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ABSTRACT

The radiation properties of microstrip triangular resonators are

investigated. Both the radiation pattern and the radiation quality
s .

factor (Qr) are derived analytically utilizing the current distribution’

on the resonator and numerical techniques. The different loss mechanisms

-

of the microstrip resonators are Ofey:

ribed. The.radiation losses. were
!

L

determined experimentally. Comp?

reasonable agreement. The equivalent lumped circuit parameters of the

.

resonator as well as.some possible applications are also discussed.
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- r//*“y ‘ CHAPTER 1
\\<\ .

R \\lJf ~ INTRODUCTION '~
—— + . \
1.1 INTRODUCTION :

Stripline or microstrip structures are being used more and @gpé>at

microwave and millimetér wave ffeqﬁencies. The ructure consistslof a
conductive strip deposited on a dielectric subs}{g}e backed by a condﬁc_
tive ground plane Fig. 1.1. ,Thg electromagnetic brogerties depend on

- the geometry, such as strip width w, strip thickness t, and subst;ate

thickness h,lthe dielectric and magnetic properties of the substrate and

the medium (usually air) above it. -

This planar configuration is small and consequently lighger;'cir—

cuits Kabricated with thijs technique are cheaper than waveguide or
v ’

coaxial systems. Also, beam-leaded active or passive devices can.be

*

bonded directly to the conductor strip on the dielectric substrate [1],

Ultimately, the planar confiquration lends itself to the fabrication of

integrated circuits.
However, the applicatfions gf Microwaver Integrated Circuits_(HIC)
as transmission medium at michrowhve frequencies are limited by a number

of factors such as line attenuAtion due to dielectric and resistive

,

losses, breakdown effects at(high power levels*and radiatidn from discon- .

tinuities, The last effect whi¢R constrains the microwave circuit

- 1y
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designer but represeﬁts'a desired property for an antenna engineer,

.
—

constitutes one of the major problems in MIC circuit design., The -

analysis of the power radiated from these structures is complicated by

o —
the fact that two different dielectric media (air and substrate) are

r

present simultaneously.

1

Resonators are one of the basic building blocks fof the microwave

engineér, as they are used to design filters, circulators), oscillators y

et¢. A resonant element-in MIC generally presents a discontinuity to
the transmitted signal. The poor qualityifactor of the microstrip reson-
Lo i

ators, which is due to dielectric and re§}étive lPsses, is further aggra-
/ '
vated by the power radiated from the discontinuities. P
_ ) : .

" There are numerous papers anaL?ETﬁg the performance of diffﬁrent

resonators, e.g. the rectangular,idisc, ring, etc. The equilateral~~
! ' !

triangle and the disc resonators are of special interest because of the

~
—

120° symmetry. ~For=the triafigular resonator Fig. 1.2, some studies have

'beén carried out by Hoefer, Helszajn and James [2,3] to determine the - ~

electric and magnetic fields and to calculate the resonant frequencies .
of. the Aifferent modes.,

In this'thesis, the triahgularjmicrostrip resonator wfll be -
analysed. The theoretiqal_ekp?ession for the radiation will be;derivéd

and compared with experimental results. ' o

N
,K/,
.

™S
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1.2 LITERATURE SURVEY OF THE THEO“ETICAL AND EXPERIMENTAL STUDIES
\\\7 ON THE LOSSES 1N MICROSTRIP RESOMATORS.

In February 1960, Lewin [41 published a paper describing the

L)

<&

"Radiation From Discontinuities In Strip-iine'". In this article a

thod to derive the theoretical radiation expressions from the known

. currept distribution is presenteg; A rigorous analyéﬁs of the radiation
from (microstrip was Féund to be difficult because é% the complex trans-
‘ . \

T missioR medium and'theréfore the author of the paper made some simpiify—
ing assum ions.‘LTﬁe method so developed was used to study transmission
fine configurat}ons like the open-circuit, matched co-axial termination,
mfsmatched te;mination, parallel post resonator formed by twoc parallel
post;>and the right-angle corper. His results were approximate bﬁt it

" was shown later by other a@thors [2,5,6,91 that there was reasonable
agreement with measurements.

In Ap;il 1969, Denlinger [5] gave some experimental results show-
ing the rela;ion between microstrip parameters and the fractional amount
of ﬁower radiated from a resonant line. He verified that the percentage
of the ﬁower radiated depends on the £hickness of the substrate. -Tﬂe
measurements agreed with the values Lewin calculated for the case of an
open-circuit hicrostrip line. He alsc made Tadiafiqn measurements on
the disc resonater and derived some empiricql coscluéions.

' In October 19§9, watkins-EGJ analysed the mode patterns of circular
disc . rTesonators. szerring to Troughton's [7] work on high Q-factor

resonators, he expected low radiation losses for the dominant mode in

the circular structure. A short report by the same author [8] on the
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radiation loss from open-circuit resonators appeared in October 1973.
In this arFicIe he discussed the conductor, dielectric and radiation
losses of a rectangular resonator and showed that an éxtension to Lewin's
analysis could yigld the radiation loss of this geometry. He also sug-
gested using the structure as an antenna element after considering the
~radiation patterns of different moaes,

{n September 1970, Easter and RoSerté [91 described the calcula~

tions of the radiation loss of a half-wavelength open-circuit resonator

\

and gave results for a range of different effective permittivities.

-

They used Lewin's method [4] to derive the theoretical expressions which

were then checked experimentally. The same authors published another

paper [10] in April 1971 where they compared different types.of reson-

ators, namely the ring, open-circuit linear, short-circuit linear and

the "hairpin' or '"U" shaped resonator. They showed that the hairpin
/f"? sonator radiates less than the straight resonator..

Sobol's .study of the radiation conductance of-open-circuit micro-
stiip 111 appea}ed in November 1971. He calculated the radiation con-
ductance at the open-circuit end of a microstrip stub and used the
result to Flnd the total loss of that configuratfon. He found good
agreement between his results. and Denlingé?'sregults £53.

In June 1975, Belohoubek and Denlingér (121 studied the loss
-mechanism of microstrip resonators. They derived formulae for the radi-
ation Q of open-circuit'microétrip resonators based on Lewin's work L&J.
They described the effect of radiation on the overall circuit Q as a

function of the characteristic impedance, frequency, dielectric constant
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and substrate thickness. These results showed thatrradiatioﬁ losses at
higher frequencies dominate over the conductor and dielectric ]osseé;
they also showed that microstrip lines on substrates with a low dieléc—
éric constant radiate more, ’

There gﬁgzplso papers published on microstrip antennas using the |
réctangular or circular resonators as basic elemgnts. Howell (131
discussed these two configurations in his paper which appeared in
January T1975. He gave design procedures for linearly and circularly
polarized antennas and also presented the measured radiation patterns.

The work of Morel et al., [15] on the theoretical investigation
of the circular disc antenna appeared in April 1976. The far-field
total radiated power and power losses were calculated. These expres-
sions were derived considering air as the dielectric separating the
conducting plates. Also, approximate results were derived for the
various dielectric materials. At the same time Walton et al Li61]
investiéated experimentally the radiation characteristics of circular
discs. They studied the antenna elements with regard to tﬁeir driving
point impedances and far-field radiation patterns.

In November 1976,:Derneryd [14] studied linearly polarized micro-
strip antennas. He characterized the square and rectangular elements
by their radiation pattérn, directivity and equivalent admittance.
Also, he gave a design procedure for open-circuit halfwave resonaters

and for arrays of resonators.



1.3 THESIS "SUMMARY

The object of this thesis is to study theoretically and experi-
mentally the radiationlloss of an equilateral triangular microstrip
resonator. \ An approach similar to Lewin's [4] was taken to derive the
theoretical expressions for the radiation pattern and the radiation
quality factor, Q.- HNumerical methods were used to obtain the theoret-
ical results which were then compared to the measurements. The measured
radiation Q-factor of the triangular structure wag also compared with
that of a circular‘resonatof.

The resonators were studied experimeﬁtally as lossy microstrip
circuit elements and’their unloaded Q-factor, Qo’ was measured in each
sample for both the open and shielded case.. Neglecting the losses due
to imperfect shielding, the discrepancy in the two measurements was
attributed to the radiation loss.

Different coupling configurations tolthe microstrip resonators
were described and the equivalent circuit for the resonator was studied.

To conclude, the use of a triangular resonator as a circuit and

antenna element were briefly discussed.



CHAPTER 11
FIELD AND CURRENT DISTRIBUTION IN THE TRIANGULAR RESONATOR

2.1 INTRODUCT-{ON

Microstrip structures are studied, in general, by replacing the
planar configuration with an equivalent waveguide model which consists
of electric walls to replace the conductors, and‘of magnetic walls on
the sides éo contain the electric field. Solutions for the fields and
f"cu;;off frequencies fg:E? waveguide with an equilateral triangular cross-
sgction are described by Schelkunoff [20]1. These results were applied
to predict the resonances of triangularly shaped microstrip resonators
by Hoefer, Helszajn and James £2,3]. Thei; work, as summarized in the
first section below, provides a basis for the radiation analysis. To

simplify the analysis, the Hertz vector will also be introduced in this

Chapter.

2.2  ELECTRICAL AND MAGNETIC PROPERTIES OF THE TRIANGULAR RESONATOR

The TMm n 2* mode field patterns in .the triangular resonator filled

4

with a dielectric material of permittivity €, permeability p and with no

variation of the field along the thickness of the structure are given by:

The TM-modes are defined such that the magnetic field possesses
components in the xy-plane only, since the field equations have
been derived originally in a waveguide of triangular cross-section.



