P
FIXED 2

Zrr=0 lshort circuit load

2ri=0

FOR K=8 TO N-{

D=T/N ISEGMENT LENGTH

YsK#D

YyaF{#(B-A)#COSCPI/(2#T)H)#(T-Y)>)>
C=}.S5#(B-R>-Yy-(1-F1)>#(B~A>-F2#(B-A)~/2

Apc=A+C!AR PLUS C

Apcm=Rpc~1000

Am=R~-1000

CALL Zo(Apcm,Am,Er,Z2or,20i>

I PRINT 2Zor! P
DmsD- 1080

CALL T11<(Freq,Er,Dm,2Zor,20i,2rr,2ri,2sr,2si)

! IF N=16THEN GOTO 4S70@IPRINT THE-PRRAMETERS ONCE FOR THE CASE
! OF Nwié§

! PRINT "Freq,Er,T,D,Yy,20r,2rr,2ri,A,Apc,Zsi"

! PRINT Freq;Er;T;D;Yy;20r;2rri2ri;RjApc;Zsi

2ri=2si

ZrreZsr

NEXT K

t PRINT NH,20r,2s8i,2s8i%50720r! P
IF N=16 THEN GOTO 10360
Error=50%#ABS(2si-2s8i0ld)~2or

IF Error<.5 THEN GOTO 108390

2siold=2si

NsN#*2

GOTO 10110

2sr=2sr%350/20r !re-normalisation
251=2si%#50/20r

Xs=Z2si !series reactance

! PRINT "20tQ@y=-h=";Zor

| PRINT "Xs=", 6 Xs!

! INPUT "As",F1!

! GOTO ?332!¢

GOTO 198580

1

| Straight sided coaxial transmission line
|

Zrr=0

Zri=Q .
Viamsmm=3ES~(Freqmhz*SQR(Er))
Rs=SQA#*TAN(Z#PI#T/Y1amsmm> !already normalized to 59 ohm
GOTO 10838

1

t Carver [34]

He=376+TANCZ2#PI*#T/Y1amomm) /SQARCEr) ! from (2.4
GOTO 108850

]

! Neuman Mexico pp9.3 [19]

—~ -
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10610 Xs=3V6%TANC24PI#T#SARCEr) - V1amomm) SRRCEr ! (2.4
180620 GOTO 10850

18630 |

106408 ! Sengupta APSIS “83 ppl1S9 [45]

18630 Ripha=1+1.393*#(T/Wmmd+,667# (T /Umm) *LOG HUmm-T+1.444>

10660 Beta=2#PI#SARCEffer) (V1amomnm- 1908)

10678 YcaUmm#AIpha#SARCEffer)/ (3772T) ! (1.13>
18680 Xs=Betax(Wmn- 1008>#A1pha*lL0G(2-/(1,78107%Beta* (A 1008))>)/(Yc*24P1)!} (2.8)
10692 GOTO t08%@

16700 |

10710 ! Lier 1EE/H Aug “82 ppl6l-164 [46]

18720 Xq=4#Pl/1E?#(T/1000>*(Freqmhz*1EG)

10730 Xq=Xq#LOG(6#1EB/(PI%1.781%(AR/1000)*(Freqmhz+*1E6>*SOGR(Er)>) ! (2.19)
10740 ElengthmmaViengthmm+2#Deltalmm

107508 CALL 2om(Viengthmm,T,2k> iHammerstad

10760 RAD

10770 Xf=-Zk/(2#TANCPI#(Unm/2)7Elengthmm) > ! 2.9
10788 | PRINT "Xq,Xf=";xXq,Xf

10790 Xs=xq+Xf

16808 GOTC 10850

1e810 |

18820 ! Griffin El Mar ‘82 pp266-269 [431]

10830 2coax=60%L0G(Ylengthmm/2/A>-SAR(Er) 'approximation of a disc patch. (2.6€)
10840 Xs=Zcoax®TANC24PI#T/Y1amsmm) !ohm (2.7
10850 SUBEND

10860 |

10870 |

106880 |

180890 Mut:! Coupling between well separated patlcChes ¥ ¥ AR FE KRR A SRR RE XK SRR KX RER N2
10900 |

189108 SUB Couplingfar<Dlamo,Freqgmhz,Err,Ans$,Yimm,Wmm, Hmm,Deltalmm)d

10920 PRINT Moo e e o e e e e e e e e e e e e e e e e e o
1893@ PRINT “ MUTUAL COUPLING MODEL USING FAR FIELD RADIATION FPATTERM"

