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ABSTRACT

" The electric fleld breakdown in various E-plane transmission lines is investigated,
in-the frequency range from 1 to 140 GHz. The influence of frequency, pressure,
temperature and inhomogeneity of the applied fleld on the breakdown field value
is discussed. Application to finline structures is presented, and the peak power
handling capacity of these lines is determined theoretically, using a convenient quasi-
static approach that can be extended to many E-plane structures. The theoretical
analysis in this thesis is evaluated by two numerical methods, namely, the Finite
Element and the Boundary Element Methods. In order to test the accuracy of
both methods, experiments were performed in static operations and at 9.6 GHz.
-Comparison between experimental results and thec:retical prediction are presented.

It is found that the peak power handling capacity of finlines, although much
lower than that of the empty waveguide structure, is still much above levels of
power that solid-state devices can presently generate in pulsed operation.
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Chapter 1
INTRODUCTION

oA

With the ir;creasing activities in the millimeter-wave field, much attention has
been paid to planar transmission media. Among them, E-plane structures may be
purely dielectric, purely conducting or a combination of both in the form of fins
or strips on a dielectric substrate which is in the-E-pIa.ne of the dominant mode
of-an empty rectangular ;wa.veguide. More specifically, finlines are inhomogeneous

types of transmission media which are frequently used in microwave integrated cir-
cuits because'of their favorable properties, such as low dispersion, broad single mode
bandwidth, moderate attenuation, and compatibility with solid state chip devices.

The prcseﬁt: work treats one aspect of the power limitation, namely, the break-
‘down phénomenon which is the I;lajor factor that limits the power for radar pulse
signal tranbrmbswns This is determined by the maximum electric field strength that

can exist in a given structure. Indeed, for this type of narrow pulse signals, one can
legitimately assume that , due to the relatively low average power involved in those
cases, dissipations in the dielectric substrate and in the conducting strips are not
important. Hence, breakdown in the air.or in the dielectric will occur much before
any significant heating of the structure, even at high frequencies at which dielectric
losses and dissipation in the conductors become important.

A quasi-static approach is proposed to determine the maximum electric field
strength value from which the corresponding mgximum power, that the line can sus-
tain, is derived. This approach simplifies considerably the numerical procedure as
compared to the dynamic approach. In addition, it can be applied to other types

of E-plane structures such as copla.na.f waveguides, slotlines, coplaﬁa.r striplines etc.

Finally,\xthorough investigation bf the effect of frequency, temperature, inhomoge- .

neous characteristic of applied electric field and pressure on the breakdown electric |,
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field value is proposed. The effects of superimposed DC field that results from the

biasing of solid state components as well as DC magnetic field produced by ferrite

elements are also discussed.

-

1.1 Motivations

.
L]

— -

Most e:fforts in the millimeter-waves range has been directed towards the deter-
mination of the propagation coefficient and characteristic impedance. Howevdyr, no
data on the power handling capacity of transmission media are available, yet it is of
great importance regarding their utilization in radar systems. Indeed, there is a trend
towards complete integration of receiver/transmitter systems in planar technology.
Power-handling capacity has not been a predominant factor, because of the re'lat‘ively
low power that solid state generators can produce. With the recent development of

relatively high-power solid state sources at millimeter waves, as reported by Bhartia

- and Bahl [1], there is a growing concern about the power that the transmission media

o
can sustain.

+ Morcover, ionization in gas subjected to alternating electric fields differs in sev-
eral important respects from ionization in steady (d.c.) fields. The major factors for

air breakdown are the gas pressure, the mean free path and the frequency, however,

no data on how these factors affect the air breakdown at millimeter wave frequencies

is available.

e . . . ‘ . .
Finally, a quasi-static approach allows one to study peak-power handling capacity
of a wide variety of planar structures with relatively low computation cost since one

deals with two-dimensional problems in this case.
1.2 State of present knowledge

Very little work, theoretical as well as experimental, has been done on the power-

handling capacity of transmission lines in the millimeter-wave range, probably be-
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cause the potential use of planar technology at relatively high power is quite recent.
A pioneer work was carried out by Hopfer [2] on the power-handling capacity
of ridged waveguides with realistic profiles. A quasi-static approach was used, the
maximum power was evaluated by considering the electric intensity at the center of
the guide being equal to 30 kV per-em, which is the static air-breakdown value. Since
the electric ﬁcld-streng'th at the edges of the ridge is normally mﬁch higher than at

A. the center, correction factors were utilised. '
More recently, an intefesting study on the power limitation for dielectric waveg-

uides was reported [3|. For single HE mode transmission, the limits imposed by

dielectric heating and dielectric breakdown were investigated. The approach for di- -

electric hez';ting was to find the power level that will cause the temperature at the
center of the dielectric.rod to reach its melting point. One remarkable conclusion
was that, theoretically, limitation due to the dissipation in the dielectric would occur
before breakdown, for CW signéls. This ob‘serva.tion is also true in the case of E—plané
structures where the CW-power ca})ability is always much lower than the peak-power
rating. |

From [l], the power-handling capacity of unilateral and bilateral finline has been
_evaluated using a static approach: Since the edge profile was unknown, semi-circle
and double semi-circle edge profiles were assumed. Electric field was computed us-
ing Boundary Element Method(BEM), however, the field value near the conducting
strips, which was of particular interest in this case, was calculated from the-sur-
face charge density distribution, which turned out to have some discrepency with
experimental data. Subsequent comparisons with results obtained with Finite Ele-
ment Method(F EM) confirmed that BEM was not suitable for geometries containing

quasi-infinitely thin subregions.

-t



-4~

Chapter 2
. )\ THEORY

2.1 Introduction

..

Since one is only interested in the breakdown field value, one hz;s to determine
the field configuration of a given structure and seek the maximum field strength.
Consider the structures of the finlines shown in Fig. 2.4. The electromagnetic fields
are concentrated around the planar structure and one may assume that the maximum
field value will be located somewhere in between the fins.

This type of waveguides is ﬁigllly inhomogeneous Ex_.nd the methods to evaluate
the electromagnetic fields are rather involved. In addition, since thd fins are generally
'not insulated from the enclasure, the dominant mode is not Transverse Electromag-
netic {TEM). Even if they were insulated, in order to aliow biasing of solid state
devices, serratiorL would b(,; made 'on the conducting strips to suppress the TEM
mode, enabling a mono-mode operation at high frequencies. In fact, the dominant
mode is even not purely TE or TM but hybrid. In addition, to avoid singularities
in the electric field values that arise at the édgg:s of the conducting sirips, realistic
profiles should be used. Unfortunately, numerical methods such as Spectral Domain
(SDM) (6], Hybrid-Mode analysis (HMA} [7], or Transmission Line Matrix (TLM) (8]
are difficult to implement for such geometries. In this approach, one sh;"zll consider
the guide near the dominant mode cutoff, where all higher order modes are greatly
" attenuated. The dominant mode ca.ﬁ be approximated as quasi-static in between the
f_ins, where the maximum electric field strength should appear. This allows one to

use a static approach to solve the problem and simplifies considerably the numerical

procedure.

Various ;nethdds have been proposed to solve electrostatic problems. The most

well known are the Finite Element (FEM) (16] and the Boundary Element methods

4]
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(BEM) [9}[22], they will be described and compared. The FEM uses differential
\_nperft/ors whereas the BEM applies an integral equation formulation of the problem.

/ The variational differential equation formulation related to FEM is computationally
simpler and requires no extra equation for the interi'ace problem. For BEM, generally

smaller systems of equations and considerable reduction in the data is requireci to run

a problem. However, the unknown potential has to be found indirectly subsequent

to source distributions which have to be first evaluated.
2.2 Assumptions -

Although a quasi-static approach is used for the maximum field st'r-e.r'_l-‘gth COmpl;-‘
tation, the corresponding power transmitted through the guide must be determined
with other methods tha.t. accoun-t 'fo; the non-static character of the electromagnetic
field in the entire structure. In other words, the characteristic impedance of the line,
which is frequency dependent, must be evaluated. Then, the power can be-dctermined
by the following relation :

Ve

Praz = SLEs ’ o 21

where V.- is the maximum static voltage corresponding to the maximum static
electric field strength permissible before breakdown, and Z; is the power-voltage
definition of the characteristic impedance of the line. The above relation is approxi-

mately valid over the ﬁﬂst part of the operating range in the dominant mode for the

following reasons :

(i) Analyses of the electric field configuration above cutoff with the SDM shows that
electric field components were neglected with respect to the one in the transverse
plane parallel to the substrate. Consequently, E,.,: remains approximately at

the static value.

(i) As the frequency increases, the electric field tends to confine itself within the



.
dielectric in which the breakdown value is about 5 to‘IO timnes larger than in the
air, depending on the type utilized. ]
(iii) The characteristic impedance which is determined by the SDM for infinitely thin

conductors, changes only within few percents when their thickness is taken into

account [10].