L 2 (2.2)

=
[

. z
= 2L o 2.
-Hy wy 8 x (2.3)
H.=E_=E =0 L .... (2.4)
z X ¥y
where
i) Am,n,l is an arbitrary amplitude factor
_ 27 x 27 2r{m=-n)
i1) T(X’Y)m,n,k cos [( =+ 3 )2] cos ] 33 ]
_ rz
+ cos _ﬂ%%ﬁ + %g) m] cos h.ﬁi%i&il] (2.5)
+ cos 2% 2n n cos 21(g-m)
a 3 3a
where '""a'" is the side of the triangle
iii) m,n, % are integers which are never zero simultan-

eously and satisfy the condition

m+n + 9 =0 (2.6)



The resonant frequencies are:

FoooL 1 (et 5\ 2 (ntsanin?) |
8,n,2 = = (ew) [(?) (207
with e = e € and = u Y

where € and p, are the relative dielectric constant and the relative
per;babflity. - -
rﬁig. 2.1 shows the THO,l,—1 mode which is associated with the lowest

resonant frequency in a triangular resonator. . ¢

The energy stored in the structure is expressed by:

' - £h 2 2
.wstored 2 A m,n,% f [T(X'Y)m,n,ﬂ, ] ‘dS . eeaa(2.8)
m,n,% S - :
ﬁ v

where he is the microstrip thickness and S is the surface area of the
R triangle.
The above expressions are general. For the particular case

analysed here, m = 1, n = 0 atd & = ~1. This is the case of the dominant

™, 0 -1 mode for which the expressions (2.1) to (2.8) can be written as:

Ez(x,y,z) = A1,0,—1 \:2 cos (%4- —231-) cos 231:—‘-# cos -E\le L...(2.9)

HX(X,YsZ) = -_j A1,0,"1 EO‘ [COS(ZIT_X +.2l) cos _g-r-[-y.i. Sin iT.T—y] __(2_]0)

v 3a 3 3a 3a
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(2.12)
The fundamental frequency of reéqnance is:
f _ 2c .. {(2.13)
°1,0,-1 ~
L » Ba ‘/_E_r

where ¢ =L\'3 x: 10° m/s

—

The stored energy, after carrying out the integration becomes:

':;5 2 a2 ) )
_ 3/3 eha“A _ oL {2.148)
wstored - 16 r,0,-1 .

1,0,-1
2;3\ ‘ ELECTROMAGNETIC FIELDS IN TERMS OF THE HERTZ VECTOR

. ’ L
The Hertz vector, ﬁ, is a mathematical quantity, which can be
used to express other field quantities by means of simple operators. The

derivation for the following equation can be found in the literature [211.

_ 1 ox (-jkvie. r) J dt _ ..o(2.15)
e/ f et _

r T r



y

. . . BTN
- -
‘where J [s the vector .representing the current distribution on
the radiating e]emeﬁt, in A/m?, .
T is the volume surrounding the source, in\@p®.
r is the radiaf diséance in meter from the souﬁ?e to a paint

in space

of the space

k = %g: in m"1 (wave number)
A is the wavelength in the free space.

In terms ?f the Hertz vector, the electric. and magnetic fields, .

at any point in the space containing the source, can be written as

E = v(v-T) + kzerurﬁ .. , T (2.16)
o . Eo ﬁ | e .
Ho= jk S (v x T) | c{2.17)

N

It can be seen from the above expressions that the knowledge of
4

the complete or entire current distribution in a structure, with a

defined geometry, is“sufficient to derive the electric and magnetic

fields radiating into space.
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2.4 . THE CURRENT DISTRIBUTION IN THE TRIANGULAR RESONATOR
The current in a micr%strip structure is the vectorial sum of

two currents, namely the conduction and the dielectric polarization

current.

a) - The conduction current density;

In perfect conductors, the current flow at-high freguencies can

- be considered as a true surface current due to the "skin effect", In-
side the conductor there is no displacement current, and a time varying
magnetic field does not exist. On the surface, the condudtion.current

density is,

o4

x i , ceee(2.18)
where n is the unit vector orthogonal to ﬁ, the magnetic field.

To ensure low resistive losses, for'éll practical microstrip config-
urations, the conductors are a few skin depths thick. This implies that
the displacement current is entirely under the metallization and the
conductors can be replaced‘by a current sheet for analytical purposes,
Also the ground plane can be replaced by the image of the top conductor
Fig. 2.2. The latter is a valid transformation since generally the ground

plane is much larger in surface area than the triangular conductor,
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The expressi?n for the magnetic field vector, assuming H is

constant along the z-axis is:

-+ -+ -+
H = Hx (x,y,h)ax + Hy_(x,y,h)ayl
...(2.19)
&+ >
and .n =3,
z———__". .
-+ - -»> . . .
where a_, ay,-az are unit direction vectors.

The erfor introduced by the above approximation is negligible as
long as the thickness h, of the substrate is much smaller than the-

»

izjged wavelength Ag . The conduction current density jcr’ on the

—

sonator, atz=h, is obtainii from (2.18).

+ >

Y .

Jo, = —Hy (x,y,h} a, + H {x,y,h) 2, ...{2.20)
. The image of the current density jcr’ at z = =h, is, ,

-+ ) -+ +

JCi = Hy (;,y,-h) a, - Hx (x,y,-h) 2, . {2.21)

)
-
b) The dielectric polarization current density;

Maxwell's equation can be modified to emphasize the

contribution of the polarization current to the total current

{4).

ey



-
L_.." -+ .ok Q\ P
V x H JWE+(J +JW (E'])E) .. 2'22) .
. 1 o
where 1707 N E;

The above éxpression shows that the diélectric polarization acts

. . ->
as an impressed current density, Jp

3y, = i (e- ) E | ' - S..(2.23)

in a microstrip structure, ¢ .is a function of z, for z > h,

€ ='€air' and for z < h, e = ér of the dielectric. The analysis will

be simplified by taking € as the effective permittivity, eéﬁ of the

substrate material. Due to this approximation, as Esir < €e < € s the

contribution of the polarization current is under-vglued in ‘between

the conductors and over-valued above. The polarization clrrent density

is independent of z, and for simplicity, it is taken at z =0, h

-

<

> _ = .k _ > ’
JP(X:‘I,Z) = JP(XVY$O) - J-IZU.H. (Ee ]) Ez(xlyto)az :"(2-2"*)

* The expression used to evaluate €o is given on page 22.

4
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c) The total current density ‘is: %

Tp=Tep + 9, + 3, . ... (2.25)

o
]

. +
T [ - HY(X.y,h) + Hy(x,v,-h) } a,

. ks
+ l Hx(xvY’h) - Hx(x)y:—h) } ay
+ .k . ( E - > --‘
JT707 €e 1) z(x,y,o) a, e {R.27)
The above expression will be used to derive the radiation proper-

ties of the triangular resonator.

/’

.
/ ~d
|
y



CHAPTER ITI .

RADIATION PROPERTIES OF THE TRIANGULAR‘RESONATOR

3.1 INTRODUCTION . o

Two different methods can be used to derive the expression for
the radiated power from a microstrip structure. The first is the wave-
- guide approach where the geometry of the structure defines the aperture
~which radiates into the hemisphere above the ground piane. . In the
above case the field distribution at the aperture must be known. The
second method considers the structure as an antenna with a known current
\“"ﬁfgzribution. Either approach requires certain simplifying assumptions,
the validity of which determines the accuracy of the theoretigal results.
In tﬁe following analysis, knowing the current distributionfin the tri-

angular- structure, the.antenna approach is used.

3.2 FAR ZONE ELECTRIC FIELD COMPONENTS:

The expression for the Hertz vector (2.15), in the case of a

structure radiating into the free space is, N -

' kr -
: U =J
=] [Fo. 1 e * dt
ﬁ"ﬂ# EO k [ r J on-(3u1)
- .
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After sgybstituting r with the approximate expression derived
] . .

for the far-field zone (Appendix A):

X y z
. Mo -e‘i“("o";EX“?EY'r—OZ)
ﬁ=.EJ- —_— (e} (s} o] jd'l' ...(3.2)
m £ k .
o T
%o Yo 25
"o | o — X =—y -—2Z
r r? r?
) o )

Neglecting the second order terms in the denominator and substi-

€
tuting TE%;-instead of the intrinsic wave impedance ﬁg , the Hertz
o)

vector is further simplified.

" y , . .
N - i [—2 2 2 3
i -jﬂ e*Jkro [ e Jk(r x vy otoT Z) dt .. {3.3)
k .

-r—' ) o] Q o]
o] T

This integration is carried out in Appendix B. The result of
the integration being independent of x, y and z, the electric field
vector {2.16) can be simplified:

\

)

b 4

t = k2 qp_ e T (3.4
where | = € = ]

The coordinate transformation described in Appendix A is then

applied to (3.4) and after equating to zero the radial component of the
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»

electric field vector as the definition of the far-field approximation

requirés, the following expressions are obtained.

E_ =20

m
13

5 k2 (Hx cos 0 cos ¢ + Hy cos Bsin ¢ - I sin B) ...(3.5)

™
Il

k? (—Hx sin ¢ +I[y cos ¢)

3.3 RADIATED POWER:

The time rate of energy flow per unit area, for a radiating element,

is the Poyntiné vector or power density. The average Poynting vector is

P=131Re (ExW) : ...(3.6)
where ' E, H-are peak values
and B is the compiex conjugate of %. The far-zone radiation assumes

that the field vectors have only real components, therefore noticing that

“ [ +
i o= L T ... (3.7)
IJO -

!
the average radiated poWer is expressed as: b

s

¢ _ / '
o= o /E—" f[ HEEE . ... (3.8)

The above expression is a scalar quantity and can be rewritten
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“for this particular case as:

_ e J'ZTT
P o= -1 °
r 2 !

o] o

o

il
/ .
2 (Eé + Eé) r?2 sin 0d8dd¢ ....{(3.9)

Numerical methéd can be used to evaluate (3.9) but they do not lead to
an absolute result since the arbitrary amplitude factor (A, , _1)2 will
be involved. This is avoided by calculating the radiation quality

factor, Qr' This factor is defined as follows:

w, - Energy stored in the circuit
Q = — ... (3.10)

Average' power radiated

Another quantity which is often used is the fraction of the stored power
. ‘

which is radiated.

p [in §j‘\= SLER 211 >< 100% (3.11)
radiated " ) T

/
3.4 NUMER4CAL RESULTS:

A computer program was written (Appendix C) to calculate the radia-
tion Q using the expression (3.10). Some of the computed results are
given in Table 3.1. The effective dielectric constant used in the p}ogram

was calculated from Schneider's [1] expression.

[ € ’ -
r+ 1. - 1 0 -
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where w is the width of the microstrip
h is the thickness of the microstrip

t is the thickness of thé metallization

Although the width of the structure is variable, the effective
permittivity was assumed to be constant in order to simplify the cal-
culations. €_ was taken to be the value corresponding to the width of
the triangle at the origin of the‘x-y coordinates system.

In Frg. 3.1, the computed values for'Qr-1 are plotted against h.f, '~
where f is the resonant frequency associated with the fundamental mode.

As it is shown below, the relationship between the inverse of the radia-

tion Q and the product h.f is linear.