10940 PRINT " FORMULATIONS FOR APERTURE ANTENNARS"
18930 PRINT .
10960 PRINT " APERTURE ILLUMINATION METHOD"

10978 PRINT
10980 PRINT M=o m oo o m e e e 0
10996 TRACE ALL VARIABLES

11000 FIXED 4

110108 RAD

11228 PRINTER IS ©

11030 OPTION BASE @

11040 DIM Et(320),Eq(320),Eqs(320),Dden 328>

11850 DIM Er(328),Yff(320)

11860 DIM Prp(320),Theta(320)>, Thetar(320)

11070 DIM Rm(3208),Ers(320),Xm(320>, Bet an(32@)

110680 | COM T(32@)>,X(3208),Y(320),Betam(3207,Xm(320>,V1ans | |

11890 Separation in free space wavelengths:Dlamo

11100 Freqmhz

11110 Separation terms of the wavelength in the dielectric:Dlams
11120 Dielectric constant:Err

11130 E or H plane coupling (E/H):Ans$

|
!
[
1
1
11140 | Length(E-plane’:Vimm<{mm)
|
1
!
1
]
|

11150 Width:Wmm<mm)

11160 Substrate height:Hmm(mm)

11170 Fringe length:Deltalmm(mm) X

11180 PRINT "Patch dimensionsilength,uidth,substrate height Cam)"

11198 PRINT "......where the length is that dimensicn in the E-plane 2"
11200 INPUT VYimm, Wmm, Hmm

11210 |

11220 Printflag=\

11230 ! Dimensions of an equivalent air filled cavity

11248 Yimme=(YImm+2#Deltalmm)#SGRC(Err)> !Electrical length

11230 Wmme=Wmm*SARC(Err)

11260 Hsubmme=Hmm*SARCErr)

11270 ! Te:Effective aperture thickness for an air filled cavity
11280 TmmeaHsubmme*2 !Ground plane removed

11290 Nmax=20

11300 Viamo=3E2/Frequhz I'm
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11310 Viams=Vlamo/SQRCErr)> !m{not used)

11320 Sepm=Dlamo*VYlamo !Separation in m

11339 Sepmm=Dlamo#V]amo#*1000 !Separation in mm

11340 Tme=Tmme- 1000

11350 Ume=lmme 1000

11360 Yime=Vimme 1000

11370 Beta=2+#PIl /V1amo!in the equivalent cavity

11380 F=2*Tme/Pl !Aperture thickness Pl ;same units as the separation(m).
11398 ! Note that the electrical aperture thickness is equal to twice that
11480 ! of the physical.

11410 Dlams=Sepm/Vlams !Separation in terms of dielectric wavelength
11429 IF Printflag=2 THEN GOTO 11530 '

11430 PRINT "Patch’s physical dimensions:length,width,substrate height:"
11448 PRINT * "y¥VImm; "mm by “jWmm; "mm by “;Hmm; "mm"

11458 PRINT "Effective patch dimensions for an air filled patch"

11460 PRINT "using the effective electrical length:"

11470 PRINT " "sYImue; “mm by ";Wmme;"mm by *j;Hsubmme; "mm"
11480 PRINT "Frequency= ";Freqmhz;"Mhz"

11490 PRINT “"Wavelength in the dielectric= “;Viams;"m"

11560 PRINT "Wavelength in free space= ";¥lamo;"m"

11519 PRINT "Dielectric const.= “;Err

1152@ PRINT “Coupling=";Anss$;"-PLANE"

11530 PRINT "Separation = “;Sepmm; “mm"
11540 PRINT "Separation in dielectric wavelengths= ";Dlans
11538 PRINT "Separation in free space wavelengths= ";Dlamo

11560 IF Ans$="E" THEN GOTO 11600

11570 IF Anss$="H" THEN GOTO 11620

11588 PRINT “E-/H flag problem"

1159@ STOP

11600 Sim=lime !Sl=aperture length(in meter) for the calculations

11618 GOTO {1630

11620 Sim=Vime !Sl=aperture length(in meter) for the calculations

11630 Ffd=2#SAR(SIm~2+Tme~2)~2/V]ano#*1000 'Distance to the far fieldimm>
11640 PRINT "Distance to the far field= “;Ffd;"mm"

11650 IF Sepmm>Ffd THEN GOTO 11700 .

11668 PRINT

11670 PRINT "Separation is less than the far field distance and*

11680 PRINT "mode)l is not wvalid !VELEIRFEI vt iyt rprgeen

11690 PRINT

11700 I PRINT "N,Theta,X,R, in wavelengths"! P
11718 FOR N=@ TO Nmax

11720 Xm{N)=sN#SIm/Nmax Im

11730 Thet a(N)=PJ/2+ATN((SIm/ 2-Xm(N)>)/Sepm) !rad

11740 Rm{N>=SARC(SIm 2-Xm(N>)~2+Sepn~2) Im

11750 Thetad=Theta(N)*1808-PI !deg

11760 ! PRINT N;Thetad; Xm{N>;Rm(N>! P
11770 NEXT N

11760 | ---Received power-—-

11790 IF Ans$="H" THEN GOTO 119850

11800 IF Anss="E" THEN GOTO 11830

11810 PRINT "E/H flag problem"

11820 STOP

1133@ CALL EplanedVlamo,Sim,Theta(#>,Beta,Rm(*),F,Nmax,Er(#>)

11840 GOTO 11860

11830 CALL Hplane(Viamo,Sim,Theta(#),Beta,Rm(#>,F,Nmax,Er(*))

11868 ! PRINT “N,Thetad,Er(N3"! P
11878 | PRINT * ILLUMINATED APERTURE FIELD DISTRIBUTION"! P
11880 FOR N=@ TO Nmax

11890 Thetad=Theta(N>#180-PI Ideg

11900 IF Ans$="H" THEN GOTO 11930

11910 Ttv=40+30%Er (N> /Er(Nmax~/2)

11920 GOTO 11940

11936 Tt=30+10%Er (N> Er(Nmax)

11948 ! PRINT N;Thetad;Er<(N>; TAB(Tt);"#"! F
11950 Ers(N)=Er(N>~2

11960 NEXT N

11970 CALL Simp(Xm{(#),Ers(*),Nmax,R)

11980 ! PRINT "Integral part of Pr";A! P
11990 ! FOR N=0 TO Nmax
12000 ! PRINT “N,R,ER,ET";N,X¢N>,Er(N>,Et (N> P
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12010
12020
12030
12049
12050
12060
12070
12080
12090
12100
12110
12120
1213@
12140
12150
12168
12170
12180
12190
12200
12210
12220
122360
12240
12250
12260
12279
12280
12290
12300
12310
12320
12330
12340
12330
12360
12370
12380
12390
‘ll