Finally, it can be safely assumed that the realistic profiles of the conducting strips

does not change the value of Zy significantly.



2.3 Finite Element Method

The FEM, which is based on a variational technique, is algorithmically simpga.nd
efficient. The variational method utdlizes certain minimizing principles that gua.ra.nt}e\
stable convergence for assoeiated numerical processes [23]. A functional, which is a
mapping from a function spax;é to the ;Eeal or complex space, (usually proportional
to a physical quantity such as ‘energy), is derived from the fundamental equation
associated with its boundary conditions, in terms of the unknown function. The
vari_a‘tgpal method finds the unknown function that minimizes the functional.

) ,

—A4onsider the following equation

Lu

Il

-
-
—_
L
| %

where L is a linehr operator associated with boundé.ry conditions, u, the unknown
L]
function and f,the enforcing (input) function. It can be shown {16] that the functional

associated with (2.2) is given by

F:(Lusu> _2<uaf)a

—_—
[
[l

P

where {-,-) indicates inner product in the iunction space, which is expressed by:

(u,v) = fnuu- dq, (2.4)

where 1 is the region of interest and « denotes the conjugaté. Pictorially, the inner
product gives the component of the function u in the direction of v.

In the case of electrostatic problems, for instance the functional is given by

[ &
<]
—

Fé) = /ﬂ e(V$)2dn, | (

which corresponds to twice the amount of stored electric energy in the system.
A function u which minimizes the functional {2.3) is a solution of (2.2). If the
operator L is seif-adjoint and positive-dc_ﬁnite, then the solution u is unique. Self-

adjointness is required for stationarity of the functional and to prove the minimal

ey

e
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functional theorem, an operator is said to be self-adjoint if the following condition is
. <

* fulfilled :

(L, v) = (u,Lv). . | (2.6)

Self-adjointness of an operator depends upon the associated bbundary conditions. To

prove the minimal functional theorem, the operator must be positive-definite:,

- >0; u#£0 .
(L, v) { =0; iffu=0, (

tw
-1

Positive-definiteness of a linear operator L ascertains a unique solution.
To minimize the functional (2.5), one can use different methods. For instance,
-the Rayleigh-Ritz method is a direct method which uses thé™imear propefty of the

operator L. First, the unknown u is expressed as a linear combination of trial or b\m:>

functions:

. n

Un(r) = asuylr), o (2.8)

i=1
' . . - . .
where each basis function u; satisfies the boundary conditions and the coeffi-
cients a; are the unknowns to be determined. -
The Rayleigh-Ritz method approach concerns a specific class of operators,

namely, positive-definite bounded below. Which implies that the operator L is

positiaﬂeﬁnite and if there exists a positive number +* such that
(Lu,u) > 7% (u,u), (2.9)

for all u, then L is considered as bounded below. With this two constrains, it guar-
antees that for (2.2), the solution is unique and it is the minimizingksolution for the
functional (2.3) [23].

All trial fuﬁctions used in (2.5) musrt satisfy the Dirichlet boundary conditions

while Neurnann boundary{gmaditions are natural and do not have to be imposed.

Inserting (2.8) into (2.3) yields a matric equation whose unknowns are the a,'s.



Using the matrix notation

gt=[a1,a2,...,an ) ° (2.10)

we can write

Un=g'u=u'a, (2.11)

where @ and ¥ are column matrix having n elements each. Now insert the trial

" function into the functional, one obtain

F(Un)'= a'(Ly,u’)a - 22" (u, f) . | (2.12)

¥

To minimize the functional, we have to select g such that
y

ai(g") =0 (2.13)
From (2.12)
%;F = a_gg* ((Lu,ut)a) + %.((L'E,u‘)r_l)tg ~ Za—i(g, Iy
e %(am,ut) Ja-2(x, 1) (=:1)
= (L, u')a + (Lu,u*) e - 2(, f) k

Since L is self-adjoint and the transpose of a matrix product equals the product of

the transposed matrices in reverse order {2.14) becomes

aF N R
57 = ALluufa—2(y, f). : (2.15)

Hence, the minimum value of F is obtained by the condition:

(Lu,u)a = (4, f), : (2.16)

e

which, in matrix notation, is written as

Aa=b. " g (2.16)
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Due to the property of positive/negative definiteness, there is a unique solution
for a [30]. Also due to self-adjointness, A is symmetric. Consequently, only the

upper (or lower) triangular portion plus the diagonal terms of the matrix need to be

computed.

“

The FEM approach uses an assemblage of functions defined only over finite
regions to approximate the unknown in a piecewise fashion. The region is usu-
ally divided into triangles for two-dimensional problems and tetrahedrons for three- l
dimensipnal problems. Since Laplace’s equation must be solved, the functional is
formed by the summation of all the sub-functionals corresponding to each triangle or

subregion. Thus from (2.5):

~Y R = Z[ e(Ve) d, . (2w
t t 12

. . [N
where the permittivity €, is assumed constant in each subregion but may vary from

subregion to subregion, to accomplish the interface conditions for inhomogeneous

problems.
2.3.1 Single element ' T

It is best to consider a single element, (shown in Fig. 2.1) and then, move to the

-

more general structure. For two-dimensional problems, the potensial in cach triangle ‘

is approximated by a polynomial in the two space coordinates z and y. For a lincar

approximation, the trial function becomes:

$(z,y) =co + c1z + cay, (2.19)

where there is a total of three variational parameters per triangle.

It is preferable to express ¢ in terms of the node potentlals i, qu, and ¢x. With

{2.19), this can be written in the matrix form :

1z oy o ' &i
1 z; y €1 = @;

(2.20)
1 zk yk c2 /' P

L]
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Fig2.1" A single first-order element for the FEM procedure.

Using Cramer's rule, the unknown coefficients ¢, (n =0,1,2) are given by

| | | |
L Yo, | Tk Yk TR FO
Cy = 4 Oy _”'_? J | T @5 ek :. ' e 24
s-‘ﬂc_lrcl |I1. yzi ‘-E_‘,' Yy

IR | 1y, ~
— Lo yk a4 yi T y]‘ 'y ‘1
I I | !
] Iyl ol ozl UL S ‘n
€= {01! 1oz | 797 | qu I ozi|(/™

where o4 is the area of the triangle.

Substituting this back into (2.19), we obtain

J .

¢ = {[(ijk ~Tiy;) + (¥ — yi)T + (7 - Ij)y]fﬁi
‘+Hum—mm%Hm—wh+hr¢Hﬂ@
+ [(zvi — ) + (v — v)z + (25 — =:)y] dw }/QA ;

or

‘25(113}) = a,'(:r:,t)QSf + a_j(:-r:a7 )Q’] + G.k(.r, y)@: ]

——
2

P )
ta

to

to
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where a,(z,y), n = 1,7,k are linear interpolatory functions of the independent coor-
- . F *
dinates and are defined for the ﬁrst-di‘gjpproximation as follows:
a; = [(:cjyk - Ikyj) + (yj - yk):c + (xk - :cj)y] /2A, (2.2-!)

where the subscripts may be circularly permuted in the sequence 1, 7, k. Note that at

the position of the node 1,

1; n=1 oo
ai(xn';yn.) = {0. n =J. or k o (.3.:3:)]

and along the triangle side joining node t to node j:
ag(z,y) =0. ) (2.26)
This ensures that the potential is continuous. between adjacent triangles. The poten-
tial along the triangle side joining nodes ¢ to- 7is |
¢ = ai(z,y)di + a; (x.,y)qu . : (2.27)
Hence, the Dirichlet cor;dition can be satisfied- by the propertics of the trial function.