—t

From expression (2.13), a o« f
Y
and k = J%L implies, * k o« f

k Zo h -1
from Appendix C, for small —_ ], ﬁ « h,f

-
o
“
thus from (2.31),% t =« h
W h.f 2
and from (2.14), stored y
-1
therefore from (3.8), Qr * (h'f)

3.5  CONCLUSION OF THE THEORETICAL ANALYSIS

The results of the theoretical analysis show that the power radiated
from the triangular structure is proportional to the product of thickness

of the dielectric matérial and the resonance freguency.
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)
-
Stored Energy
A(mm)  h{mm) e F(GHz) e P x10%- xfx10° $P_Q. hxfxi0?
(w) (w)

5.2 1.27 1 13.12 1 5.5 1.1 50 13 .67
20.3  1.27 1 9.84 1 5.6 14.9 38 17 .25
15.2  0.64 1 13.12 1 1.4 5 25 25 .83
20.3  0.64 1 9.84 1 1.4 . 19 33 .63
0.2 1.52 2.5 12.45 2.15 4.1 4.1 29 22 .90
12,7 1.52 2.5 9.96 2.18 4.2 17.6 24 27 .52
5.2 1.52 2.5 8,30  2.20 4.2 21.1 20 31 .26
20.3 1.52 2.5 6.22 2.24 4.3 28.1 15 41 .95
0.2 0.76 2.5 12.45 2,24 1.1 7.0 15 4 .95
12.7 0.76 ..2.5 9.96 2.28 1.1 8.8 12 51 .76
5.2 0.76 2.5 8.30 2.30 1.1 1096 10 61 .63
20.3  0.76 2.5 6.22 2.33 1.1 14.1 8 80 47
5.1 1.52 10 12.45  7.31 1.2 4.1 9 72 .90
6.4 1.52 10 9.96 7.48 1.3 17.6 7 88 .52
7.6 1.52 10  8.30 7.63 1.3 21.1 6 103 .26
0.2 1.52 10 6.22 7.87 1.3 28.1 © 5 140 .95
5.1 1.27 102 12.45  7.45 .87 1.7 7 84 .58
6.4 1.27 10 9.96 7.63 .89 4.7 6 03 .26
7.6 1.27 10 8.30 7.78 .91 17.6 5 122 .05
10.2 1.27 10 6.22 8.03 .93 23.4 L 158 +79
5.1 064 10 12.45 8.03 .23 5.9 L 158 .79
6.4 0.64 10 9.96 8.22 .24 7.3 3 194 .63
7.6 0.64 10 .30 8.37 24 . 8.8 3 228 .53
10.2  0.64 10  6.22 8.62 25 1.7 2 299 40 .

Table 3.1 - Computed radiation data for the triangular‘resonator .

=

¢
\
o
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106 L] L b T A L T 17 1] ¥ . T
(h.f) . _ {m.Hz)

Fig., 3.1 - Q;1 versus the product (h.f), computed results
Q is the radiation quality factor,
Q is the substrate thickness,

f is the resonance frequency



Another factor affecting the radiation is the permittiviéy 6f the
substrate; a decrease in the value of the relative dielectric constant
corresponds to an increase in the radiated power, The latter is shown
on Fig. (3.2} where theoretica]iy calculated values of the radiation
quality factor are plotted against the relative permittivity for con-

stant frequency of resonance amd thickness of the substrate.

T
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T

Fig. 3.2 - Computed values of Qr'

P 0

! versus both relative

and effective permittivity.(h:CL64nun,f:10(3Hz)



CHAPTER IV

RADIATION PATTERN MEASUREMENTS

5

L

\ PR
L1 /JANTENNA TEST MEASUREMENTS
The theoretical expressions and results for the poWer radiated
fr;m the triangulér resonator, were derived in the previous Chapters,

by using some approximations. A compar ison of .the measured field 3‘
v

: - . e e
patterns with the theoretical results may be used as a first verifica-

tion of thé correctness. of thé.ana]ysis:- “

. The experiment involved the E- and H-field pattern measurements
o%‘the'triangular resonator in an anechoic chamber. The set-up,
. Fig. {4.1), consisted of (i) a transmitting horn antenna, (ii) the
deﬁicé under testl(DUT) as the receiving antenna, mounted on a table
whose plane can rotate around the horfioﬁ%al and the vertical axis
and (iii) a standard gain horn. The ﬁ— and H-plane far-field patterQ§
were-ﬁgaSUred by rotating the DUT around an axis orthogonal and parallel
to the £-field of the radiating element reipeq{f;ely: .

The power gain of the DUT was measured bQJEQTparison with the

standard gain horn. The reference gain of the standafa\gain horn was

.

-

computed from the structures geometry.

- 28 -



-

transmit ting
antenna

generator

~

_29_

Standard gain horn

[

D.U.T.
i\ 4
P switch
& S\
r
a

Ped

¢ receiver




130 -

2 THEORET|CAL RESULTS OF THE E- AND H-PLANE PA&TERMS

The graph of the modulus of the Poynting vector, |$], at a con- ‘

\\ stant distance from the radiating element, as a function of 68 or ¢

is called the power pattern. This expression was derived in section

(3.2) as:

/ | ;
-4 /2 jE

o}

(4.1) \

i
This can be written as: \

5 "_ 1 1 2 2 . . %
Iﬁl_{-—z-—x-i—m (EO +E¢J ) ...(’-&.2)

The expression (4.2) is solved using numerical méthodS'by replac- \
ing the arbitrary amp]itudé factor (A] 0 _1)2 with unity. The computer
. 1 »

program is given in Appendix D. To compute the results of the E-plane

pattern, the value of 0 is varied from 0° to 900 in steps of 100 and

¢ is kept constant respectively at 0° and 180° The H-plane pattern
results are calculated forq)=900 and 2700-

4.3- THE TESTED STRUCTURES

A singly loaded *friangular resonator was designed .on a 1.27 mm

thick alumina substrate with €. = 10.

The! frequency of resonance was

measured to be 9.6 GHz and the return loss was 15 dB which corresponds
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to a VSWR of 1.43. ThQ_substrate'was mounted-on"a 1.2 m diameter ground

pléne for the‘radiationlpattern measureﬁents. In order to lower the
effect of the feed radiation, the substraﬁe'dielecprié‘was extended
around the coax to microstrip transition. The maximum measuc%g bower
gain of .the element was about 4.2 dB. h

A second circuit was designed, this time on a 1.52 mm RT/Durcid

substrate, er = 2.2. The measured bore sight power gain was 6.5 dB.

4.4 RESULTS AND DISCUSSION

The results of the measured and theoretical radiatfon patterns for
the resonator, on an alumina substrate, are compared._jin Figures 4.2,
4.3, 4.4 and L.5. The theoretical results are normalized to the corres-
ponding maximums of the measured radiation patterns. |t can be seen
that the theory underestimates the radiation. Aa\sg‘antenna element, the
resonator has a wide half-power beamwidth which is fhe.case for most of
the microstrip single antenna structures. Also, bé%éuse thg-qross~
polarization is low, the triangular element is es;entially FTinearly
polarized. : _ :

The power gain measurements show that the Tower the relative

- =

s+ dielectric constant of the substratey the more the antenna element

radiates, as was expected from the theory. {
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Fig. 4.2 - Triangular resonator theoretical and experimental
radiatjon pattern. (Er =10, h = 1.27 mm, f = 9.6 GHz)

measured pattern
—— — —— calculated pattern

E-plane

L4
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Fig. 4.3 - E-plane cross-polarization pattern

(for the same substrate as in Fig.‘h.z)

™~
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Fig. 4.4 - Triangular resonator theoretical and experimental H-plane
—— pattern. (for the same substrate as in Fig. 4.2}.
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CHAPTER v
RADIATION QUALITY FACTOR MEASUREMENTS

5.1 DEFINITION OF THE .QUALITY FACTOR

The losses in a resonant cavity determine its qual ity factor, Q.
A perFect resonator, without any coupling, dielectric, resistive or

radiation losses would have a Q of infinity. Mainly three different
™
Q's - the unloaded, the loaded and the external Q - are-used in the

/ngalxsis of a cavity and its peripherial circuits..
for the unloaded Q, Qo’ consider the energy dissipated at reson-

ance in the cavity alone [17]:

Q = Energy stored in cavity
o~ Energy dissipated in cavity per radian

1

The dissipated energy depends, besides the cavity mode, on one or more '

at resonpance

of the following losses, (i) the resistivity of the walls, (ii) the

dielectric Josses and (iii) the radiation. The unloaded Q of a 4 GHz
waveguide‘cavity is greater than 10,000 but in the case of microstrip
resonators, Qo is only of the order of a few Hundreggi .

A cavity is usually coupled to a matched transmission line, and

because of thg loading effect of the line, the overall Q of the circuit

-

- 36 -
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is lower than Qo. %he loaded Q, QL' is defined as:

; .
q 5 ) Energy stored in cavity
Lo Energy ‘dissipdted in both cavity and external circuit per radian

L4

Tii/ oaded and unloaded Q are related to each other by the means

of the external Q, Qe. This relation.may be expressed as:

/

1 1 1
——— TE m—— + ——— .
T, 7Y, T, | e (5.1)

The definition of Qe is:

Q Energy stored in cavity
e Energy dissipated in external CITCUIt per radian at resonance
\

-

" If the cavity is loaded at two points, then expression (5.1) can

be modified to:
1 i 1 1
— = e—— o m— *"‘---(5-2)
R .

5.2  LOSSES IN MICROSTRIP RESONATORS

Microstrip .structures have low Q factors due to the high losses.

The unjoaded Q@ of a micréstrip is expressed by the sum of three main

L4

losses.

|~

-(5.3)

KDLd
;1_l
cq_.

at resonance
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where: Q_ is a measure of the dielectric losses
Q_ is a measure of the conductor losses

Q_ js a measure of the radiation losses

Q€ is inversely proportional to the Joss tangent of the dielectric
material. For alumina substrates, with relative dielectric constant,
€ s of approximately 10, the loss tangent is of the order of 10—1+ up to

10 GHz. For RT/Duroid 5880, € = 2.2, the loss tangent is of the order

of 10-3. The surface roughness of the dielectric also contributes to the -

dielectric losses. In order to account for these losses‘Q€ must be
divided by a factor of 1.0k4 in the case of alumina substrates at 8 GHz,
and by 1.8 in the case of RT/Duroid 5880 [12].

Thé conductor losses can be calculated using a simple analysis
which does not include the effects of fringing fields and radiation [6].

QC can be expressed as:

Q = (ﬂuofo)% h cee.(5.0)

" where: g is the conductivity in S/m"

-

h is the substrate thickness inm

f is the frequency in Hz
-

Mo is 41 x 10-7 H/rn k

For copper (0 = 5.9 x 107 S/m), at 10 GHz, on.a 0.635 mm thick substfatet

Q. ~ 963

o

©

J.:'
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For bulk gold, (o = 4.55 x 107 S/m)

QC 851

From Titerature it is knﬁwn that radiation losses depend on thé
geometry of Fhe structure [8,10]. Therefore, neglecting dielectric and
conductor losses and assuming that radiation is the dominant source of _ ~ %n%f
losses cannot be justified for all cases, ance Qr is of the order of a S

few hundreds.