124080
12410
12420
12430
12440
12450
12460
12470
12480
12499
12300
12518
12520
12530
12540
12350
12560
12570
12560
12590
12600
12610
12620
12630
12640
12659
12660
12670
12680
12690

I NEXT N

Pr=Tme*A#*SARCErr)>  (126%PI1) luatt
FLORT 4

PRINT "Received power =";Pr;"watt"

t =-~-transmitted power---

FOR N=3 TO Nmax

Theta(N>=N#P] Nmax

Rm(N>=SQR(Sepm~2+(Sims2)~2>

NEXT N

IF Ans$="H" THEN GOTO 12134

CALL Eplane(V¥lamo,SIm,Thetat#),Beta,Rm(*),F,Nmax,Er(#))
GOTO 12140

CALL Hplane<(VYlamo,Sim,Theta(#*),Beta,Rm(#>,F,Nmax,Er (%))
SepmmaSepm# 1000 !separation mm

| PRINT " FAR FIELD RADIATION PATTERN"! P
! PRINT " Theta Er at Distance = ";Sepmm;" mn"! P
FOR N=@ TO Nmax

Thetad=Theta(N)>%180/PI !deg

IF Ans$="H" THEN GOTO 12220

Tt=330+30#Er(N>/Er (Nmax/2>

GOTO 12230

Tt=30+1S*+Er (N)7Er(Hmax)

| PRINT Thetadj;Er(N);TAB(Tt); "#"! P
Ers(N)=Er(N)>~2%#SIN(Thetalh>)!Er squared

NEXT N

CALL Simp<¢Thetal#),Ers(*),Nmax,A)
PtaPl#Sepm~2#A*#SARC(Err>/(120+P1) lwatt

PRINT "Transmitted power =" ;Pt;"watt"

FIXED 4

S21=10#LGTC(Pr/Pt)-6 !Cavity transfer coefficient [S211-2
IF Nmax=2@0 THEN GOTO 12340

Error=sABS(S21-S21p>

IF Error<.5 THEN GOTO 12370

Nmax=Nmax#*2

S21p=S21

GOTO 11710!8040

Simm=SIn®#1000 Islot length in mm

PRINT

PRINT "##%#"3Ans$; "-PLANE COUPLING FOR ";Tmme;"mm by ";SIimm;" APERTURES**
PRINT “(..,.where the image beneath the ground plane is accounted for)"
PRINT "Separation= ";Dlamc,"free space wavelengths (";Sepmm; “mm "
PRINT " [(sz21l~2 =";s21;"dB"," (Hmax="jNmax; ">"

PRINT LINCI)
| IF Diamo=2 THEN 125280

| Diamo=Dlamo+,.25

! Printflag=2 1Second pass
| GOTO 11280

SUBEND

Epli! E-plane couplirigk stk ke d s kbt h kfE RN AR R LSRR B AFRAARXRERRASHARA RN RN AR
!

SUB Eplane’Viamo,Sim,Thetad(#),Beta,Rm(*),F,Nmax,Er(#>)

FOR N=1 TO Nmax-1

IF Theta(N>=P]-2 THEN 12660

FthetaaSINHN(PI#(SIm- ¥lamo)*#C0S{Theta(N>»>#SIN{(Theta(N) ) COS(ThataCH’)
t E=SIm/VIiams

I PRINT “E";E

Reer=F#Fthet a®#COS Bet a*Rm(H> > /Rm(H)
Imer=-1#F#Ftheta*SIN(Beta#RmI(N>» > /Rm(N>

Er(N)=SQR(Reer~2+Imer~2>

t PRINT "Thetadeg, Theta(N),Fthetad(N),Er(H>"! P
! Thetad=Theta(N>%188-P1

! PRINT Thetad; Theta(M)j;Ftheva;Er(N);Et(NJ

NEXT N

Er(@)=2#Er(1)-Er(2>

Er(Nmax)=Er (@)

Er{Nmax/2)=Er(Nmax/2~1)+,3%ABS(Er (Hmax-2-2)>-Er{Hmax-2-1>) lplus 36%
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12700
12710
12720
12730
12740
12750
12760
12770
12780
12790
12800
12810
12820
12830
12840
126850
12860
12870
12880
12890
12900
12910
12920
12930
12940
12930
12960
12970
12980
12990
13000
13010
130260
13030
13040
138350
130860
13070
13080
13090
13100
13110
13120
13130
13140
13150
13160
13170
131680
13190
13208
13210
13220
13230
13240
13250
13260
13270
13280
132960
13300
13310
13320
13330
13340
13350
13360
13370
13380
13390