In two-dimensional Laplace’s problem with € = 1, the functional (2.5) can ap-

proximatély evaluated as follows

F :/ (Vé)*dzdy = (Ve)*A, (2.29)

slement

where
(st’)g.: (Vaipi + Va;9; + Varde)*
= {[(yj = yk) T+ (2 — z;) 7] 6 + [(wk — vl T+ (2 - l;k)i']ﬁf’J‘
+ [(yi — y5)T+ (25 = 24)7] ‘f’k‘}?/‘i’ﬁ
= {[(yj —yk)® + (zk — 25) %) 67 + [(vk — wi)® + (0 — zx)*| 87
| (2.29)
+ [(yn—u7)* + (=7 — 2:)%] 6%
+2{(y; — yk)(wk — ) + (zx — ;) (20 — k)| bib;
+2[(yj — va) (we — yj) + (zk — z5) (g -Méa(ﬁk

+ 2{(yk — vi)(wi — y5) + (=i — zx)(z5 — 7)) bk }/44‘12 ;
\
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.

and A is the area of the single element. To minimize the functional (2.28), one has

to take the derivative with respect to the unknowns:

aF 1 '
57 = 4 {1 —we) + (@ - )8,

+ (w7 — va) (ye — w) + (ze — z;) (zi ~ z1)] 5 (2.30)

+ [(v5 = ve) i —v3) + (zx — ;)77 — )] b

The equations for g—f—, and 5‘33%. are derived in a similar manner. These equations
7

can be written in matrix form as:

aF 1 L[ S S sik o ‘
6_(;5 = ESQ = E Sji S5y . Sk (f)_:,' ) (2.31)
= Ski  Skj Sk Pk -

where the diagonal elements are given by

1 2 2 2
Si = — (yj —we)? + (z; - zx)?] (2.32)
and the off-diagonal elements by
1 . , "fv
Sy = =2 [(wi — i)y —w) + (= _-Ik)(le_ z)l . (2.33)

If one deals with dielectric subregions, the permittivity of the region defined by
a triangle, in which it is supposed constant, will multiply (2.31). f
Note that the matrix § is symmetric. This can be easily seen by interchang-

ing ¢ and 7 in (2.33). In order to find the stationary point of the functional,(2:12), it

was mentioned before that (2.31) must be set to zero, which yields

Sii i Sik i /0 __ B
Sji Sj5  Sjk ¢ |=10]. (2.34)
Ski Skj Skk P 0

For the triangle subregions having a node point on a Dirichlet boundary, the-
potential at this node point is known, say g¢;, and is not a variational parameter.

Consequently, (2.34) can be written in the following matrix form: -

.

y - . g
-8y 855 Sk é; | = 0 : (2.35}
Ski  Skj  Skk b | 0 :



)

Finally, after rearrangement, one obtains the final systems to be solved:

Sij Sk N[ 67\ _ { —gisyi o
(sg sik) (qﬂ‘i) B (‘9;‘51;) ' (2:36)

for-each. triangle, having one node on a Dirichlet boundary. Finally, for triangles
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having two nodes on a Dirichlet boundary where the potentials (say ¢; = g; and ¢; =

g;) are known, (2.34) becomes

(skx) (%) - (—giski — gjsky) - (2.37)

A general matrix relation can now be written for the whole structure, accounting for

all triangles:

Sl = bl | (2:

e
-
o
-—

in which (S]isanxn a'\<m::ric matrix, where n is the number of nodes at which

| i1s a column vector containing the unkmown node

the potential is unknown, )]

potentials and [b] is a column vector produced by the known Dirichlet boundary

-

conditions. Then, the unknowns can be solved, using stm:[dnrd techniques such as
the Gauss elimination method.

After solving (2.38), the potential and the electric field at any point in a triangle

.

can be evaluated as follows:

i) From the potential of the three vertices, the unknown caefficients ¢y, ¢y, ca are
obtained by solving {2.20).
ii) The potential at any point within the triangle is found from {2.19).

-1ii) The field is calculated by:

" (g2 — ) _F

2.30
] (2.39)

where the direction of the field is shown by Fig. 2.2.

"o -



Fig. 2.2 Field direction between two elements.

[0

4 B‘()llll(i:lry Element Method

The BEM is a technique which offers an important potential advantage over
other types of solutigns, such as the FEM and the finite differences method. This
i3 due to the fact that the BEM lowers the dimension of the problem by ore unit.
t.e., from domain types to boundary types of problem. This, generally, requires much
smaller systems of equations to solve. Also,.the amount of data to be manipulated
is correspondingly reduced. This method is also well suited for unbounded demains,

where other methods require approximated boundary conditions. -
2.4.1 Integral Equation Formulations
For a source of unit strength located at the point 7/, the corresponding poten-
tial G(r,r’) satisfies the differential equation [29]
VG = —6(r —r'). ' (2.0)

The Green'’s function G is.a function of both the point of observation and the source

point. If G is required to possess spherical symmetry and to vanish for Iri = oo,
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(2.40) is uniquely solved by the free space Green’s function

\ " L
ifr)—_-m, (211)

which is valid for an n-dimensional space, where n 27 3, (except for the coeffi-

cient 1/47}. For two dimensional problem (n = 2), the Green's function is

-

c 1 ' - -
Gir,r) = —5 loglr —#'|. ’ , (2.52) -

Once the solution for a unit source is known, the solution for any given arbitrary

source distribution follows at once by superposition, i.e.,

where p is the volume charge density.

Now, consider the case where the charges are distributed on a surface S with a
sugface density o(s). This type of_dis,tribution is called simple layer Clmrge distribu-
tion. Thus the integral (2.43) has to be performed on a surface where the single layer

distribution exist, which yields:

é(r) =/G(r,s’)o(s') ds', (2.14)

where the Green’s {unction is given by (2.41}, or by (2.12) for two-dimensional prob-
lem. This integral is well defined for all r ¢ s and satifies V¢ = 0.
Il the observation point is on the surface, one can show [29] that the ahbove

integral remains bounded (Dirichlet condition} . Thus (2.44) becomes

+

. /G(s,s')o(s') ds' = ¢(s) = g(s), (2.45)
i 4

where g(s) is the known poiential on the surface S. One can write (2.45), in the

operator form or as an operator equation

Ko=g. © (2.46)
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The three-dimensional nature of (2.44) is transformed into a two-dimensional
integral equation, which is called a Fredholm integral equation of the first kind. For
a given Dirichlet boundary condition, o(s) can be solved using (2.45).” Then ¢ is
found everywhere using (2.44). The integral operator in (2.46) is self-adjoint (due

" to the symmetry of the kernel) and positive-definite, the corresponding functional of

(2.46) is thus given by [24]:

F= / / o(s)a(s') Gls, &) ds' ds — 2 / o(s)é(s)ds, - "(2.47')

where tHe integration takes place over all charges. The funr;tion o(s) th_a.é minimizes
{2.47) is also the solution of (2.46). For instance, it can be found by using the
Rayleigh= method. Alternatively, (2.46) can be directly solved by using a ménment
@)‘j:::dure. For a two-dimensional problem, integrations take place over linear
distributions of charges, and the Green'’s function is given by (2.44).

When diclectrics are introduced, their effects are replaced by an equivalent fic-
titious single layer distribution of cha.rges.. The normal derivative of the potential at
any point outside S is given by

%(r} = /;a(r)%(r,s') ds'. . (2.18)
If r is,on S, Stakgold [29] showed that the normal derivative is discontinuous and the

potential (ycuma.nn condition) is given by

a 1 a ‘

2(s) = +20(s) + / a(s')a—j(s,s') ds',  s€ES, (2.49)
‘where the sign depends on the direction of the normal of S. Equation (2.49) is a
Fredholm integral equation of the second -kind. If Neumann boundary conditions are
known on S, (2.49) can be solved for the fictitious charge density o(s) {referred some-
time as polarization charge density). However, one shall see that it is not necessary

to introduce the Neumann boundary conditions.
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On either side of the interface, (2.49) is written as

a¢ . O'(S) ' aG f ! | 7o

()= +/Ja(s)-a—n;(s,5)ds , | (2.504)
a_'['ld | +3

aé ,, _ ofs) n9G, ., oy =

. (s) = Tt /30(5 );9_;17(3’5)‘1‘5 , (2.506)

where the normals n, and n» point towards and away from the interface respectively.

as shown in Fig. 2.3
——

Fig.2.3 Geometry of Integral Equation-problem.

[

Substituting (2.50b) from (2.50a) yields the polarization charge distribution
dé ao , ..
0(5)*55(5)—87;(5)- (2.

b
T
—

This expression illustrates that the discontinuity of the electric field normal com-
ponent across a dielectric interface, can be described by a fictitious surface charge

distribution. Finally, one has to introduce the interface condition

9 9 -
Ela—r(i(s) - 525%(5) , (2.52)
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L ]

where £; and €2 are the permittivities on either side of the interface. This assumes

the continuity of the normal component of the displacement field across the inter-
face. Indeed, one shall remember that only fictitious or polarization charges exist on
dielectric interfaces. Substituting (2.50) into (2.52) yields the operator equation

Ko(s) = 52—;&10(5) + (2 — 1) la(s’)i—f(s,s’) ds' =0. (2.53)

Thus, if one specifies the potential values at the conductor surfaces S and calls Sy the
interface between media of different gbrmittivities, from (2.48) and (2.53) one has to

solve the following coupled integral equations:

/ o(s")G{s,s") ds' = ¢(s), son Sc, (2.54)

So+Sr ‘

f1% Eja(s) + (e, — Eg)/ a(s’l%’-(s,s') ds'=0,- sonS;. (2.55)
2 S5 | aon

These two equations can be solved, for inétancc, using the Method of Moments,
which includes the Galerkin and the point matching (collocation) methods [29]. Un-
fortunately, the operator in (2.55) is not}self—adjoint because of the non-symmetric
kernel. Consequently, Rayleigh-Ritz procedure may not converge, since the station-
arity of the functional is not verified in this case.