5.3 THE QUAF[TY FACTOR MEASUREMENT

The Q of a resonator can be found by measuring the bandwidth
- between the half-power frequencies when the circujt is excited by a

constant current source,
r 4

.F
_ o
Q = AF --..(5.5)
where: fo is the center frequency,
Af = 2 - fy, is the half-power bandwidth

Thg measurement‘wil] give the loaded (Q, QL, which will lead to
Qo after a simple calculation, provided ihe input and output coupl ing
are made equal. |

If the input and output coupling coefficients between the cavity
and the external circuit are B,, and B, respectively, then (18)

Q

. 0 .
. QLA = T—:fET—;—E; . ce..(5.6)
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and the transmitted power factor at resonance is:

T 4B4B,
res (1 + By + Bz2)?2
For B; = B2 = B, the expressions {5.6) and (5.7) become,
Q
Q. = ° '
» L ' +285
‘2
"[‘res = —.{*—B—_
(1 + 28)2

-

(5.7)

oo (5.8)

... {5.9)

Respectively, it is also interesting to note that the transmitted

power is maximum for B, = B,

The expression (5.8) can be rewritten as:

Which leads to:

1 ] . 2
_ %
Tres ~ (1 - 75_')
)
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.Thus it can be seen from expression (5.12) taat a transmission
Joss measurement at the resonant frequency and a knowledge of the half-
power bandwidth of the resonator'wi%] lead to the unloaded Q. 1t should
also be npoted that QL approachés Qo as the coupling between the cayity

and the external circuit becomes looser.

5.4 THE RADIATION Q MEASUREMENT TECHNIQUE

A direct measurement of Qr’ as can be seen from the expression
(5.3), may involve quantities such as the resistivity of the microstrip
deposition, the loss tangent of the dieiectric etc. which are difficu}t
to measure. A practicaf method that overcomes the above problem consists
of two identical measurements; in the first measurement, the resonator is-

\
in the open, i.e. radiating. Then the resonator is placed into a shield-

ing box with highly conducting walls. The dielectric and conductor losses

being the same, it follows that,

)

—

-1 1 1 :

_— = = - e ee.(5.13)

Qr Qo Qs ‘ _
Where, Qs is the shielded Q which assumes no radiation. '(;

The dimensions of the shielding_bok which can be ﬁonsidered as a

e

rectangular waveguide cavity should be such that it will not sustain any

box modes at the frequencies of interest.

R
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For the fundamental mode in a rectangular cavity, TE g5 the
resonant frequency is (19):

2 2
f c/ a° +d

- 2 ad . S CRLN

where: a 'is the width of the box
d is the length of the box

¢ is the speed of light in the vacuum

Fig. (5.1) shows a jig and a shield arrangement used for thé experi-
ments. They are made of solid brass blacks and‘held tbgether by four
sCrews. |

< ’ \-
5.5  EXPERIMENTAL ARRANGEMENT

Circular and_triangul&r resonators were fabricated oﬁ alumina with
e v 10, h =..635 mm and h = 1.27 mm; Custom - k with e " 10, h = 1.52 mm;
and Rexolite with L 2:5Lh = .76 mm and h = 1.52 mm substrates. The
conductor layer is 5 um ick gold in the case of alumina 5ub§trat§§ and
25.4 um thick copper for the other two substrates.

The Qesigns Qere made such that.the resonant frequency of the ele-
ments would be in the range 6 to 12 GHz. The theoretical expressions used

\ *
to determine the center frequency are:

a) For the circular disc [6]1, f = 1:8&118 <

....(5.15)
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b) For the triangle [2], f = —=— cee (5.16)
3A /er
where: \ D -is the diameter of disc'

A is the side of'triangle

The resonators were.coup]ed through a gap to a 50 R line, An interesting
pdfnt in the above expressiéns is that, if in (5.15), D is replaced by
5 /3 - |
> the height of the triangle, then the expressions (5.15) and
(5.16} are almost equal. The difference is arougq 3%.

The experfment consisted of a transmission loss measureménf'Fig. 5.2
between two freguencies swept by a generator. - A reference level was set
b .éonnectjng a semi-rigid coaxial cable between the detector head 'B'
6f the amplitude aﬁalyser and the output of the directional coupler, )
§%en, the resonétor jig, without its cover, was inserted between the coax
and the directional coupler to measure the insertion loss. This technique-ﬁﬂ) :
was repeated.for the shielded jig and Qr was dérived using the relations
(5.5), 5.12) and 45.]33. For' all the measurements, the transmission loss
at resonance was jreater than 12 dB. Also, in dqder to make the simplffy—

ing assumption By = B, explained in section 5.3, the return loss of each

port was measured and made equal.

5.6 'RESULTS AND DISCUSSION

* The measured and the computed resonant Frequencies are listed in ~
Tables 5.1, 5.2 and 5.3. it can be seen that the difference between the

theoretical and measured frequencies is greater for alumina than for
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Custom-K even“though koth substrates have an e = 10. This may be:

LA

partially caus erances in the dielectric constants which can

be as high as + 20% for the Custom-K material. Another possible readson

/ﬁor"this discrepancy is that the theoretical expression for the resonant

" frequency does not include the effects of the Fringfﬁé field. Therefore,

the measured frequencies will differ if the thicknesses of the used
substrates are different. For the low dielectric constant material, the
theoretical frequency is closer to the measured one.

v

Dependence of the radiation on the substrate thickness and frequspcy

' ’ : - e Y-
is shown in the graphs, Fig. 5.3 and Fig. 5.4, where Qr] is plotted
)

against h.f. The radiation losses increase as the product h.f increases.
Also as a basis for éomparison, radiation from a 50 & quarter wave )
resonator as calculated by Belohoubek and Denlinger [12] is shown in

Fig. 5.3. The lines drawn through’gpéfmeasured points have a slope close
to unity, while, for the quarter wave neéonator, the slope of the line is
approximately 2. The léttér resul£'is expected since Lewin's analysis

[4] shows that radiation from a microstrip line is proportional tor(h.f)z.
Thelgraphs also de;onstrate that the_radiation loss for circular resona-
tors is higher than for triangular oéés. The quarter wave, 50 {8 resonator

radiates least among the measured structures. in general, the losses may

be lowered by using thin and high dielectric constant materials.
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Measured Calculated
A(mm) h (mm) * F (GHz) fleizy % 0 %
. . _— : _

9.40 .64 616 6.7 413 16 161
7.87 .64 © 7.7 ; 8.0 . 336 -92 127

.33 64 11.3 11.9 443 71 85
9.40 1.27 6.3 6.7 371 63. 76
7.87 1.27 7.3 8.0 436 52 60
6.35 1.27 8.8 ° 10.0 S 32 34
5.33 1.27 10.2 1109 . 298 31 - 34
4.83 1.27 10.8 1341 94 23 30
9.40  1.52 6.9 6.7 451 33 30
7.87 1.52° 8.0 8.0 393 21 23

6.35 1.52 9.6 © T 1040 . 589 18 .18

Table 5.1 - Experimental results for the triangular resonator (ef = 10)

&

Measured _ Calculated . Q/.
A(mm) " h (mm)  (GHz) f (GHz) < Q, Q
' )
7 .
15.24 .76 8.3 8.3 374 50 ., 58
12.70 .76 9.9 10.0 358 ;ﬁffﬁ 43
v Q ".

15.24 25 8.5 8.3 111 63 e
12.70 .25 10.1 10.0 124 63 128

. 10,16 N -.25 _ 12.5 . 12.4 173 62 97

-

Table 5.2 - -Experimental results for the triangular resonator (er = 2.5)

[
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; Measured Calculated

D{mm) h{mm) f{GHz) ' f(GHz) Qs Qo ?r
8.13 N 6.5 6.8 , =~ 395 91 118
6.35 .64 8.3 @.8 512 79 93
4.83 . .64 10.7 - 11.5 469 62 71
3.56 .64 14.0 15.6 270 37 43
8.13 1.27 6.1 6.8 453 53 60
7.34 1.27 6.7 - 7.6 551 42 45
6.35 1:27 7.6 8.8 715 : 39 - 4
4.83 1.27 9.5 .. 1.5 322 2729
h.32 1.2y 10.4 12.9 168 22 25
8.13 1.52 6.7 6.8 4os 26 28

6.35 1.52 8.3 8.8 Lys 19 20

-, Table 5.3 - Experimental results for the disc resonator (Er = 10)

/
PN
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Fig. 5.3 - Measured Qr'l versus h.f for circular and triangular

resonators



- 50 -
107 T
J
- ‘ .
1
Qﬂ
L s
10727
™~
{
s
z.\\\\ p
A Triangular resonator
h = 0.25 mm,. 0.76 mm
. 4
€. = 2.5
1073
t —t t ——t t +——t+—
3 107
10 (h.f) 10

(m.Hz)
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CHAPTER VI
1

COdbLING-TO A MICROSTRIP RESONATOR

6.1 COUPING TO MICROSTRIP STRUCTURES:

The radiation properties of the triangular resonator wére derived
-
assuming a very loose coupling between the resonant element and the
.

exterqal circuitry. Other applications, e.g. antenna ﬁeasureﬁents, may
require a tight coupling. Therefore, the:understandinglof and the
control the energy coupled to t@e resonator is impo;tant.

Three typés-of coupling, namely capacitive, direct and hole coup-
ling Fig. 6.1 {(a,b,c) may be Lsed with the microstrip configuration.
ln this Chapter, the equivalent circuit of a resonatqr and the coupling

mechanism are studied. Some experimental gap capacitance values are

also given.

6.2 EQUIVALENT CIRCUIT OF ONE PORT RESONATOR: N

A one-port resonator or a reflection cavity can be represented by
any of the configuration given in Fig. 6.1. The equivalent circuit of
ah unloaded cavity using lumped elements in parallel is shown in Fig.

6.2a. The same circuit can be modified to take into account the coupling

which can be assumed to be in the form of an ideal transformer of n:i

A
\
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a) Capacitive gap coupling

el

|
]

c) Hole coupling

Fig. 6.1 - Possible Microstrip coupling configurations



_53..-

can be assumed to be in the form of an ideal transformer of n:1 turns

ratio, the losses are'incorporatﬁq in Reg Fig. 6.2b [173.