! of previous hop.
SUBEND
|
!
|
Hpl:l H-plane coupling# e s sttt it ettt thar st g e e s bR et ek R AR R R X BRI R SR A%
|
SUB Hplane(Vlamo,Sim,Theta(+),Beta,Rm(#),F,Nmax,Er(#))
FOR N=1 TO Nmax-1
IF N=Nmax-s2 THEN 12830
RAD
Fthet axCOSC(PI#(SIim/V]Iamo)*COS(Theta(NJ>)- TANCTheta(N)>
Reer=F#FthetasCOS(Beta*Rm<(N>»7Rm{(N)>
Imer=-14F#Fthet a®*SIN(Beta#Rm{(NI I Rm(N)
Er(N)=SAR(Reer~2+Imer~2>
NEXT N
Er(@)=2+Er(1)>-Er(2>
Er(Nmax)>=Er(a3)
Er{Nmax-2)=0
SUBEND
]
!
!
Simi! Simpsons ruUle #FFEFFRRBEREEERENRFRRR XL RRRRRRRF LR AR FEARER AR LRSS A
!
SUB Simp(X(#),Y(#), Nmax,Result)
| Simpsons rule for a predetermined data array of HNmax eleéments.
| THOMOUS PP309
| Result=INTEGRAL
I (XCNY, YCN>)>=DATA POINTS
{ N=0@,..NMAX WHERE NMAX IS EVEN
! FOR N=@ TO Nmax
I PRINT "Simp X,Y=",,X{(N);Y(N>
I NEXT N
Sumo=0
Sume=9@
FOR N=2 TO Nmax-2 STEP 2
Sume=Sume+Y (N>
NEXT N
FOR N=1 TO Nmax-1 STEP 2
SumosSumo+Y(N)
NEXT N
He (X (Nmax)>=-X(0))>/Nmax
ResultaH/3%(Y(B)+Y(Nmax>+2#Sume+4#Sumo)’

| PRINT "Integral for Nmax=";Nmax;"is";Result

SUBEND

!

!

!

Tlei! Transmission Lineg EQUat {ON® ### 45Kt s Rk R R XX R A KU FARER AR AR AF LR RS HER R

|

SUB TV1(Freq,Er,D,20r,20i,2rr,2ri,2sr,2s8i’
! A1l impedances are in ohm

| 2?7-3/82

| Freq(Hz)

! Distance(m>

! Zsitending end impedarnce

! Zrireceiving end impedance
Viam=3EB/(Freq#SQR(Er>)>
Beta=2*Pl/Viam

T=TANCBet a#D>

Tr=0

Ti=T

CALL Cmult(Tr,Ti,20r,20i,PS5,Pé&)
CALL Cmult(Tr,Tr,2rr,2ri,P7,F8)
P1=2rr+PS

P2=2ri+Pé€

P3=2or+P?

Pd4=201+P8

CALL Cdiv(P1,P2,P3,F4,FP9,P10)
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13400
13410
13420
13430
13440
13450
13460
13470
13480
13490
13%00
13518
13520
13530
13540
13550
13360
13570
13580
13590
13600
13610
13620
13630
13640
13650
13660
13670
13689
13690
13700
13710
13720
13730
13740
13750
13760
13770
13760
13790
13800
13810
13820
13830
13840
13858
13860
13870
13800
13890
13900
13910
13920
13930
13940
13950
13960
13970
13980
139906
14000
14010
14020
14030
14040
14030
14060
14070
14080
14090

CALL Cmult(P9,P10,20r,20i,2sr,2s1>
GOTO 1350¢0! P
PRINT "----DEBUG:SUB TLL----"
PRINT "Freq= ";Freq-1E6;} "MH2"
PRINT "Er= “j;Er

PRINT "“D= ":D#100@; "mm"

PRINT "“Z2o= “;20r;20i

PRINT "2receives= "32prr;2ri

PRINT "“Zsend= “;Zsr;2si

PRINT "--eemm—mrccrccm e - N
SUBEND

!

!

!

Ptril Polar to rectangular®#ttetsnatt et Rt i A e Bttt t i e et et e r kv i et i esn
!

SUB Ptor(Pt,P2,P3,P4>

DEG

P3=P1#COSCP2)

P4=P1#SINCP2)

SUBEND

|

!

|

Rtpi! Rectangular to PO ar# ks st st s baant it wE s N bRt n RN et R NN e AR RN RN LR
!

SUB Rtop(P1,P2,P3,P4>

DEG

PI=SQAR(P1#P1+P2#P2)

DEFAULT ON

P4=2«ATN(P2/(P1+P3))

SUBEND

t

!

| .
Cout! Complex muUltiplytesedsttutarttumaten e snkterbateneietnsbnshtnnensnins
1

SUB Cmult<P1,P2,P3,P4,P5,P6)

PSsPi#P3-P2#P4

PEsP |l #P4+P2%P3

SUBEND

!

|

!

Cditl Complex divide#sariias et sttt tttdtdpntehhatEntuntnatntneon et thnst o ks
1

SUB Cdiv(P1,P2,P3,P4,P5,F6)>

P?=P3%P3+P4#P4

P5a(P1#P3+P2*P4,/P?7

PE=(P2#P3~P1%P4)>/P?

SUBEND

|

|

|

Csqi! Complax SQUAre-roCl # ¥ H A4S # R AR B R SR XA R AR AR A AARRRAZRR S AL R AR AFAAAARA NSRS
!

SUB Csqr(P1,P2,P3,P4)
CALL Rtop(P1,P2,R,T>
R=SGR(R>

TaTr2

CALL Ptor(R,T,P3,P4)
SUBEND

'

|

!