The_major disadvantage of BEM, as compare to FEM, is that the potential is
.not calculated directly from the knc.'wn boundary condition. Instead, the charge
distribution, ¢, has to be evaluated first, and then the potentiall is found by (2.44)

where the integration takes place on all charge distributions, real and fictitious.

2.5 Application to Finline Structur_'es e

3
A general illustration of finline structures with their waveguide enclosure is shown

in Fig. 2.4. Slot is etched on the conductor on a dielectric substrate (usually RT-
Duroid) which is used for mechanical support. “The planar structure is sandwiched

between two halves of a waveguide, in the E-plane of the dominant mode.

u
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Fig.2.4 Geometry of a typical E-plane line (Finline)
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< " a=7.112mm .
Z '\
Z
/ b /2=1.778 mm
é |

a) unilateral finline

) 12=1.778 mm

b) bilateral finline - {.p

Fig.2.6 Caontour plot of equipotential lines for (a) unilateral
and (b) bilateral finline reciprocal structures fpr
WR-28, obtained with the BEM program. Gapwidth

d=0.5 mm, conductor thickness g =17 pm and sub-
strate thickness s =254 |tm.
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The quantity of interest is the field in between the two conducting strips.- If
the gapwidth d is small as compared with the height b of the waveguide, one can
use the image technique to obtain the structure shown in Fig. 2.5b), which is the
reciprc.)cal of the real structure shown in Fig. 2.5a). The ‘.f"potentiaTl between the two
conducting‘strips at (a) is equal to twice the pote'ntia.l between the conducting strip
and the waveguide housing for similar field value. Due to axial symmetry, only the
part above the dotted line 1s considered. Dirichlgt bounciary conditions are given by
the potential on the waveguide housing held arbitrarily ;‘.t 1 volt, and the conducting
strips held at O volt. The interface condition

a
El_qs I " 25n 1y
is enforced at the interface betwéen the dielectric substrate (e1 = 2.22 for RT-duroid)
and the air (g7 = 1). For the open ended sides, the Neumann boundary condition is

enforced.

39 .
2| =hts). _ (2.57)

In pirticula.r h(s) = 0 because the potential lines are perpendxcular to the boundaries

e

1mply1ng that the normal component of the electric field vanishes. This is lllustrated

-~ by Fig. 2.6a) and 2.6b), which show the contour plot of equlpotentlal lines, computed

-

by the BEM, for the reciprocal structure of unilateral and bilateral finline, respec~
tively. As expected, the field is concentrated in between the conductors (gap). The
maximum field value is located at the sharp corner of the conductors.

In order to evaluate the field value for biIatera‘.ll ﬁnlfhes with the FEM program,
100 triangles and 72 node points were used (see Fig. 2.7j, while for unilateral finlines,
163 triangles a.nd 103 node points were used (see Fig. 2.8). In order to obtain more
accurate results, the triangle node points must be located as close to the equipotential

line as possible. This implies some a priors knowledge of the field distribution.
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| Fig.2.9 Optical Ml'crographs of a sectioned Finline structure.



- 27-

2.6 Edge Profile

Realistic edge profiles were used, according to the observations made with an
optical electronmicroscope (see Fig. 2.9). The profile éhows sharp edges where the
highest value of the electric field strength is expected. For simplicity, a right-angle
edge p'roﬁle was used to evaluate the field at the corner. However, singularity arose
at the corner when the BEM was used. A modified edge profile had to be used; with

radius of curvature approximately equal to 1 um (see Fig. 2.10a).

. @ | (b)
Fig.2.10 Edge profile used (a) in BEM and (b) in FEM.

However, for the FEM evaluations, realistic profiles could be approximated using
right angle corners, as shown in Fig. 2.10b.

{ .
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Chapter 3 °©
RESULT

\

3.1 Introduction

This cha.pt_el; presents the theoretical values obtained by using the Finite Ele-
ment and the Boundary Element Methods. A 11/750 VAX comp.uter was used for
compl.lta.tions. The program listing for the FEM is given in the appendix. The listing
of the program.Greenfie]dé 127], which uses the BEM, is not available since it is a

commercial package. However, a brief description of the two programs will be given.

3.2 Simulation results with the FEM

3.2.) Program Description

The FORTRAN program consists of two major parts, the first one constructs the
system of equations and the second solves thesystem by using a Gauss elimination

procedure. All operations were performed in double precision arithmetic to achieve

the best possible accuracy.

b

3.2.2 Results

The maximum field Vatues computed with the FEM, which are shown in Ta-
ble 3.1, were determined for a voltage of one volt across the gap. The dimensions of
the structures are shown in Table 3.3. :.\s e.\'pect.ed, they were located at the edges
of the conductors. |

For unilateral finlines, the maximum field values are very c‘lose for the two dif-
ferent waveguide housings. This verifies the assumption that the housing has little

effect on the field conﬁgurafion in between the fins, as long as the gapwidth is small.




d(mmy housing Bilateral (kV/m) Unilateral (kV/m)

0.5 WR-30 16.3 8.39
1.0 WR-90 5.54 4.66
1.5 WR-80 3.17 3.40
2.0 WR-90 2.14 2.79
2.5 WR-90 1.59 242
0.5 WR-28 11.6 7.58
1.0 WR-28 5.03 . 5.03
1.5 WR-28 3.18 4.33
2.0 WR-28 " 2.36 4.06
2.5 WR-28 1.91 4.01 .

Table 3.1 Maximum field values of unilateral and bilateral finlines,

" evaluated by FEM for different gapwidths. WR-28 and WR-90

waveguide housings are considered with geometrical
parameters given in Tabise 3.3.

However, {or bilateral finlines, the field values obtained for WR-90 are larger than
those obtained for the WR-28 housing. This may be due to the size of elements
or subsections. Indeed, for both bilateral finlines, the number of triangles used to
simulate the geometry of the structure were the same. Consequer;tly, scaling the size
of the triangles from one structure to another may also contribute to some errors in

evaluating the potential around the conductor edges.
3.3 Simulation results with the BEM

3.3.1 Program description

The available BEM program is a computer software package capable of evaluating
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the field value at anypoint of*a given structure. Two-dimensional problems can Be
easily entered interactively. ‘.~\ maximum of 139 nodes points (a.]thc.)ugh the manual
mentions 300 node points capacity) can be placed on the boundary.- Th&output

can be displayed either on a graphic terminal (TEKTROND( 4107), or on an'ink-jet
printer (TEKTRONIX 4695).

d(mm) housing Bilateral (kV/m) Unilateral (kV/m)
0.5 WR-90 . 22.4 23.0
1.0 WR-30 © 148 15.7
1.5 "WR-20 - 113 12.6
2.0 WR-80 ' 9.44 10.6
2.5 WR-380 - 8.23 9.36
0.5 WR-28 21.3 23.5
1.0 WR-28 _ 13.6 15.9
1.5 WR-28 10.7 12.8
2.0 WR-28 . 9.21 11.3
2.5 WR-28 . 8.35 10.7

Table 3.2 Maximum field values in unilateral and bilateral - finlines,
evaluated by BEM for different gapwidths. WR-28 and WR-90
waveguide housings are considered with geometrical
parameters given in Table 3.3.

The maxiinum field va.]L;cs are shown in Table 3.2 for different gapwidths. One
can observe that the field values have no s.igniﬁca.nt change, frcm X to Ka-band.
The reason is the same as mentioned earlier. i.e. for stall gaps. he field is more
concentirated in the central region and hence the housing does not have much effect
on the results. Oﬁe can also notice that as the gapwidth d decrezses, the field value

increases, this is obvious since the potential is held constant across the gap.
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3.4 Comparison between the FEM and the BEM

Although the BEM is easier to use and generally yields smaller systems to be
solved, as compared to other techniques, the results obtained near the edge afe.not ac-
curate. This will be demonstrated by the low-frequency experiments. The approach
of the BEM is to sample the boundary of each subregion. It is more approp"riate
to apply when one deals with homogeneous subregions (e.g. fi‘nlines). However, the
Greenfield2 software program, which uses the BEM approach, has been found not
suitable to solve structures with very thin subregions. On the other hand, the FEM
yields much better resul.ts. It has the disadvantage of producing higher order sys-
tems, as compared to the BEM, for a given geometry with homogeneous subregions.
However, for highly inhomogeneous subregions, FEM is definitively the most appro-
priate method. In addition, there is some freedom to sample the subregions with any
pol'ygona! shape by choosing various sizes of trianglar elements. This allows higher
accuracy near tﬁe edge. Finally, the computation of different gapwidths between the
conducting strips and sizes of waveguide is just a matter of scaling. This feature is
more cormputer éfﬁcient.