The expressions, . )

= N2 ‘
RO =N F?Fg .. .(6.1)
: . AN

= 2 ' .
L,=n Leg . ( ;}:kG.Z)
™~ \

c N :

c =—=4 . .(6.3)
(o] nz ~

represent the relationship between Fig. 6.2a and Fig. 6.2b, wherF

as

Fig. 6.2¢c is obtained by normalizing the above expressions to Z-

The admittance of the*normalized equivalent circuit is:

V=L (wf--‘—_-) o -(6.4)
[ W wl o
T-%+j78 ) . (6.5)
. _ 1
with Y — .(6.6)
LC
Experimentally, n can be found from VSWR measurements.

|S.| = antilog (— EEEE%%—lEEE) ..(6.7)



a) Cavnty equivalent circuit
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b) One port resonator equivalent circuit
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1
|
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c) Normalized equivalent circuit

Fig. 6.2 - Lumped elé%ent'representation of a one port

n

cavity
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and ne = 2 " ...(6.8)

© can be found from the expression (6.5) after a VSWR measurement

at resonance, where B = 0. A second VSWR measurement close to Wy will

o — _

give L and C. This can be shown Bfter rearranging B as,

e

At w=u_ i+ Aw,
o]
= _-g_—- M - ‘
) t U.JO U..‘»O A

this expression can be represented approximately by:
[

-/ ()

™

2 M

Therefore, T

and, .

..‘.(6'.9)

...{6.10)

.(6.11)

.. (6.12)

..(6.13)
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6.3 THE TWO-PORT (DOUBLE LOADED) RESONATOR EQUIVAL?NI;E!RCUIT

/ N N

The two-p&rt sonator is a cavity with an input and output pért,

Tt is also called a tra_gﬁission cavity. The equivalén rcuit with
ideal transformers is represented in Fig. 6.3a. The anaﬁysis of this
cirgbit is similar to thaf‘of the one-port cavity. The output'transﬁormer

is first eliminated Fig. 6.3b. .Then She normalized circuit is as {n

Fig. 6.3c with,

.R_I = nz E._o._. (6 ]‘.|)
'r"]"|2 .57 PR .
o]
2 -
= _n -'- .
R = z; RegﬁT . ...(6.15)
2 s
T =50_
L | Lo (6.16)
— ZO |
C = -— : . .
- 2 <o (6.17)

2

The admittance of the normalized circuit is

v -1 — & j(wE--‘—) ... (6.18)
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a) Two port-equivalent circuit
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" b) VWithout output coupling
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| \-T _
& . '
L
a -

c}) Normalized equivalent circuit

Fig. 6.3 - Lumped element representation of a two port cavit§}
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N

This'expression differs from(6.4)only in gﬁ; resistive term

which is R'- in parallel with R. | "
p :

+ R! _ ~

=|
=)

/R = . (6.19)

]

From this it can be seen that if the input and output coupling
are identical and 2, =24, then R' = 1 and therefore R* # R is always

less than 1 which means the cavity is undercoupled.

,‘In the case of the two Eort cav:ty,.Reg, Ceg and Le can be found
from QO and Qi measurements using the relations given by Altman (17),
J
. Q - .
R = QO . = ...(6.20)
Q.
Q
o €2 .
R' = T LA ...(6.21)
rel T;.‘.:
’/

...(6;22)

Q0 = £ R W,
r’/_}
1 , o
- LUO = e ...(6.23)
l/ L T \
' a

and the expression (5.5),

0 ‘ €] €z
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For identical input and output coupling,

and with substitution of the expression (6.20), (5.2} becomes:

L

! ’ '3

1 . 1 2
_E = 4 = ) ... {(6.24)
q, T T Q
L
Therefore,
: A
R = Lf 2 _ 4.
R = > ( Q] i ‘ ...(6.25l
and A R' = 1 " =

6.4} GAP CAPACITANCE MEASUREMENTS OF THE CAPACITIVE COUPLED TRIANGULAR.
RESONATOR

]

' A common coupling structure for microstrip is the gap coupling.
An’ equal input and output coupling coeff;cuent for symmetrical structure
Ilke a disk or rectangle, can be realized by two identical gaps in the
case of the triangulaf resonator, in order to-have equal coupling coeffi-

4
cients, the input and output gaps should be different. For the latter

structure, the relation between the gap width and the capacitance is
shown in Fig. 6.4 . This graph was plotted by measuring the gap capaci-

tance of a x10 model triangular resonator on a HP 4270A automatic

A

. S

\_/
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capacitance bridge. As a comparison, the capacitance of'gaps in é 50 @
transmission lines is also plotted. The later graph was published in

’ /
the Microwave Engineers Handbook and Buyer's Guide -1969. ™~/



Ny
0L X §

1 NP [ F

.Amm w-m_n 3V Nﬁ.a.mwm_

aping ,s48Ang pue >oogpuey

,s199u16ug aAEMOID 1Y WOy ] L - (Z)
‘ acka ] 7
l = L \
=R HH_A_ (£) , y
ww G Gh =y IJ%I . 7 K31oeded deb
wy (G = U4 \rTJ. ) i
ot = ._w HH.*UV .l|lﬁ~v .
M ] * 1]
LLTI oy \..._,
Ay
<
F...lndln -
/ ) - .



™

CHAPTER VII

CONCLUSION

The objective of the thesis was to derive an expression for the

radiation loss from triangular microstrip resonators and to verify the

theoretical results by measurements. Theoretical results for the

radiated power were obtained by numerically integrating the electric far
field of the resonator.

The measurement of the radiated power was made in an anechoic

chamber.- The measured radiation pattern followed qualitatively the
- * . - f\ .
theoretically predicted pattern. Since the theoretical derivatfon con-

tained an arbitrary amplitude fa;tor, A},O,-1 an absolute comparison
with the measured results could not be made. The radiation loss measure-
ments overcame the above problem. The theoretical results proved to be
in good agreement with measurements for substrates with low dielectric
constant, but for high dielectric cqnstant values they differed by a
factotﬁ?f about two as showg in Fig. 7.1 and Fig., 7.2. This Hiscrepancy
could be due to the two assumptions made about the dielectric media viz.
i) the permittivity,. e, in section 2.4 was assumed independent
of the '2! direction and taken to be equal‘to the effective
permlttlvgiy, Ee'

i) Eg» which is a function of 'x' according to the expression

(3.12), was assumed constant.

- 62 -
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The résults show that for large values.of €.s the theory under-
estimates the radiation losses.

Resonators in general ha@e w[de éircu}t applications, but £he trj;
angular structure with jts 120° gymmetry'is barticulgr Yy suited to the

lfabrication of 3 port ferrite circulators. The experimen

between circular and triangular resonators showed that the triang Iar.
configuration radiatesrthe Ieast.Fig. 5.3. Although the differente ig
small, it provfdes useful information for the design of a low loss| micro-
— .
strip circulator. For filters, the réctangular resonator, which is
nothing but a resonant section of transmission line, is the simplest ' .
structure to use. It also radiates less than the circular or triangular
resonators [5,7,8,9]. The radjation pattern of triangular resonatorst
show a large beamwidth, which is one of the characteriséics of microstrip
structures [16]. The measured E-plane and H-blane 3dB beamwidth is
respectively 180° and 100°. However, a more directional antenna can be
designed with an array of single elements [14]1. The présent study also

shows that the circular resonator is a better candidate for antenna

elements since it radiates more than the triangular one.

»
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—

NS



e

o~}

R
[ X% 7]

5

‘

Fig. 7.2 - Experimental and computed values of Qr_1 versus (ee) and (Er)

computed curve

% experimental points e

(.



APPENDIX A

1. THE COORDINATE SYSTEM

The coordiH%te system for the triangular rescnator is defined

as in Fig. A.1

A point P in space can be described as:

X, =T, sin 8 cos ¢ ) LA
hY . i
Yo = T, sin 0 cos ¢ -..A.2
z =r cos B ...A.3
o] 0 \

- 2. APPROXIMATE EXPRESSION FOR THE DISTAMCE r:

From Fig. A.1 , the distance between the field point P and any

point M on the triangle is:

r = \/(xo-x)2+(yo-y)z+(zo-z)2 ’ ...ALL

Using the far-field considerations, Xo 2> %5 Yo 2> Y, z, > z,

we can neglect the second order terms in x, ¥, Z.

A

~ 2 2 2 _ .
ro= V/Xo YLtz Z(gox tyY o+ zoz) ...A.5

-~ i' -66‘
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L

P(&M%,g)

o|
o

a4

Fig. A.1 - Rectangular and circular coordinate system used
in the theoretical analysis .
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£
The above expression can be simplified to:
xO yC) ZO
S A A --A-6
0 o o

using the binomial expansion and neglecting the higher order terms.

3. TRANSFORMATION FROM CARTESIAN TO SPHERICAL COORDINATES

This transformation can be achieved through multiplying the

cartesian coordinate system matrix by the transformation matrix Eﬂ .

-

sin 8 cos ¢ sin 0 sind - cos O
h} = cos © cos'¢ cos O sin¢d -~ sin B c.WALT
7 = sin ¢ cos ¢- - 0. .

The spherical coordinate system components in t%g§: of the

rectangular components are expressed as:

o
: . . - ‘
Cr = Cx sin 8 cos & + CY sin 8 sin ¢ + Cz cos O
Ce-= Gx cos ?'cos ¢ + Cy\:;;\e sin ¢ - CZ sin 9 ...A.8
C¢ = -Cx sin ¢ + Cy cos & r o waf

b, CHANGE OF VARIABLES

The following change of variables is used in Appendix B to

simplify calculations. Kl

Let, o = X + ‘ ...9.9



And B
Thus X
X

Y

Y

~
Also ¥
dy
-

il

—-g-a—y ‘ ) .--A 10

3 corresponds to o = 0 eeALTT
ay 3
=g = corresponds to @ =7 , e LALT2

+ =2 ) corresponds to B =—— ...A.13

(/? 3 3

( X + = ) corresponds to B = -93-1— ALY

3a ¥ 3a - _

—-__.2“ R y X = —-—--—--2“_ a -3 ...A.15
3a . 3a
5 di , dx = 3 da .. WAL16



*APPENDIX B.

DERIVATION OF THE HERTZ VECTOR FOR THE TRIANGULAR RESONATOR
- Lo

»

~_

In section 3.2, the hertzian vector was simplified to: o

' -jkr jk'( y z )
- -7 30 e 7o o e 3
= J 5 r fe +r y+r z J dt

-1|0><

X
c ® o o

T '

The expression for the current density was:

I

+ > +
J = JT { = HY (X,‘/;h) + HY(X)Y!-h), 'aX

Y

I Hx(x,y,h) - Hx(x,y,-h) ] a

o+

5507 /
"\ -

The above .integration is carried out /sepgrately for each component

b
+ l k (Ee - 1) Ez(x,j,ﬂ) } Ez }//

of the vector T. The limits of integration_¥n the x and y directions are
defined in Appendix A, Fig. A.l; ‘The integration in the z direction is
carried out first and is evaluated at z = h and z = -h since the fields

are assumed constant in the z direction.