Crail Complex recCiprocal ¥& s s X pasXRa bR kN AR RAFANAEF R LFRFFRRRRRRARRERER
t

SUB Crec(Pl,P2,P3,P4)
P3=P1/(P1~2+P2"2)
P4m—-12P2/(P1~2+P2~2)
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14100 SUBEND

14110 |

14120 |

14130 |

14140 2oc:! Characteristic impedance of a coaxial transmission lineXk*edierssrss
14150 |

14160 SUB 20¢(B,R,Er,Zor,20i)>

14170 | USING JOHNSON PP8?7

1418@ Zor=60#LOGC(B/A)/SARCEr)

14190 Zoi=d

14200 SUBEND

14210 |

14220 |

14230
14240 Cpp:! reactance of a parallel plate Capacitor# s sNsRriahhhabebrehbusdnis
14250
14260 SUB Cpp(Freq,Er,T,Area,2rr,2ri)
14270 | FREQC(HZ)

14280 | Thickness(m)

14290 | Areal(m~2)

14300 Omega=2#Pl%*Freq

14310 Eo=1/(36#P1#1E9)

14320 Zrr=0

14330 2ri=-1#T/(Omega*Er#EoxAread
14340 SUBEND

14350 |

14360
14370
14380 Qan:! Quality factors and radiation condUCltancek*#Fkskfkha ke XhLERRKNLNH*
14390 |

14400 SUB Qandgrad(Focmhz,Hmm,Viengthmm,Wmm,Grad,@rad,di,lcu,do?

14410 DIM Th(308)>,Garg(3088)

14420 Betao=2#PI#(Focmhz#1EE)/3JE8 !free space

14430 RAD

14448 Nmax=20

14438 FOR N=@ TO Nmax

14469 Th{N)=N#PIl/Nmax !rad

14472 Bessarge=Betao#(Viengthmm/1008)#*SINC(Th> !rad

14480 CALL Besse!(Bessarg,Bes)

14490 IF N=Nmaxs2 THEN GOTO 145280

14500 Garg(N)>=(1+Bes>*SIN(Betuo*C(lmm/ 1008> #COSC(Th(N>>/2>~24SINCTh(N)>~3/COS(Th(N
12

14518 | PRINT "N, Th,Garg"jH;Th(N)>;Garg(N>| P
14520 NEXT N

14930 Nmaxd2=Nmax-2

14540 Garg(Nmaxd2)sGarg(Nmaxd2-1>

14580 CALL Simpl{Th(&>,Garg(#),Nmax,Result)

14560 Grad=Result/(60#PI1~2)

14570 Uo=4#PI1/1E7? (Permeability of free space

14580 0=1E? !'mhos/m Conductivity of copper

14590 Tandelta=,0016 !Typical loss tangent

14600 Qrad=Pl#Wmm/(4#Grad¥Uo#(Hmm/1000)#(Focmhz*1E6>*Y1engthmm) ! €3.16>
14618 Gdi=1/Tandeltal (3.37>
14620 Deltas=SQOR(2/(2#PI*(Focmhz#1E6)#Uo%#0>) !Skin depth! (3.40)
14630 Qcu=Hmm/(1PQ0%Deltas)! - (3.38)
14640 Qo=1/(1l/Uradel-/Gdi+1/Qcul! (3.3%
14650 SUBEND )

14660 |

14670 |

146806 |

14690 Cav:! Cavitytsss s s hbm s N RN FEFFEFFAARFRR KA R AR S RRAR A SRR X hRAAAARAAS I ERA
14760 !

14710 SUB Cavity

14720 PRINTER IS 16

14736 PRINT "ANALYSIS OF A RECTANGULAR DIELECTRICALLY FILLED"
1474® PRINT “ CAYITY TO OBTAIN [TS DIELECTRIC CONSTANT."
14750 PRINT " PROGRAM 1:RESONANT FREQUENCIES"

14760 PRINT " INPUTS-CARYITY DIMENSIONSCA,B,D>"
14778 PRINT * -DIELECTRIC CONSTAMNTCEr:»"
14788 PRINT " QUTPUTS-RESONANT FREGUENCIESC(F(n,m,15Mhz)"
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14790 PRINT * "
14800 PRINT " PROGRRAM 2:Er BY INCREMENTAL CAVITIES"

148108 PRINT " INPUTS-MODE DETRILSC(n,1)>"
14820 PRINT " ~RESONANT FREQUENCIES"
14830 PRINT " -~DIMENSIONS"

14840 PRINT " OUTPUT-Er"

14850 PRINT " "
14860 INPUT "PROGRAM 1 OR 27",N

14870 IF N=2 THEN GOTO 14938

14880 CALL Progone

14890 BEEP

14900 INPUT "PRESS 1 TO GO TO THE START OF PROG 1",H
14910 IF N=1 THEN GOTO 148849

14920 GOTO 14730

149386 CALL Progtwo

149540 BEEP

1495@ INPUT "PRESS 2 TO GO TO THE START OF PROG 2",H
14960 IF N=2 THEN GOTO 14938

14978 GOTO 12240

14980 SUBEND

14990 |

15800 !

15010

15020 SUB Progone

150638 | RESONANT FREQUENCIES OF A RECTANGULAR CAVITY
135048 | FILLED WITH A DIELECTRIC FROM THE DIMENSIONS
15650 | AND DIELECTRIC CONSTANT

15860 ! COLLIN PP322

15670 DIM FC18,10,10)

15080 PRINTER IS @

15698 PRINT "A;WIDTH,B;HEIGHT,D;LENGTHCD>AY 2"
151060 INPUT A,B,DImm

15110 PRINT "R=";A

15120 PRINT "B="; B

15130 PRINT “D=s";D

15140 A=R~/ 1000

15150 B=B-/1000

15160 D=D/1600

13170 | INPUT Er:DIELECTRIC CONSTANT

15180 PRINT “Er?"

151908 INPUT Er

15280 PRINT "Ers";Er

15210 PRINT LINC2)

15220 PRINT "N M L FREQ<(Mhz)>"
135230 PRINT LINC2)

15240 C=300000000

152506 FOR N=0 TO 10

15268 FOR M=@ TO 10

15270 FOR L=@ TO 10

13280 Fs(L/(2#D)>)~2

15290 G=(M/(2%B>)>~2

13300 H=(N/C(2#A))>~2

15310 F(N,M,L>=C#SQR(F+G+HY/SARC(Er)

15328 IF F(N,M,L><1E9 THEN 1S370!LOWER LIMIT
15338 IF F(N,M,L>>6E9 THEN 1537@!UPPER LIMIT
15340 F(N,M,L>sF(N,M,L>/1E6

15350 FIXED 2

15360 PRINT N;M;L,F(N,M,L>

15370 NEXT L

15380 NEXT M

1539@ NEXT N

15400 SUBEND

15410 |

15420 !