As shown in Table 3.1-3.2, there are large discrepancies between the two meth--
ods, the BEM gives larger field values than the FEM in general. In the unilateral
finline case, the difference is more obvious. Here, one can predict that the BEM
will give a lowér breakdown value as compare with the FEM. From Table 3.1 and
3.2, for both unilateral and bilateral finlines, narrower gapwidth produces larger field
values. This is easily explained by the fact that since th(; potential across the gap is
unchanged, the field strength between the gap increases as the gapwidth dn;fcreasés.

Assuming a static breakdown field value of 3 x 10°V/m in the air. one can
'cé.lcu]ate the voltage at which air breakdown will occur. The corresponding power
is then evaluated with {2.1). The characteristic impedance Z; is computed by using

the SDM. Finline structures in WR-90(X-band) and WR-28(Ka-band) waveguide
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a(mm) b{mm) s(um) g{um)
WR-28 7.112 3.556 254 17
WR-90 - 22.86 10.16 762 34

Table 3.3 Dimension used for WR-28 and WR-90 housing finline
structures. ’

housings were analysed (see Table 3.3 for the dimensions).

The values of the characteristic impedance in both X and Ka-bands are shown |
in Fig. 3.1-3.4. Only the lower and upper range is given which corresponds to the
lower and upper frequencies of the particular frequency band (X or Ka). For identical
gapwidth, bilateral finlines have a lower impedance than unilateral finlines. Also, the
impedance values for WR-28 housing are about twice as large as those of the WR-
90 with the same gapwidth. In order to match other types of solid-state devices,

impedance value larger than 300 ochms are seldom used.
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Fig.3.4 Impedance vs gapwidth for WR-28 bilateral finline
structure evaluated by the SDM. s =254 um. EF:E.EZ.
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- The simulated values for peak power-handling capacity of bilateral and unilateral

finline structures are shown in Fig. 3.5-3.8, for both X and Ka-bands.
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Fig.3.5 Peak power-handling capacity of WR-90 unilateral
finline for different gapwidth, evaluated with (2) the

FEM (b) the BEM, g=34 pm, s=762 pm, € =2.22.
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Fig.3.8 Peak power-handling capacity of WR-28 unilateral
finline for different gapwidth, evaluated with (a) the

FEM (b) the BEM, g=17 um, s=254 um, ¢ =2.22,
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3.5 Discussion

.

By inspecting Fig. 3.5 to 3.6, one can observe that the geak power-handling °
of-finline structures using the FEM and the BEM are quite cor;sta.nt over both fre-
quency bands. Therefc;re, a single frecg'xency test at any frequency within a band
will be sufficient to determined the order of magnitude of the peak power-handling
capacity of the line, and extend the result to the whole band. The gapwidth is also an
important factor, since the maximum power that the structures can sustain decreases
significantly with the gapwidth. This is true for both unilateral and bilateral finline
structures. However, bilateral finlines appear Lo have slightly better peak power-
handling capacity than unilateral ﬁrnlines, in general. In Fig. 3.7a), the gapwidth of
2.5 mm is almost the hcighﬁ -(b::S.SG mm) of the WR-28 waveguide housing. The
result is not accurate because it violates the assumption that the wavcguiée housing
have no cffect on the field values in between the fins. However, the corresponding
impedance values are too high for practical purposes. As a result, gapwidths largers

~ than 1.5 mm should not be considered. -
For reason explained before, the BEM gives a lower breakdown value than the
FEM. However, discrepancies are so large that experimental vcriﬁcé.tions are neces-

sary to evaluate which method yields the most accurate predictions.
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Chapter 4
THEORETICAL STUDY OF THE 'BR_EAK‘DOWN FIELD
IN SLOT-TYPE STRUCTURES

_ The electrical breakdown of a gas is the transition from an insulating to an
almost completely conducting state. The pioneering work of Townsend 114] several
years ago, defined a criterion that allows a quantitative ‘description of breakdown. It
was originally intended for direct current discharges but has been imrmensely useful
for AC discharges of any frequency including microwave and millimeter-wave regions.
Herlin and"Brown [19) clearly demonstrated the relevance of the Townsend criterion
to microwave breakdown, as far as basic processes in high frequency discharges are
concerned.

In the case of high frequency fields, due to the periodic reversal of the field, the
direction of motion of the electron cloud is reversed and an avalanche continues to
build up since there is a drift motion in each direction due to the effect of collisions.
In a gas discharge, the electrons are produced by ionization. The losses are due to
diffusion, attachrnent, recombination etc. For a product'ion rate very slightly greater
than the loss rate, breakdown occurs due to the rapid increase of electrons. For
suitable conditions of oscillation frequency, finline gap width, and gas pressure, we do
not have a continuous unidirectional drift of electrons to the anode. This is precisely
the reason why the rnech.anism of high frequency breakdown is simpler than that
of static field breakdown. Indeed, there is no necessity for the action of secondary

processes to replace the primary electrons lost to the electrodes ‘17,

4.1 Diffusion length

&

Whenever a gradient in either particle concentration or velocity exists in a gas,

there will be a flow of particles in a direction which tends to reduce the gradient. This
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fow is called diffusion, and will be the dominant loss mechanism in the applications
considered here.
For an ionization rate per electron vy, which is independent of time, the electron
concentration n is of the form [18]:
n:noexp{(u‘-—D/AI)t}. (1.1)
Here, D is the diffusion coefficient and A is the characteristic diffusion length having

cigenvalues typical of the geometry. Also, for an jonization rate independent of spatial

variation,
‘vn -
Vin = - 4. 4.2
5 (12)
where,
- 1
*f‘ = = - ‘ . (li]
D Al

Therefore, (4.1) tells us that the rate of change of electron concentration in an ion-
ized volumne, from which electrons are lost due to diffusion, depends on the difference
between ionization rate and the ratio of the diffusion coeficient to the characteristic
diffusion length squared. It is an important equation, which illustrates the increase of
the electron concentration that leads to breakdown, and gives a criterion for break-

down fields under the relevant conditions of the problem.

.The geometry of the container, in which the ionization process takes place, is an
important factor that can be characterized by the diffusion length concept introduced
before. In regard to this work, one shall consider only two types of geometry:

i) Right circular cylinder

Assuming zero value at the boundaries, the electron concentration is given by 18]

n :nosin(f%z).];.('lAOS;é). (4.4)

where L is the height. R the radius of the cylinder and J s the Bessel function of
order zero. The eigenvalues are defined by

2.405,2 .2

(%) +(3)

1

= - (4.]
T DAY i

=
—



- ii) Parallelopiped

For two parallel plates of width V', length Z and separated by X, the electron con-

centration has a solution of the form [18]:

. T . Ty . AZ
n = NgSIN — SIN — sit — .

X .Y A

The eigenvalues are defined by

-~ (2 ) +(3) =3=5
AX
5 2
7
-~
~
x| ALt i
AN 17 Z
-~
> .
A1Y

Fig.4.1 Parallelopiped container in the case of a

finline structure

(4.6)

The relevant geometrical parameters are illustrated in Fig 4.1, in the case of a

finline structure. The field is highly concentrated in between the fins where, in first
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approximation, breakdown may occur. The length-Z is the’o:ética.lly infinite. Al-
‘thoug-h, in practical situations, breakdown does not occur along the whole structure,
due to the irregularities of the gapwidth: The electron diffusion takes place almost
completely toward the top and bottom walls since the two opposite sides of the cavity'
(i.e. the conducting strips) are close for practical values of characteristic impedance.
In such a case, the diffusion length depends crucially on the smaller dimensions. The
breakdown can be considered to occur in a uniform field since the region where the
field is concentrated is very small. However, this simple assumption must be modified
for certain profiles at high frequencies. The deviation from uniformity can be treated
by the definition of a characteristic diffusion length relevant under the experimen-
tal conditions. Such an approach would also be feasible for a combination of a DC

magnetic or electric field with AC electric fields.
4.2 Influence of frequency and effective field concept

In the present problem, at high frequencies and with sufficiently large amplitude |
of the clectric field, the electrons can be swept completely across the tube and collide

with the walls during a half cycle. For an eléctric field of the form:
E = E;sinwt, (4.8)

where w = 27 f is the angular {requency, one has the following interesting relation for

the breakdown field Ep in the oscillation amplitude limit '18'":

Ep =2m. 105-§-A, (1.9)

where p is the pressure and A = ¢/ f the \.-.'aveleﬁgth.
;
Eqgnation (1.9) suggests a iinear relation between £ and the freguency fo Boandown
values in the X-band, for example, can be calculated at given p and f by this formula.
It certainly would be tempting to extrapolate (4.9} to higher field frequencies

beyond the X-band. Such a procedure would only give an extremely crude indication