- 70 -
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o A xc; . o o % Vo )
S e "k eJk(?“ SR A z) r-—H (x,y,h) + H (x,y,-h)]dzdydx
<= T °o . o J A y
o ,
. .Q‘ Y
' . : kz_h o X y c /
-jkr. ., 0 jk { o 0 .
230 e “o | i X +—y) y
Hx = =g T e’r ﬁe (ro o Hy(x,y,h) dydx .
. @ . ) :
_J'k—zoh -J'k(:g.x + Z—o_ Y)
| e r - e N "y H’y(x,y,-h) dydx
as y(x,‘/,h) = H (X,Y,-h),
| kz_h kzzh
o J= =i
M = .30 e Jkro . "o "o
x = e e e
o] 2]

. et /X N
j/ o eJk ?ﬂx' + y] H (x,y,h) dydx
‘ f,a. o o 4 % . )
- - ‘ - '

- -jkr kz_h\ jk %o Yo o ‘
T 60 e e o e ——x +—y -
Lo=-37 51n( - )ﬂ (ro ry Hy(x,‘/.h) dydx

-||o-<

o]

“Using ‘the same approach for‘Hy and Hz

fx - y fAA—
jk r_—o- x + -‘-_-E’—J .
)Jf e , 0 o Hse(x,y‘,h) dydx -

. -jkr
o kz h

60 e o

I =—-—— sin
k r r

o

4 0.

-1

- kr

f . jk , : L
) 0 o
I, .30 e " (Ee-1) 2y sin kzoh e (—r—x +F_\’) £ ( U)dvd
20 m |z, - ° ° z X Ya R Cyax

F
[o]
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The Timits of ‘integrati.on are:

. - )
- ) . ) ;

] @ 2

---3—‘/_—— x§a6f3_‘and R . SR <y [Xs 2
/3T 3 Vi 3

The above mtegratlons are carried out after performlng the change of

varlables descrrbed in Appendlx A, A

The x component of the vector Il becomes: : -/

kx

0

’j"/B—_ AT 0.1 (smor.cosB)] 3 ¥3a? dRda
- 3x
let ¢ = ;; AHO . (l‘l)z sin kzoh iJk (ro + _r____)
X r r o
o/ o
k
m = 3..:(.._. _}/z_a_ n =k.-.y_ .S._a_
r 27 " 1
) o
Then, ' . - ' N .
m -%‘— \
[ N s J'”B
Hx = C,x / o e’3 e ‘(sma‘gos’B) dadB ;
3 3 ‘
«

-

Jeleomar - = )
e} cosbydy = ——— acosby+h sinby

b2 ‘“+ a2

. Ty

) , . | .
- jkr - T.= Jj o @ _ it
T =580 e sin (kzoh) // > e Ty (?-Tr ¢ as'} e’ T
nx ke o ) % g . '
3 .
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Tﬁerefore,
o
5 - e ejnB . R
Hx = Cx f el 3 sina T (jn cosB + sinB) - do
- ! o _.g_
3
' T T, -
f me jncosg (J-ao_t _J-ng) o
Hx = Cx e’ 3 sina 3 e’ 3 -e 73 & 5i0
© i - n? 1 - n?
N ang
eJS +eJ3 da
The above expression can be r'earranged to:

. T Q- oL a g
R S . [(n—1)eJ3P1'+(n + 1)l T2 (e ) TP
X 41 -n?) o L ¥}

“- TP s TP (1) T P
' ' -
' +(n+1)eJTP7+(n-1)eJ3 Pa]da ~
with Py =m+n+ 4 | Pa=m+n+2 , Py=m-n+14
Pn:='m-n-.l-2,P5_=m+n,—2,, Ps =m+n-—- 4 .
. P =m=-n-2 , Pg=m=-n -4 '
Jw R
< The result of the second integration is:
Y
s / -
ot ( ’ *

v"yga‘,\
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APPENDIX C

COMPUTER PROGRAM TO CALCULATE THE RADIATION LOSS OF A TRIANGULAR RESONATOR

~ The inpug‘to the program consists of the iength of fhe triahgle's
side {mm), the substrate thickness (mm) aﬁd the relative dielectric
.constant. The print-out contains the resonance frequenéy (Hz), the
effective dielectric constant, the radiated power (W}, the stored energy
times the frequency {w}, the persfffige radiated power,.the radiatjon‘Q
and the product h . f {m.Hz). The program uses a computer fibrary sub-

routine to calculate a double integration.

4
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Laade o SRR THES PROGE N SnLLUENTES THE POWER EADIAFREDR

2,000 € FROM A TRIANGULAR SHAFED r:ICF.USTF:I‘RESDIMT(JH fuvekk gk

3.000 C .

I.OO;/t .

5.007°C THIS IS THE MAIN FROG.

6,000 EXTERNAL F,INTFOW,FY1,FY2

7000 CONMUN AsHEFSREL y EFSEFF RO~ 210255 [y 0ArCY 00

3.000 IMFLIGCIT DOURE SRECISTOM (A-Ik .

9,000 © INTEGER YES '
L0000 C WRITEC108.30)

DUoa0n w0 TORRAT/C /.;v CEATIATION AYALTS1S OF THE JRLAISULAE &
10,000 100 NEITECLOR, S

TI.000 5 FORMAT e ENFFR FRTANGLE ST LEMGTH o iftm o« CHHe e
14,000 MEITE (198,510

$,000 51 FORMATCS IM Al wRELATIVE & LFICLECTRIE CONST. -

15,000 _  WRITE(108,32) .

47.000 52 FORMAT( " ALL NUMEERS IN * G* FORM /)

i8.000 READ(10S,1)  ArHyEE3REL

17 . 000 I FORMAT(IG) .

Jo.one FI=3. 11159255800 .
S01,000 A=1,0-38A

22,000 H-1.T-3%1

T Q0 AioLl=5.00

24,000 RO=1.00

15.000 . W= (A%DSQRTI3.000) /3. 00

24,000 HOVERW=1, D0+ (19, DOKH) /1)

27,000 " EFSEFF=((EFSREL$1.010) /2. 00) +{ ((EFSREL-1CH0L2. 10)
23,000 1%(1.00/0SART (HOVERW) ) : A

29.006 EPS=1.0-9/(FIX36.00)

30,000 STENE=(¢EFSRELXEPSKH¥ (AKE) %, DOX (GSART4Z. 002 ) /38, 10
31.000 RFREG=2.08/ (AkISART (EFSREL) )

32.000 STROW=STENEXRFREQ

33,000 WRITE(108,9)

34.000 @ FORMAT /7 /7 /5 7 THE RESONANCE FREQUENCY IN HZ. IS57)
33.000 WRITECLO8,8) KRFREQ '
36.000 8 FORMAT(2X,015.8)

17.000 T OUWRITE(L08:48)
38.000 A4  EORMAT(2X, ™ THE EFFECTIVE GIGLECIRIC COMSTANT 15 )
39.000 NRITEC 108,47 EFBEES -
40,000 _AA  FORMAT(2Y,014.5, 705 }
41,000 n CALL DELEINTG.OIATH 0. 0 14T F0TRHINT s L FY L ET
42,000 1.1+Fx TNTFou\l -
3.000 ¢ S
44,000 C THE INTEGRATION LIMARS ARE  THETA-C
45.000 C FHI=0 TO 2%FI : .
16,000 C ‘ .
a7.000 ANSUER=TINTG/ {2, DKL 20, D0KF )
18,000 LSOROR=( (3, DOXF TERTREGES TEHE Y —ANSUERD / ANGUER
19,500 FIRAD=(ANSRERK L0, D0} AETHF
56,000 . WRITEC108,200

I 1 A
. - f ; } ; - = '.
y ¢ 7 ~ | .
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TL.200 20 FORMAT( —---==  THE RADIATED POWER [ c—eeameo o)
52,000 WRTTE{ 102,21, AMSWE!R
33,000 21 FORMATCION, D146,
4,000 WRITEC103,40)
SUL000 A0 FORMATUS wwemom STORED DHERGY % 1% o’ )
54,000 WRITECLQB, 2t STFOW .
57.000 WRITE(103,70) ' \
58,000 70 FORMAT(IX»’______FERCENTAGE RALDIATED FOWER ______ )
59,0800 WRITEC108,71) [FRAD T
40.000 71 FORMALIIOX, 14, &)
41,000 QORAD= 2L HORETELOO, DG, FREAD
SZL000, WRITE (03, 70 _
53,000 T2 FORMAT(2Mr . ___ CRADIATION 0 Lo
47,000 WRITECLOS, 7L Q01
$3,000 HF =H¥REREQ .
£5.000 WRITE(108,41) -
47.000 &1 FORMAT(/-———- CORKECTED RADIATION QO ~—=—- ‘)
63,000 WRITEZ(108,71) CORGR ’
£9.000 WRITE{108r41)
F0.000 41 FORMAT( w=———reent GKF —mmmmmee )
71,000 WRITE<103,71) HF
o000 WRITE (108,20
T30000 0 22 FORMAT( .0 IF YOU WANT TO CONTINUE EMTER L¢10° NOT ENTER O <)
L 000 READCLO8.24) YES = . ] .
T5.000 24 FORMATILG)
75,000 IF (YES.EQ.Ll.) 6@ O 100
A 77.000 STOF ’\ .
' 72.000 END
72.000 C ] . ////
_80.000 C SECOND INTEGRAL LOWER LIMIT ‘ ~
—‘f\HqEQ.ooo C FH1=0
. sk,ocho c ‘
83.7T00 FUNCTION FYLOXXXX)
34,000 - IMPLIGET DOURLE PRECISION(A=Z)
85.000 FYt1=0%Dho -
86.000 RETURN
azv.070 ENT g
88.000 T
89,000 U SECOND INTIZGRAL UFFER LINIT *
90.000 C FHI=2%3.1414 '
7i.000 @ ! .
P00 FUNCTICN SY20X)40)
$3.000¢ [HPLICIT DDURLE SRECTSION(A=D)
74,000 FY2=3.14159255 41
95,000 FETURN
P4.000 END 7
97.000 C
98.000 C .
29.000 [ THIS IS THE FUNCTION SUR TO CALSULSTE THE TMTEGRAL FON.
L Y 100,000 G T
¢ [ S
) .
. 1
3 _J_r ,
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101,000
102,000
103,600
104.000
105 . 000
104,000
107.000
108.000
109,000
110.Q000
[11.000
: 112,000
hY
\\115.000
114,000
113,009
1146.000
117.0300
118.000
119.000
120.000
121,000
122,000
123,000
124.000
L2300
125,000
127,000
123.000
129.000
130.000
131.000
132,000
133.000
134.000
135.000
124,000
137.000
138.000
139.000
140,000
111,000
142,000
143,000
144,000
Wl 45,000
196.00¢
147.000
148,000
142,000
150.000

C

\\

2

1

FUNCTION LTROWCTHE TR -] »

IMFUICIT DOUBLE FRECISIOMNCA-T: .