15430 !

13440 SUB Progtwo

15430 ! Er BY INCREMENTARL CAVITY METHOD
15460 ! R:ASPECT RATIO

15478 C=300000000

13480 PRINTER IS @
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15490 PRINT "A2>A1 where A is the length of the shorter sides of the"

13500 PRINT "two cavities,that 1s SMALL,LARGE"

15518 INPUT "DIMENSIONS:Al,R2(mm>,ASPECT RATIO ?",Rt,A2,R

15520 INPUT “MODE :n,) ? (in the directions: X,2 or W,L.And typically B,1>",N,L

15538 INPUT “"FREQUENCIES:F1,F2(MHZ)> where F1>F2 ?",F1,F2

15540 PRINT "A1,A2,ASPECT RATIO =";A1;A2;R

13580 PRINT “n,1="“sN;L

1556@ PRINT "F1,F2a";F1;F2

15370 A1=A1-10@81IM

15580 A2=R2-/1000!M

15590 Fl=F1#1000000

15600 F2=F2#1000000

156108 Diff=A2~2-A1~2

15620 | Fas(N~2+L*2/R"2)#(B~2/M*2)

15630 | Ra=1/(Fi1~2-F2+2)

15640 | Bba-1#((F2~2+F1~2)#Ra+F/Diff)

15650 | Cc=F1~2#F2~2+¢Ra
|
I
|

13662 CALL Quadratic(Ra,Bb,Cc,Eplus,Eminus)>
15670 PRINT Eplus,Eminus
13680 EsEplus

15690 | EraC~2#M~2/(4%E#B~2)

15700 Er=C~2-C4#DiffI¥ (L 2/R*2+N~2>%C(1/F2~2-1/F1+2)
13710 PRINT “Er=",Er

15720 SUBEND

15730 !

13740 |

15750 |

15760 Quai| Quadratic eQUAL I ONK NI FRERRIRFFREFFHERF I RFE BB ERRARREF R RN R R F R SRR EREW
15770 |

15780 SUB Quadratic(A,B,C,Xplus,Xminus>

1579@ Argeb~2-4#A*C

15800 IF Arg>=@ THEN GOTO 15830

15810 PRINT “Argument negative B Gua:"

15820 STOP

15830 Xplus=-18B/C¢2#A)+SARCArg> 7 (24A>

15840 Xminus=-1#B/(24AR)-SARC(Arg>/(2#A)>

15830 SUBEND

15860 1

15870 |

15680 !

15890 Par:! Parallel combination of two iMPEdANCESHFXFEURSINEHEFAHBHSAAERNRANTS 4
15900 |

15910 SUB Parallel(2inir,2inli,2in2r,2in2i,2inr,2ini’
15920 | Paralleling Z2inl and 2in2

15930 CALL Cmult(2Zinir,2inli,2in2r,2in2i,01,D02)

15940 Denr=Zinir+2in2r

13990 Denim2Zinli+Zin2i

1596@ CALL Cdiv<Di,D2,Denr,Deni,Zinr,2inid> lohm

15973 SUDEND

15980 |

15990 |

16000 |

16010 Fac: | # &SRttt trtt St ettt et RE SR AR RN RN FE R RN ERAFRERR TGN bR
16020 |

16036 SUB Factorial(l,Fac)

16840 P=1

16050 FOR N=1 TO I~-1

16060 P=P*(I-N)

16070 NEXT N

160690 Fac=P

16090 SUBEND

161060 !

16110 |

16120 !

16132 Bes:| Bessel’s function of Order ZEro# s EkiidResNisadih e e A RANTRARNENTARY
16140 |

16138 SUD Bessel(X,Bes>

16168 DIM T(160),%C160>,Y(160),Betam(160)>

16170 Nmax=16

16180 FOR N=0 TO Nmax
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16190 T(N)>=N#PI/Nmax !radian

16200 Y(NX>=COS(X#SINCT(NY))

16210 NEXT N

16220 CALL Simpd(T(#),Y(*),Nmax,RA>

16230 Bes=R-/PI

16240 GOTO 163101 T
16250 IF Nmax=16 THEN GOTO 16280

16260 Error=ABS(Besp-Bes)

16270 IF Error<.@05 THEN GOTO 16310

16260 Besp=Bes

16290 Nmax=sNmax#2

16300 GOTO 16160

16318 | PRINT "X,Bes,Nmax";X;Bes;Nmax

16320 SUBEND

16330 1|

16340 !

16350¢ !