13
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of E for higher frequencies. Indeed, the transfer of energy from the electric field
to the electrons becomes Ieés efficient as the frequency increases. The inertia of the
electrons results in an out-of-phase component. The energy transfer efficiency may

be expressed th}ough an effective fleld £, [20], that takes into account the collision

frequency :

we

2
Vers

A theoretical analysis making use of the effective field concept has correlated all

£?,=E/ 21+ o). | (4.10)

the breakdown data for air. The form of the correlation is such that it makes possible
accurate predictions of breakdqwn fields for both continuous wave (CW) and pulsed
co:'ulit.ions over a wide range of the experimental variables [18]. It is also reasonable
to make meaningful extrapolations to nearby neighboring physical regions for which
experimnental data are not available. The predictions are claimed with reasonable
certainty for frequcnciés upto 100 GHz over pressure ra.n{;cs corresponding to an

. ]
altitude variation from ground level to about 100 km [18]. With the use of the eflective

field concept, predictions can be extended up to 140 GHz. Following Lupan 21], the

following relation can be used, for example, for frequencies above 25 GHz:

lg = 2.5-107{1.45(E./p)'/* + 0.01(Ec/p)3/2} exp (%—2—7‘—3) sec ™! Torr™!, (4.11)

£

where v; is the average ionization rate of the heavy particles in air, E, is the effective
field and p is the pressure. The amplitude of the microwave electric field E can then
be calculated using (4.10), where the effective electron collision frequency is v, sy =
5.3 x 10%p{Hz]. For instance, Fig. 4.2 shows the electric field breakdown values as a
function of the frequency, for afmospheric pressure {p = 760 mm) and for ionization
rates in the range 107 < v, <9 < 10° Hz,

* =
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Fig.4.2 Breakdown field values in the air vs freQuency (theor-
etical prediction). Pressure p=760 mmHg. VL.=lonization

rate. The curves in the osciltation amplitude limit

approach have been evaluated in the configuration given
. InFig.4.1. The curves in the effective field approach
- range have been obtained from [15].
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As the frequency increases beyond the X-band region, the breakdown field value
does not increase indefinitely, but saturates to a value, which depends on the ion-
ization rate. In the X-ban@ region, the oscillation amplitude limit depends on the
geometry through the parameter A. The lower limit corresponds to the realistic case
whe‘re, due to the irregularities of the gapwidth, the breakdown occurs only over a
region as small as the irregularities. On the other hand, the upper limit indicates the
ideal case of a breakdown occuring over an infinitely long line.

An alternative approach is that of MacDonald et al. 25!, who studied the vari-

ation of D, with E/p to arrive at the following representation:

DP = (29 + O.QE,:/'p) - 10% ¢m? Torrsec ™! . (.1_12)

The value of D, was calculated assuminé a known variation of D, with the average
clectron energy uaye, in order to determine E, for 2 given pressure p. This method —\
gives values of E, in reasonable agreement with those obtained from (4.11). D, can
also be calculated from ionization rates within a given range and for given p [18].
Measurernents of pulsed breakdown fields are subject to more uncertainty because
the shape, length of pulse and repetition rate all have a bearing on the result. The
pulsed breakdown fields is about 10% higher as the one of CW. ﬁeldsﬁfor typigal

operations at microwave frequencies.

4.3 Superimposed DC and AC Fields

" The superposition of DC and AC electric fields arises when biasing of solid state
devices'is needed. lonization triggering can be made more diffcult by the superim-
position of a dc electric field. The modified diffusion length A - for superimposed

fields is '18],
1 _ 1 (uEpcy?
+( 2D )’

= (4.13)
A . AT

v



, - 50~
and, '.

. | B CREY
D~ e’ - '

is the new breakdown condition. In (4.13), u is the mobility, D the diffusion coeffi-
cient, Epc is the applied DC electric field, and Apcis computed from (4.3) or (4.7).
The factor D/u can be calculated from the average electron energy ugy.:

2

_;_! ) (-1.'5)

2

=z Uppe &

3

* g
Gl

for a Maxwellian velocity distribution. Once Ap¢ is determined, the corresponding

breakdown value is calculated from {4.9) whf;ré A is replaced by Apc.
4.4 Combination of DC Magnetic and AC Electric Fields

For ferrite devices, 2 DC magnetic field is superimposed on a high frequency AC
electric field. A static magnetic field perpendicular to the AC electric field will cause
a general increase of the value of the breakdown field. However, the general shape
of the breakdown field frequency characteristic, (given by {4.11)) is not changed 26).
This is in agreement with the fact that increased losses result, due to lateral motion
caused by the curvature of the electron orbits. The increased time is equivalent to a
lengthening of the vessel.

When a magnetic field is applied to a gas along with a high- frequency electric
. field, the motion of the c_zlectrons is altered by addition of the acceleration due to

[

the Lorentz force. In particular, the rate of diffusion is altered by different amounts

one direction. for example. zlong the longitudinal direction, say z-axis, “Le diffusion
!

length becornes, in Cartesian coordinates 317,

.

1 (1 1 1 1 ' .
— = _+__).__H_+_, (4.16)
A2 T\AL AL 140 A
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where, B is the magnetic field magnitude and

2 n2

2 _ Wb _ e B
o b _ B (4.17) .

Ueff mUcff

In cylindrical coordinates ,the equivalent diffusion length is given by:

i 1 Uesz 1

(4.18)

for a magnetic field parallel to the axis of the cylinder. The effect of S‘he ma_grictic field
is equivalent to enlarging the container by the factor , /1 + wgfu;i;; in the di;ections
perpcndiculali to the magnetic field. An increas? in the -br":?kdox'\'n field value is also
possible due to the effective rise of pressure, when a magneﬁ?%ﬁeld 1s superimposed. onl
a low frequency electric field. Once A is computed, the/breakdown va.lge of the field
is computed with (4.9)*where A is replaced by A,. é\x'ex'er, for appreciable values
of the magnetic field which imply a relatively great Lorentz ‘force, one has to study
carefully 'an expansion of the Boltzmann transport equation in spherical harmonics
in space, and in Fourier series in time. The resulting differential equation for the
distribution function can be integrated to determine electrical breakdown values 31

The effects of pressure and altitude on breakdown have become important due to
problems of transmission at high altitude and with the increasing interest in studies
of breakdown in the atmosphere. The problems in the investigations on the ionized
shock region in"the neighborhood of missiles also require a sound knowledge of the

effects of pressure and altitude on breakdown. In the case of air, the breakdown field

initially falls with the increase in altitude and then rises again like a parabola 18.
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Chapter 5
EXPERIMENTAL PROCEDURE & RESULTS

5.1 Introduction

An experimental proredure was conducted in order to determine the peak power-
handling capacity of finline structures. First, the experiments were conducted at

9.6 GHz, with unilateral finlines of different gapwidths.
¥ 4

5.2 High Frequency Case (X-Band)

2
Finlines with gapwidth of 0.5 to 2.5 mm were prepared, and mounted in a WR-90
\\'axgguide. Thirty four-um thickness fins were etched on a 762-um thick dielectric
substrate (R-T duroid, £, = 2.22). Transitions from finline to waveguide consisted of
single exponentially tapered conducting strips 11, Quartef-wavc stubs were cut in
the dielectric substrate {12} in order to match it with respect to the empty waveguide

(see Fig. 5.1).

10,16 mm

v

gapwidth d L Co 60 mm

1 | ——

Ri

|< 228.6 mm

- 7.652 mm

b=5

~

Fie. 3

high frequency.

>.1 Finline sample used for expu,mmntdl prOLLdLII'LS at,
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The bl;x:k djagl;am of the measurement system is shown in Fig. 5.2. A radar
station which transmitted a 0.8 — us pulse width signals, with a repetition rate of
1000 pulse/sec was used. The generator (.magnel‘!ron) could produce a maximum
peak power of 300 kW at 9.6 GHz. A built-in circulator and teflon window prevented
damages due to reflections. In order to read the transmitted power level, a power-

meter was connected in front of the test unit. An oscilloscope was connected, through

a detector, at the end of the unit in order to observe any sudden change of the signal

when the breakdown occured.

2l
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As a first result, experiments confirmed that- the breakdown did occur in the gap
before any damage of the dielectric substrate, or of the conducting strips, due to.the
dissipations. In order to test the accuracy of both theoretical -methods, experiments _
were conducted at extremely low frequer;cy (60 Hz) with a high voltage generator.
Hence, a static condition of operation was practical realized. Table 5.1 shows the peak
power levels at which breakdown occured in the structure fo:f different gapwidths.
Two trials were made in each case, and the average value was taken for comparison
with the theoretical results. As expected, the peak power. required for a breakdown

situation, increases as the gapwidth increases.

d(mm) 1st trial(kW) 2nd trial(kwW) . Average(kW)
! 0.5 . ! 5.595 5.425 . 5.510
:. 1:0 | 9500 ° 8.375 8.938
; 1.5 - 10.75 10.75 10.75
.20 | 1200 . 1150 1175
' 2.5 19.06 18.02 1 18.54

Table 5.1 Peak-power handling capacity 'of WR-90 waveguide housing
finlines with different gapwidth at 9.6 GHz(X-band). Repetition
of pulse is 1000 pulses/sec with pulse duration of 0.8 usec.