NOUELE COMPLEX e IX L g TN e X XA AN v DX S 2K 7 - T N %,
TP Yy P TIY f ZZ v P I ETHETA P EFHI

CAOMMON n.HrEPSRELfEPSEFF,Ro,n101,P!rcixgv.cz
YORO=DSINCTHETAYXICOS (19H) “-\
XORO=DSINC(THETA) XUSIM{FH])
L ZORO=DLCOS(THETAY : .

e LOXF L/ (3. N0XAXDSART (EISREL 1)

GAMHA=REXZ 0RO KM

B S BORIXOROEARDEQRTC 3. 00 -, (2. 008,

P=3 L DORKKY IROEA, L 2L DORET -
FSIL=OSART(ERSREL ) 0 L. 207 xf

FSI2=1.00/ 01 200%F )

GAMMAL=M+N+2. D10

GAMMAZ=M+N-2, 10

GAMMAS=M-N+2, 110

GAHMA4=M~N~2,00

OMEGAL=M+N+4, 00

OMEGAZ2=M+N~-2, 100

OMEGAZ=M+N+2, 00

OHEGAd=M+tN=-4.TIO N
OMEGAS=M-ri+ 4. D0

OHEGA&=H~N-, 110 .
OMEGA7=H-N+2, [0 —
OMEGAB=M-H~-4 .0
ElN-1,00
“H2=N+1. 00
B3=N-2, [0
Ra=N+2.00
D=K¥RO+3.00£X0R0D
CYa3, D1%ntOMarcr |
TRKXROX (2, DOXFI Y 4%D))

CX=CYXDSQRT(3.00)
CZ=(3.DI*PSIZ*(EPSEFF-1.DO)*QIOl*Q.HO*((3.D0$A)**2)*
IDSIN(GnMMA))/(DSGRT(3.D0)*((Q.DO*PI)#*Z)*ZORO*K*RO}
L2=3.00/42.DOK( 1 ~NK¥xD) )" :

L1=3.00/ ¢4, 00-NXxD)

QY1=_1¥B3./GAMHA L - '

QY2=L1%04/GAMMAD

RY3=L1ikHa/GA 3

QY A=LL*E3,/5ATTG

TY1=L2%B1/0MEGAL

TY2=L2%xE1/0MEGAD

TY3=L2%B2/0HEGAS

TYA=1_2%B2/0MEGA4

TYS=L2KB2/OMEGAS

TYS=LIKB2/OMEGAS

TY7=L2%R L /OMEGAY

O*n)*#:)tDSIN(GﬁHHA))/tDSQRT(S.DO)

.



204,000 NI
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151,000 | TY AL 2R AGHE GAL
152.000 IIEDOMPLI (. B0, -1

153.000 AYSEL =TY1ANCOS COMEGA1AF I3, 00) <TY1-TY2KHCOS  OMEGADKF L 3. 16 )
154,000 LETY 24T Y3 DCOSCOMEGATHF I 3, D0 ~ 7Y 3= (A KDCOS COHEGA € 175 . 1 »
155.000 24 4-TYSXDCUS (0 SEPLLI D00 FYSH VGX0COE{0MESNo k13, 109
196.000 I-TY&=TY7XD srﬂgggg?Kﬁf??.u01+rv7+rva*ucnscnntUnaxﬁr/3.uu-
157,000 a-Tyg - zﬂ

158.000 AJDA=TYLXDSINCOMEGALKFI/3. 00) -TY2KDSINCOMEGAZKF T/ 3. 10D
159.000 L+TYIKDSINCOMEGAZXF /3, D0)~TYAXISIN(QMEGHAXFL /3. 10 )

160.000 2-TYSKDSINCOMEGASKPT /3, D0) 4 TYSKDSINCGHEGASGKET /S, 00)

151,000 3-TY7XDSINCOMEGATHFI /3. 10+ TYHXDS TN ( ORE GABXF L/ 3. 10 )

152,000 IXX=OCMPLX (AYSEL » AJDA)

L53.000 - PIX=CXXCDEXF(ZZ)%ZXY

154,000 AYSE=QY 1LXDCOS(GOMMALKE T, 2, 103 —0Y L=GY 2 KDCOS CGARMAY K T/, 1o s
165,000 LEQY2FQYIAOCOS (GAMHAZRF T /3. 00) ~ O 3~QY AXUCOS CGAHMAKE T 1. 10 »
166.000 STRYETY LADSINCOMEGAL KFT/3, 00+ +TY K0S TNCONEGADKF . = . w00 |
167,000 STYSANSIN(OMEGAZNFL/ 3, 00+ TY AKX N OREGAAKE T, 3. [0 ) - TV

168 000 AUSIN(CMEGASKFI/3.00) - TYS*DS TN (@REGASKF T/3.110) ~TY 7%

159,000 SLSINCOMEGAZXFI/3. 000 ~TY3XLSINCGMEGASXRR [ /3., L0 )

170.000 FATOS=QYLXDSIN(GAMMALXFT/3, [0) ~RY2XDS IN (GAMMAZKPT /3. [0) +
171,000 1QYZXDSINCGAMMATXFI /3. N0)~0Y AXISINCGAMMAAXET /3, N0 —

172.000 STYIXDCOS (OHEGALXFI/3.00) ~TY2KNCOS (OMEGAZKFT /3. [0 ) +TYD
173,600 3+TY1-TYIKOCOS(OMEGAZKPI/3.00) +TY3-TY4XCOS(OHEGAARFT /5. 00 )
174,000 AHTYA+TYSKOCOSCOMEGASHFT/ 3. 00) ~TYS Y SXICOS ( OHEGASKF L /3. 10 »
173,000 I=TY&+TY7HOCOS (OMEGATHFT /5. D03 ~TY 74 TYBKUCOS ¢ NHEGADAE [ /3 . ) )
174,000 - &-TYg .

177,000 ZYY=DCHFLX(AYSE,FATOS)

178.000 FIY=CYXCOEXF (ZZ)XZYY .

179,000 FATHA=TYLXICOS(OMEGAL*FI/3,D0) ~TY L+ TY2XKDCOS(OMEGADKFT /3. 110 )
180,000 1-TY2+TYSHNCOS(OMEGAZKIT /3. 00) - TYZ+TY4XICOS (ONEGA4KF T/ 30 D0)
181.000 2-TYA-TYSKNCOS (OMEGASHPL/3, [0+ TYS—TYSKUCOS (OMEGAGKE L /3. 10 )
182,000 I TYE-TYZTKNCOS (OMEGAZHFI /3. 00) +TY7-TYBXNCOS ( OHEGABKF [/ 3. 10 )
1834000 T OA+TYBH(AYIKNCOS(GAMMALKF /3. 00) ~0Y L +AY2KDCOS { BAMHATKE L/ T, NG )
1844000 S-QY2-RYIXKOCOS(GAMMASZKFI/3, [0) +QY3=RY AXDCAS (5AMMA4KE 1 /3 . 00 )
1857000 $EOYAIX0. 500 . .
186.000 INCI=TY1XDSINCOMEGALXFI/3, 0> +TY2 KIS IN(OMEGAZ¥P T/ 3. Ho) +
187.000 ITYSFOSINCOMEGASKFT/3, D0) +TYAXDSIN(OMEGAAXF T/ 3, [10 ) -

188.000 2TYSKDSINCOMEGASKP /3. 00) ~TYSXDS TH ( DMEGAGKFL /3. [10) = -
189.000 STYZ7XDSINCOMEGATKP /3. B0~ T AXNSINCOMEGABKIT /3. DO 14
199,000 AQY LXLISINCGAMMALKFL/S.N0) +AY2XDS TN GAMMAZEF T /3, [10) 07 3%
191. 000 SUSIN(GAMMASKFI/3,110) -OYAXDSINCGAMMAAKFT /3. 10 140 . S00
192,000 ZZZ=NICHFLX{(FATHA, INCI)

193,000 - FIZ=CIXCLUEXF (ZZ)%ZIZ .

194,000 ©

193.oaﬁ\5 © FAR FIELD E-VECTOR THETA AND FH1

196.000 % COMFONANTS .

197,000 ¢ _ '
198.000 ETHETA= (KAK2) K (PIYXOCOS(THETA) XDSINCFHI) +F IXKUCOS{ THETA ) kBEOS (FH T -
199.000 L-FPIZXDSIN(THETA))

200,000 EFHI=(K¥X2)X(FIYKDCOS(FHIY-FIXKDSINCEHT))

201,000 RAIFOW=(COAKS (ETHETA) ) ¥4 24 (COAKS (EFHE ) ) k%D

207,000 INTFOW=RADFOWKISTN( THETA) K R0%K2)

203,000 RETURN

v - ’ \
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APPENDIX D

COMPUTER PROGRAM TO FIND THE RADIATION PATTERH OF A TRIANGULAR RESONATOR

This program requires the startiné poiﬁt (the angles 6 and ¢) in’
addition to A, g'and €. In_the program, & varies from 0 to 9U° with
increments of 100 while ¢ is held constant. Tbe printéd resqu; are 9,
the modules of the far-field E vectof in the 9 direction; the moduies

of the far-field E vector in the ¢ direction and the poynting vector

at that point.

.= 81 ~
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_1.000 C
2.000 C

3.000
4,000
5.000
4.000
7.000
g.000
?.000
10.000
11.000
2.000
13.000
14.000

- 15,000

16.000
17.000
18.000
19.000

20.000 -

21.000
22.000
23.000
24.000
25.000
24.000
27.000

28.000,

29.000
30.000
31.000
32.000
33.000
34.000
35.000
34.000
37,000
+ 38.000

-+ 39,000

40.000
41.000
42.000
43.000
44.000
45.000
44.000
47.000
48.000
42.000
50.000
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THIS IS THE PROGRAM TO CALCULATE THE RADIATION PATTERN
OF A TRIANGULAR, RESONATOR. .
IMPILICIT DOUBLE PRECISION(A-Z)

INTEGER J ‘

DOUBLE COMPLEX ZZrZX1rZXZsZX3+ZX01ZXS,ZX6rZXT+ZX8 s ZXX
1PIXe2YY/PIYs22Z,P1Z ETHETAsEPHI

WRITEC108,11) ‘ -

FORMAT( * === mm ENTER TRIANGLE SIDE LENGTH, SUBSTRATE >
WRITE(L108s12) .