16360 Scii! Sine and cosinNg TNtegral s X rsrrEr R AR AR R AR R AR ER AR RERNRF AR L RRRERKFS
16370 !

16380 SUB Sici(Si,Ci,X>

16390 Z=RBS(X)»

16400 IF 2>4 THEN 16480

16410 Y=2%2

16420 SimX#((((((9,7942154E-12#Y~-2,2232633E-9)*%Y+3,.0561233E-7)%#Y~2.8341460E-5)+Y
+1.6666382E-3)>#Y-5.5555547E-2)%Y+1)

16430 IF Z THEN 16460

16440 Cim-LE?S

16450 SUBEXIT .

16466 Ci=.57721566+L0G(2)-Y#(((((~1.3869851E-10%Y+2.6945842E-8)#Y-3.0952207E-€»+
¥Y+2.3146303E-4)#Y-1.0416642E-2)#Y+.24999999)

16470 SUBEXIT

16480 Si=sSINC(2>

16490 Y=(C0S(2)

16500 2=4/2

16310 Us((((((((4,0480690E-3#2-,022791426)#2Z+.055150700)#42-.072616418)>%2+.849977
159)#2-3.3325186E-3)#2-,.023146168>#2~1.1349579E-5)#2+,062500111)>%2+2.5839886E-10
16528 Vp=((((((((~,005108699342+.020191796)%#2-.065372834)%#2+.079020335>%2-.04400
41355)>#42-,0079455563)>#2+,026012930)#2-3, 764B003E-4)42-.0831224179)%2-6.6464406E~-7
163530 Vsvp#2+,.25000000

16540 Cim2Za(Siwy=-Yal)

163550 Sim-Z#(Si*U+Y¥VO+P1/2

16560 IF X>=0 THEN 16470

16578 Si=-PI-Si

16560 SUBEXIT

16590 SUBEND

1660@ PRINT "N, Thetad,Er(N>"

16610 |

16620 |

16630 |

16640 Rad:! radiation patterns s stk s etk r kR b b B A R R R AR FRF RS R B R R PR LR ERREXBER RN LR
16650 |

16660 SUB Rad(Freqmhz,Er,Patchlengthmnm,dmm,Shmm,Deltalmm>

16670 PRINT B

16688 PRINT "=------o-oc—eu- radiation pattern ~-----=----=-c---o----o-oocoo-oo "
16690 PRINT

16700 | INPUT "Tilt angle in degrees ?“,Thitd

16718 | INPUT “factor?",F

16720 Hmm=Deltalmm#SQR(Er>

16730 | Hmme=Shmm

16748 ViengthmmaPatchlengthmm+Hmm

16750 | Viengthmm=Patchlengthmm

16768 | PRINT “Factors";F

16770 PRINT

16780 PRINT “frequency=";Freqmhz; "Mhz"

16790 PRINT "aperture length=";Wmm;"mm"

168008 PRINT “"effective aperture width=";Hmm; "mm"

16618 PRINT "aperture separation=";¥liengthmm;"mmn"

16020 PRINT

16830 Thit=Thitd#Pl-/180(rad

16848 ! PRINT "Tilt angle=";Thitd,"H=";Hmm, "Lmm=";¥V1engthmm
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16858 DIM Thi(588)>,Thid(580),Theta(588),Thetad(5008),Ee(5080,,Eh{586>
16860 Emaxe~.000001 -

16870 Emaxh=.000001

16880 RAD

16890 Vlamomm=3ES/Freqmhz

16900 P1=PlaViengthmm/V]amomm

16918 PwaPlzlmm/V)amomm

16928 PhsPI#Hmm/V)amomm

16930 Nn=iBlset to 36 for 3 degree increments

16940 FOR Nw=@ TO Nn

16950 Thid(N)>=sN#180/Nnidegrees

16960 Thetad(N)=sN#188/Nn!degrees

16978 | PRINT N;Thidd<N)>

16980 Thi(N)aN#180#PI/Nn/1080!rad

16990 Theta(N>=N#180%#P!/Nn/1688!rad

17000 | Pr=aSIN(Pw#C0S(Theta(N>>)#TAN(Theta(N>) !Pattern factor
1?7010 S=Ph#COSCThi(N>+Thit)

17020 D=Ph#COS(Thi(N>-Thit)

17030 | Af=SARC(C(COSC(PI#D>+COSCP1%8))>~2+(SINCP1#D)~-SINCP1#S))>~2)!array factor
17040 | E(N>=PfeAf

17058 C1aP1#COSCThi(N>)

17068 ChsPh«COS(Thi(N>)

17670 IF S=0@ THEN GOTO 17110

17080 IF D=0 THEN GOTO 1?711@

17090 Ss=SIN(S)/S

171060 Sd=SIN(D)>-D

17110 Ee(N>®SQR(C(COSCCI>#(Ss+8dr)~2+(SIN(C1)>#(8d~-Ss>>~2)! E-plane
17120 T=COS(Thetal(N)>

17130 IF T=0 THEN GOTO 17150

17140 Eh(N>wSINCTheta(N> > #SINC(Pu*COSCThetal(N>)/(Pw#C0S(Thetal(N>>>)!H-plane
17150 | PRINT "pattern of the left hand aperture"

17160 | E(N)®SINCCh)/Chlpattern of the left hand aperture...Bahl [61] pp2.4S
17170 | ECND=SIN(Ch)/Ch#C0S(C1>1 Bah! eq. 2.47 (611]