Conductor thickness g =34 um and substrate thtckness
§=762 pm.. i

It was observed on the oscillescope that when breakdown occirred, thers wes a
drop of approximatcly 10C in amplitude of the transmitted pulses. This corressonds
to a drop of 20% in terms of peak power. As expected, larger gapwidths could sustain

more power. After the experiments, marks due to air breakdown could be clearly seen
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on the dielectric surface of the samples in between the fins, as sketched in Fig 5.3a.

~

~ Ty ™~

3

Receiving end ' - see Fig. 5.3b(i) and (i) Transmitter end

/
e ——— ]
7 =" +— 7

2

Marks due 10 breakdown

L

Fig.5.3a Sketch of a finline sample after experiment. illu-
strating propagation of breakdown. “

One can deduce that breakdown seems to occur first at the receiving end {region
1), then, because of the increase of field strength due to mﬂcctions', it propagates bick
to the transmitter end (rggion 2). The propagation stops bCS'O;Id the point where
the gapwiath is large enough to produce a field strength below that required for the .
breakdown condition.

The electron micrography of Fig. 3.3b(i) shows that these marks correspond
to the locations where the breakdown occurrcdft is interesting to note that these -
locations correspond to where the irregularities'of the profile r;mke the gap narrower,

It is also worth to notice that the ‘breakdown did not occur on the full length
of the line because of these irregularities. This has an important impact on the

~ evaluation of the feld breakdown value in dynamic conditions. A rr;a;;nificd vArsion
of Fig. 5.3bii) is shown in Fig. 5.3b(ii}. It clearly shows the darages made on the
structure. Melting of the dielectric .su'rface and erosion of the conductor edges can be

observed.
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(i) magnification of (i)

Fig.5.3b Electron Micrographs of a Finline Structure after the
experiment, at the location indicated in Fig. 5.3a.
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~

5.3 Quasi-static experiment (60Hz) -

The theoretical analysis proposed in this thesis is based on a quasi-static ap-
proach. In order to test the.accuracy of the two methods used for field computations,
it was necessary to pérform experi-mental tests in a DC condition. Because no high
voltage DC generator was available, exbeﬁments were performed at 60 Hz. In terms of
field distribwlion, one practically deals with the static situation. Finline samples were
the same as the ones illustrated by Fig 5.1, except that the dielectric stubs were not
inserted. The preparations of the samples were the same as do;;cribed in section 5.2
The experimental setup is displayed in Fig. 5.1. The high-vo]tage-goqorator could
produce voltage levels up to 30 kV at 60 ilz. In order to avoid breakdown between

the two copper connectors, they were located at both extremities of the sample.
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Fig.5.5 Air breakdown occuring in a unilateral ﬁnlme substrate,
at 60 Hz.
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The breakdown voltage values are shown in Table 5.2, for different gapwidths.

Like in the high frequency case, the required voltage for a breakdown situation,

increases as the gapwidth increases.

~ d{mm) 1st trial{kV) 2nd trial(kV) Average(kV)
[
i 5 1061 e | 1.061 |
1.0 - 1.838 S 1.838
1.5 2.546 2.970 . . 2758

Table 5.2 Peak breakdown ifoltage of unilateral finline substrates for
different gapwidths at 60 Hz.

Sparks between the two conductors could be clearly scen when the breakdows
occuréd (sce Fig. 5.5). The voltage was decreased after the first spark and then.
increased again, in order to observe if the same voltage led L‘o the same breakdown
voltage valué. Usually, a higher breakdown voltage value was obtained because of

some physical and geometrical modification of the edge profile by the previous trial.
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Chapter 6
THEORY AND EXPERIMENTS: COMPARISONS AND DISCUSSIONS

From the theoretical predictions presented in Chapter 2, it was found that the
two numerical methods yield discrepa.nt results for the sarme stuctures. Consequenltly,
these two methods have to be analysed and‘compare:d with the experimental results.

The 60-Hz experimental results will determine whether the BEM or the FEM
is the most accurate.nThen, the theoretical predictions computed w:ith the most
accurate method will be compared with the experirental results obtained at 9.6 GHz.
Finally, corrections of the field breakdown value, due to the various parameters,

~

described in Chapter 4, will be introduced in the comparisons. b =

6.1 Low Frequency Analysis

Table 6.1 compares the theoretical values of the voltage at which breakdown

occurs, with the experimental results.

d{(mm) Expt(kV) FEMKV)  %error BEM(kV)  %error
0.5 1.061 0.715 326 0.261  75.4
1.0 1.838 1.288 29.9 0.383 79.2
t.5 2.758 1.765 36.0 0.475 82.8

Table 6.1 Comparison between experimental and theorectical results
obtained for low frequency breakdown (60Hz).

- Although, an error of about 30% occurs with the FEM computations, these are
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about 3 times as close to the experimental results, as those given.by the'BEb;[. This
error of around 30% cannot be explained by the absence of the enclosure. Indeed,
for such gapwidths, it has been verified that the enclosue has very little eflect on
the values in the region of interest. However, these discrepancies with eﬁperimental
data could come from irregularities of the strip profile. Also, at least 10% error was

produced by the build-in voltmeter of the generator.

The large errors produced by the BEM cannot be explained. For observation
points at remote locations from ‘the conductor edges, the field values compare with
those given by ‘.the FEM. However, large discrepancies occured for observation points
close to the conducting edges. Presently, it is not possible 1o say whether the errors
are inherent to the BEM or to the available program. Unfortunately, no access Lo the

code was possible in order to investigate the source of error. As a result, the BEM

will not be used for theoretical prediction at high {requency. :

.....
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6.2 High Frequency Analysis

In chapter 3, diagrams of Fig. '3.5-3.8 were established by assurning a static
breakdown field value of 30 kV/cm in the air at atmospheric pressure. Corrections
due to the geometry and the frequency can be made, by using the diagram shown in
.Fig. 4.2. For instance, for an ionization rate of 1078 Hz, the maximum admissible '
field value would be multiplied by 1.8 and, consequently, Lhe power would by increased
by a factor 3.4. For the end of the X-band region, since it is at the limit of both
approaches, the correction factor can be evaluated by the effective fleld appr‘(Jach or,

if v, is not known, by the oscillation amplitude limit. Table 6.2 gives the comparison

between the theoretical predictions and the experimental results at 9.6 Gllz.

d(mm) . FEMKW) Expt(kW) Y%error |i. FEMKW)

: lower limit | upper limit

'+ 0.5 2.125 5.510 61.4 . 49,95
1.0 5.349 8.938 40.2 - 1257
1.5 8.830 10.75 17.9 - 207.6
2.0 - 11.76 11.75 - 00.0 276.4
2.5 - - 1425 18.54 23.1 335.0

Table 6.2 Comparison between theoretical and experimental results for
~unilateral finline structures at 9.6 GHz. WR-30 wavegquide
is used with conductor thickness g=34 um and dielectric

“thickness s=762 um.

The upper and lower limits are computed with (4.9) with the exireme values of

" the diffusion length A (p = 760-~mm Hg). The upper limit corresponds to Z = oo"iﬁ
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(4.7). Thisl_assums- that breakdown occurs along the entire longitudinal region, i.e.
along the Z-axis. This is not realistic since the profiles show some irregularities.
Observations of the samples after experimental tests shoﬁ'ed that, indeed, break-
down occurs only over a length of the order of magnitude of size of the irregularitics
(see Fig. 5.3(b)ii). Taking Zmin L= 12um (see Fig. 4.1 p. 45), one obtains the lower
limit values shown in table 4.2. One observes that e perimental va.!uc:s‘ are within the

predicted range of values but very close to the lower bound which ¢orroborates the
assertion about the value of the diffusion length.

From table 6.2, great errors occurred for small gapwidths. This can be exp‘.f—xined
by the error introduced by the impedance calculation using the SDM aﬁd the eval-
uation of the diffusion length. The parallelopipe geometry of the breakdown path
along the longitudinal direction is assumed to be constant for different gapw 1dt‘z<, a
better approximation “ould be to modify the length Z accordingly with the gapwidth
d. Nevertheless, all experimental results fall within the predicted range, given by the

upper and lower limits of the diffusion length.
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6.3 Discussion

An interesting fact ‘arisa from the experiments, i.e.‘. the finline structures ;u:tually

can sustain quite high peak powér levels, up to the kilowatt range.
' . Fsg 6.1 sh_o{vs that, presently solid state so an generate peak-power levels
much beloxlv the kilowatt range. As comparemmpty waveguide the peak
b

power-handling capacity is reduced .by two orders of magﬁitude.