FORMAT(’ THICKNESS, IN MILS, RELATIVE UIELEC. CONSTANT==‘)

READC105r13) ArH,EFSREL

FORMAT (35)

WRITE(108,14)

FORMAT(‘ ENTER THETA AND PHI IN DEGREE )
READ(10S5s15) THETArFHI

FORMAT (2G)

URITE(108,20)

FORMAT(/// /7y === FHI -—=—=="')
WRITE(108,21) PHI ’

FORMAT(G)

WRITE(108,02)

FORMAT(/ /¢y " == THETA -=—=—w HMOD, ETHETA =-==—w MO0, EFHI
1-—=—- POY. VECTQR-=---- )

T A=2,54D~5%A

H=2,54D-5%H ’
W={AXDSORT(3.D0))/3.00. '
HOVERW=1.D0+({10.,DOXH) /W}
EPSEFF=((EPSREL+1.00)/2.00)+(((EPSREL-1.D00)/2.D0)
1%¢1,B0/DSART(HOVERW?))
RO=4.D0 .
A101=1.D0

PI=3, 14159265400
K=4.D0XPI/(3.DOKAXDSORT (EFSREL))
PSI1=DSGRT(EPSREL)/{1.ZL2%FI)

FSIZ=1.00/¢1.202%P1)

DO 100 J=1,10

THETA=THETA/S7 . 295779300

PHI=PHI/S7.295779300 .
YORO=DSIN{THETA)*DCOS(FPHI) .
XORO=DSINC¢THETA)XDSIN(FHI)

=DCOS(THETA) .
GAHMA=KXZOROXH .
M={3. DOXKXXOROXAXOSART (3. B0 ) /(2. DOXFI)
+DOXKKYOROXA/ (2. DOXFIL) _ .
‘GAMMAL=M+N+2.D0 '
GAMHAZ2SHEN-2,D0 ) ’
GAMMAZ=M-N+2.D0

GAMMA4=M=N=2.00

OMEGAL=M+N+4. 00

OMEGA2=M+N=-2.D0

e N

-
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51.000
52,000
53.000
54.000
S5.000
56.000
57.000°
58.000
59.000
£0.000
61,000
52.000

© 63.000

54,000
$3.000
66.000
&7.000
68,000
49.000
‘7¢.000
71.000
72.000
73.000
74,000
75.000
75.000
77.Q00
78.000
79.000
80.000
91.000
92.000
83.000
B4.000
85.000
84.000
87.000
98.000
89.000
?0.000
?1.000
$2.000
?3.000
?4.000
?3.000
24.000
?7.000
?8.000
?9.000
100.000°

>

- 83 -

QHEGA3=M+N+2. D0
QMEGA4=M+N—4 ., D0
OMEGAS=M~N+4.00
OMEGA&=M=N=2. DO
OMEGA7=M-N+2, D0
OMEGA8=M-N-4.D0
B1aN-1.D0

B2=N+1.D0

B3=N-2,D0
B4=N+2,D0

1DSINTGAMMA)Y ) /(DSAORT (3. 00
2=3.D0/(2.DOX(L=NXX2))
L1=3.D0/(4.00-NX%2)

AY1=L1xB3/GAMMAL
GY2=L1xB4/GAMMAL
AY3I=L1XB4/GAMMAS
QY4=L1xB3/GAMMAS
TY1=L2%B1/0MEGAL
TY2=Lo¢E1/OMEGAD
TY3=L2%B2/0MEGAT
TY4=L2%B2/0MEGAS
[ TYS=L2XB2LAMEGAS
TYé:LE*B:ﬁbNEGﬂé
TY7=L2%B1/0MEGA7
TY3=L2xB1/0MEGAS

ZZ=DCHPLX(0.DO»-0)
AYSEL=TYLXDCOSC(OMEGALXPI/3.00)-TY1-TY2X
1+TY2+TYIXKDCOS(OMEGASXPI/3.00)~TY3I-TY4*DCOS(OMEGAIXPI/3.00)
2+TY4-TYSKDCOS(UMEGASKPI/ 3. D02 +TYS+TYSXDCOS(OMESASKPL/3.00) .
3-TY6~TY7}DCDS(GHEGA7$PI/3.DO)+TY7+TYS#DCUS(UHEGAB*PI/3.DO)
4-TY8

OXXOROXK

*

((2LO0XFI)ER2IXZOR0OKK &

-

r

alolm:.noxccs.noxaiizé>i

100

AJDA=TY1*DSIN(OMEGAIXPI/3.DO)-TYE*DSIN(DHEGAE*PI/S.DO)

ZXX=DCMPLX(AYSEL»AJDA)
PIX=CXXCDEXP(ZZ)%x2ZXX
1%PI/3.00)-QY1-AY2XDCOS(GAHMAZYFI/3.D0)

AYSE=QY1xDCOS(GAM

'

1+TY3#DSIN(DHEGQS#PI/3-DO)-TY4*DSIN(0HEGA4XPI/3.Dp)
2fTY5*DSIN(OHEGﬁ5#PI/3.DO)+TY6$DSIN(DHEGAé*PE/3.DO)
3-TY7XDSINC(OMEGA7%¥PI/3.D0)+TYIXDSIH(OMEGABXFI/3.D0)

»

{YSJ

¥

. X .
DCOS(OMEGA2¥PI/3.D0Q)

s

1+QY2+QY3IXDCOS (GAMMASXPI/3.D0) ~QAY3-QY 3XDCIS ( GAMMHASXP I/ 3, DO)
2+GY4+TY1*DSIN(GHEGAIXPI/S.DO)+TY2XDSIN(OHEGH2*PI/3.DQI+
ITYSXDSINCOMEGASAPI/ 5. B0+ TYIXDSIN(OMEGASXPI/S. D0 ) =
4DSIN(UHEGA5*PI/3.DO)—TY&*DSIN(0HEGA6#PI/3.DO)-E;T*
5DSIN(OHEGG7*PI/3.DO)—TYB*DSIN(DHEGAB$P1/3.DO?
FATOS=QY1X¥DSIN(GAMMALAPI/3.00) -QY2KDSIN(GAMMAZXPT /3. 00)
LOYSHDSIN(GAMMASKP I/ 3.00) -QY4XDSIN(GAMMAYXPI,/ 3. 0) -

-



© 101.000
102,000
103%00
104,000
105,000
106.000
107.000
108,000
109,000
110.000
111,000
112,000
113,000
114.000
115.000
114.000
1174000
1187000
119.000
120.000
121,000
122:000
123.000
124,000
125,000
124.000
127.000
128.000
129.000

130.000 -

131.000
132.000
133.000
134.000
135.000
136.000

v
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ZTYI*DCOS(DhEGAl*PI/S.DO)-TYQ*DCGS(DHEGAE*PI/S.DO)+TY2
3+TY1-TY3*DCDS(UHEGA3*PI/3.DO)+TY3—TY4*DCUS(OHEGA¢*P[/3.D0)
4+TY4+§Y5*DCDS(DHEGAS*PI/3.DO)—TYS+TY6*DCOS(U@EGAé#PI/3.DO)
5—TY6+TY?*DCOS(DHEGG?*PI/S.DO)-TY7+TY8*DCUS(DHEGQQ&PI/3.DO) -
4-TY8

ZYY=DCHPLX (AYSEFATOS)

FIY=CYXCDEXP{ZZ)*ZYY
FATMA=TY1*DCUS(DHEGAI*PI/3.DO)~TY1+TY2*DCDS(DHEGAZ*PI/3.UOJ
1*TY2+TY3*DCOS(DHEGA3*PI/3.DO)—TY3+TY4*DCUS(DHEGA%*PI/3.DO)
2—TY4~TY5*DCDS(0HEGA5*PI/3.DO)+TY‘—TY6*DCOS(UHEGA6*PI/3-DO)
3+TY6~TY?*DCUS(OHEGA?*PI/3.DO)+TY7—TYB*DCDS(0HEGAB*PI/3.UO)
4+TY8+(QYlTDCDS(GAMMﬁl*PI/3.DO)-GY1+QY2*DCUS(GAHHA:*PI/S.&O)

: 5"0Y2~GY3*DCUS(GAHHA3*PI/3.DO)+QY3—QY4*DCOS(GANHA4*PI/3.DO)

S+QY4)%0,5D0 . . ‘ L
INCI=TY1*DSIN(DMEGAI*PI/S.DO)+TY2*DSIN(DHEGH2*PI/3.DO)+
1TY3*DSIN(DHEGH3*PI/3.DO)+TY4*DSIN(DHEGA4*PI/3.DOJ— ).
27Y5¥DSIN(OHEGA5*PI/3.DO)—TY&*DSIN(GMEGA&*PI/3.D0)—
3TY7*DSIN(DHEGA?*PI/3.DO)—TYB*DSINCDMEGAB*PI/S.D0)+(
40Y1*DSIN(GAHM91*PI/3.D0)+QY2*DSIN(Gahﬂﬁ:*PI/3.DO>—0Y3x
SDSIN(GAHMAE*PI/S.DO)—DY4*DSIN(GQMHA4*PI/3.DO))XO.SDO . -
*ZZZ=DCMPLX(FATHA» INCI) ‘ : Tl
PIZ=CZXCDENXP(ZZ)XZ27 L. : .
ETHETA=(K**EL:L?IY*DCDS(THETA)*BSIN(PHI)+PIX*DCDS(THETA)*DCDS(PHI
1-PIZXDSIN(THETA)) . .

EPHI= (K¥X2}%(PIYXDCOSC(PHI)-PIXXDIIN(PHI) )

MODETH=CDABS(ETHETA} :

MODEPH=CDABS (EPHI) _

POYVEC=( (MODETHX%2)+ (MODEPHX¥2) ) /(1 .2D7%FT) -

THETA=THETAXS7. 295779300 :

PHI=PHI¥57.2957793D0 i
WRITE(108,23} THETA» MODETH, HODEPH r FOYVEC

FORMAT (7Xr 13, 4XrD16.8+2XsD16.8,2X:D16.8) ' -
THETA=THETA+10.00 _ “
CONTINUE - - oo : '
STOP S
END
4+
¥ N
a . '
A 9
- " -
a
.
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