17180 | E(N)=Ssisingle slot

17190 IF Ee(N)<Emaxe THEN GOTO 1?7210

17200 Emaxe=EeCHN)

17210 IF Eh(N)><Emaxh THEN GOTO t?7230

17220 Emaxh=Eh(N)

17230 NEXT N

17240 PRINT "Thi/Theta","201og(Ee/Emaxe)", "2010gC(Eh/Emaxh)>"

17230 FOR N=® TO Nn STEP 1

17260 IF Ee(N>>8 THEN GOTO 17298

17270 Eelog=-9999

17280 GOTO 17300

17290 Eelog=20+LGT(Ee(N>/Emaxe)

1730@ IF Eh(N>>@ THEN GOTO 17330

17316 Ehlog=-9999

17320 GOTO 17340

17330 Ehlog=20#LGT(ERC(N) “Emaxh)

17348 PRINT Thid(N),Eelog,Ehlog

17358 NEXT N

17368 GOTO 17420

17378 FOR N=8 TO Nn STEP 1

17380 PRINT

17398 PRINT Thid(N);TABC1Q0+SO*EN(N) ;" #"

17408 PRINT

17418 NEXT N

17428 SUBEND

17438 !

17440 |

17450 !

17460 Res:! ResSONant freqUencCy# sttt st kd skt N R e RN ARENERARRARARRARRRRERHGER AL S
17470 !

17488 SUB Fo(Foflags$,Feeds,Er ,Effer,¥lengthmmn,Radiusi,Radiuso,Wmm, Deltalmu, Haom, X
series,fFocmhzc)

17498 [F Foflag$="Martin" THEN GOTO Martin

17500 IF Foflag$="Sengupta" THEN GOTOD Sen

17518 PRINT “"flag error 0 Pa+3"

173528 PRAUSE

17530
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17540
17550
17360
17570
17580
17590
17600
17610
17620
17630
17640
176350
17660
17670
17680
17690
17700
17710
17720
177380
17740
17730
17?60

|

!

Martini! "Foc..RESONANT FREQUENCY FROM THE CAVITY MODEL"
Focmhzc=300-(2%(Y1aengthmm-1000+2#Deltalmm/ 1000)*SAR(Effer))>

PRINT "Resonant frequencies by the cavity and network models"”

PRINT C(MARTIN) "

PRINT "Calculated resonant frequency(Foc)>=";Focmhzc;"Mhz"

1 "Foz..RESONANT FREQUENCY FROM NETWORK MODEL"

CALL Qandgrad<(Focmhzc,Hmm,V1engthmm,Wmm,Grad,Qrad,udi,cu, o)

IF Feed$<>"TL" THEN GOTO 17660

Fozmhzc=Focmhzc

GOT0 E

| Solving a quadratic equation in the frequency-tuning parameter

! Ftp=(woz-woc)/woz, usual symbol being delta (3.32>
Rr=1 |r=i for critical coupling (3.34)
A=1

Be-Rr/(2#Qo#(Xseries /50> ! uwhere r(aRr) has been set equal to 1
C=1/(4%Q0~2)>

I PRINT A,B,C

CALL Quadratic(A,B,C,XKplus,Xminus) !Ftpi:Frequency tuning parameter
FrpsXminus

Fozmhzc=Focmhzc/C1-Ftp)

E:PRINT "Calculated resonant frequency(Foz)=";Fozmhzc;"Mhz C(assuming crivi

cal coupling)>"

1?7770
17780
17798
17800
17810
17829
17830
17840
17830
17860
176878
17880
17890
179080
1791e
17928
1793@
17940
17958
17960
17970
17960
17950
18@00
18010
18e20
180830
18040
18639
18060
18070
10080

Rrad=1/Grad !ohm

Re=Rrads/2 IRrad=Rslot,Re!resistance at the end=Rsiot - Rslot
Gradmm=Grad#1000

PRINT "Radiation conductance =";Gradmm;"mmho"

PRINT "Radiation resistance =";Rrad;"ohmn"

PRINT "(Rrad//Rrad>/50=";Rrad#Rrad/(50#{(Rrad+Rrad)>

PRINT "@ radiation =";Qrad

PRINT "Q@ dielectric=";Qd)

PRINT "Q copper =";Qcu

PRINT "Q@ unloaded=";Go

GOTO i8e07e

|

I

|

SeniPRINT "Resonant frequencies by Sengupta’s model"”
Effer=(Er+1)/2+(Er-1>/(2#SARC1+10%Hmm/Wmm> >

PRINT ",,.using Hammerstad’s model for the effective diglectric const."
Alphas1+1,.393#(Hmm/Wnmd>+,E67% CHum Wmm) LOGCHUmm Hum+1.444) 1 (1,145
Ar=24Hmm/ (Effer#Ylengthmm+PI*Alphal

Fom3ES/(2#Viengthmm#SARC(Effer)>)> !Mhz
Fozc=Fo#(1-Ar)/(1+Ar#L0G(2#Y1engthmm#SARCEffer >/ (1.78187%Hmm>5)>! ¢3.18)»
Deltaf=Pl/2%(Hmm Viengthmm)~2* (Umm-Ylengthmm)*(Fozc/(AlphastEffer~2)>)> (Mhz

|

DeltafuDeltaf#L0GC(2/¢1,.78107+PI#(Radiusi~ 10008>>)>! €3.20>
Focc=Fozc-Deltaf {Mhz

PRINT "Calculated Faoc=";Focc) "Mhz"

PRINT "Calculated Foz=";Fozc}"Mhz"

PRINT "Freq. shift=";Deltaf}"Mhz"

! Error=130#(Focc-Focmhz)/Focmhz

I PRINT "%e when compared with measureément=";Error

SUBEND

Endi! 1IP0I I0LLUEE 0 I IEND OF PROGRAMI LN LI L b bty ronppnintnnpind
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