-
O

B | 1 —

- Maximum power (kW) Finline ' Empty waveguide

! unitateral bilateral .
S—

WR-28 2.3 3.0 128.2

i . : ’

i WR-90 4.5 4.5 1160.

-

‘Table 6.3 Comparison of the maximum peak power-handiing capacity of

finlines (gapwidth=1 mm) with the corresponding wavegquide
structures. Finline dimensions as in Table 3.3 (¢,=2.22).

-

Table 6.3 shows Lhe'niaximum transmissible peak power of finlines structures
(d = 1 mm), compared with the corresponding empty waveguide structure (maxi-
mum value in the band). The theoretical prcdicttions indicate Ithat. as expected, the
peak power-handling capac'it_\' of an empty waveguide is severely affected by the intro-
giuclion of the finiine substrate. Hence, there is some concern when finline structures

are fed with tubes, which can generate hundreds of kilowatts in pulsed operation.
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Chapter 7
CONCLUSION

In this thesis, theoretical and experimental results pertaining to the maximum

" peak power values that finline structures can transmit, before breakdown occurs, are

presented and discussed. A quasi-static approach is proposed to evaluate the field
;:onﬁguration in various struct-ures. Theoretical correc?ions to the static-bréai(doxvn
value in the air are proposed, enabling extrapolations at higher frequencies up to
140 GHaz.

Both the FEM and the BEM were compared with experimental results performed
at 9.6 GHz and at 60 Hz. The low-frequency experimients allowed one to select the
fmost accurate method to compute the field distribution. It turned out, that the FEM
was the most accurate method for these types of structure, when very thin subregions
were used,

The dynamic breakdown mechanism was investigated, and guidelines .for extrap-

olation of the breakdown field values up to 140 GHz is proposed. For instance, the

. breakdown field value increases with the frequency of the applied field. However, at

frequehcy above 10 GHz this value tends to saturate. The study also includes the
situations in which a static field is prodﬁced, for instance, by biasing of solid state
devices, and superimposed on a high frequency field.

The o.\cperimentﬁl observations showed that breakdown occurs bnly in a very
small location within the gap between the conductors. This is due to the ir_regu]arities
of the conducting strip profile. |

Simulations showed that the peak power-handling capacity of finlines is more
than two orders of magnitude below the one of an empty waveguide. However, that
level is about ten times larger than the present state of the art concerning the out-
put power levels that solid state devices, (which are commonly used with E-plane

structures) can generate.
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- Appendix

COMPUTER PROGRAM LISTING -

-

This appendix contains listing of the computer program, the Finite Element

Method, which  was  used in this thesis. Data for unilateral as  weil s

soilateral finline structures are given.
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FINITE ELEMENT METHOD (PEM)-

-

To evaluate maximum electric field of bilateral and
unilatéral finline structures using the Finite Element
Nethod.

Program provided by Dr., G.I. Coastache.

Input data for bilateral and unilateral finline structures
4=22.86 mm, b=11.43 mm, d=0.5 mn, 8=0.762 mn, g=0.034 mm.

OO 0O aO0aaaangaoaaaon

implicit real+*8 (a-h,o-z)

dimension nvi(IOO),uv2(100),nv3(100).p(72),eps(100)
dimension a(99,99),b(99) '

dirpension £(3,3),8(3),x(72),y(72),iv(100,3)

pli)-potential of node (vertice) "i".

get Dirichlet nodes to their assigned potentials
and. leumana and unknown nedes to zere potential.

data p/17+0.0,11+1.0, §10./
N hY —~ I'

O aOaaon

O oo

‘epsa(i)-dielectric condtant of triangle "i%.
L ' - -
data’eps/20+2.22,80e1./ coy
c Yoz
C Coordinates (x(i),y(i)) represent the location of
C the node point "i", " (
c ‘ J

data x/8415.,414.,398.,7+381.,0.,381. 1558, ,3301. ,5043. ,
+6205.,511430. ,2+7656.,7366.,7075.,8817.,6205.,8817.,4172.,
+2429.,977. ,1558.,2139.,3301. ,3591.,4172. ,2+4463, | 2720.,
+1558.,100.,3=381.,977.,1267.,2139. 22429, ,2720. ;1558. .
¥2¢1267,,977..416.,398./ ,

data y/0,,1071.,2142. 3213.,4284.,4820.,4829.,4-4830.,

+1820.74284.,3213.,2142.,1071.,0:,7+5080.,4820. ,3213. ,1607..
© +2¢0.,1071.,2142.,3213.,4017. ,4820.,4955.,4980. ,5005. 5030,
+4955.;4930.,4820.,3749.,2678.,1071. ,4+0.,536., 1607, ,2678. ,
*3749.04284 .., 4820.,4905.,4980.,2+5030.,4980. ,4930. ,4905. ,
_'_-4880‘;4284.,3213._2i42?.5§6.,1607‘.2678..3749.,4820.,4831..

+4880./ ° :

Zach hdde (vertice) is assigmed a nurber beginning

«ith’the Dirichlet nodeo.

nvi(i), nv2(i); nv3(i) represent the three vertice,
code nuabers of the three vertices of triangle "i".

G000

data:nv1/17,2e16,2415,2¢14,2013,2¢12,2411,2460,59,3+58,57,

" 3
v

v
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+38,20,3+37,21,22,23,4+35,25,3233,3+31,27,28,29,45,44, 43,332,
+42,41,40,3437,39,359,39,40,3+63,41,42,43,7%66,67,68.69,3+63,
+70,71,72,60,11,10,9,8,4+71,6,5,4,3+68,3,2,1/

data nv2/2¢49,2450,2+51,2852,2+53,2454,2+55,3+56,57,4+19,
+20,21,3+36,22,23,24,25,3+34,32,2+26,27,6+30,44,43,42, 334,
+41,40,39,3+38,60,2¢61,39,40,41,3+64,42,43,44,45,46,47,67,3+65,
+68,69,70,3+62,71,6+72,8,7,6,5,3469,4,3,2,2¢47/

data nv3/48,17,49,16,50,15,561,14,52,13,53,12,54,11,55,60,59,
+56,57,18,5§8,2+38,20,21,22,3#34,23,24,25,33,32,26,25,32.26,27,
+28,29,45,44,3231,43,42,41,3+36,40,39,59,58,61,39,3+62,40,41,
+42,3+65,43,44,45,46,47,67,68,3+64,69,70,71,3+61,60,11,10,9,8,
+7,6,3+70,5,4,3,3+67,2/

C

C Part I-main program -

c

¢ Function q used in evaluating the 5 matrix

C e
alx1,y1,%2,y2,x3,y3)=x1+y2-x2¢y1+x20y3-x3ey2+x3eyl-xley3

¢ :

C File 6 and 7 are the output files,

H
open(6,file="bilateral.out' K status='new")
open(7,file="bilateral.dat’, status="new') ° .

C .

-

c noptl - total number of nodes .
C ndir - total number of nodes with D1r1ch1et valuca
C notr - total rumber of triangles
noptl=72
+ndir=28
notr=100

4

Inpu; data for unilate¥a1 finlioe structure

o g aaa

dimeasion nv1(165) ,nv2(165) ,0v3(165),p(105) ,eps(165)

dimension a(164,164) ,b(164)

dimension £(3,3),8(3),x(108) y(105) iv{165,3), °

cdata p/15+0: 0,1921.0,71#0./

data epa/143s1.,2042.22,2¢1./ . ) R

data x/6+11447.,11447.,11446 4 11421.5,6°11413.,5+0. 6016 ,8422.
+9625.,10651.,11413.,12633.,14438.,16243.,17747 . ,5+22860.,4+11413_,
+10+10651,,11421.5,11448.,12032.,12332.,3+12633.,3+13836.,
+13536.,13235.,12332..120325.12633.,13235\,14433.,14739..
$15340.,2+15641.,19261. ,2¢18950. , 18348, ,20454., 17747 ., 20454,
+15340.,13536.,12032. ,9926.,9625. ,3+9324.,2+8121 . ,8422.,
*8723..9024.,9625.,902{..8121.,2'7219.,2'6918.,3609..2'39102?
+4211.,5113.,2406.,2707.,7821.,9324./ - s

data y/0.,1071.,2142.,3213.,4284.,46829.,4830.,3+3830 ..
*4284,,3213.,2142:,1071..2‘0.,1507.,3213:.4826..11'50804.4320..
f3213.71607..0.,4355..4930.;§980..5030..0.;536.,!607.ﬁ2678.,
'3749.,4284..4820.,4905;.4980.,5030.,4830.,4831.,4820.,37%9.,
+2678.,1607.,2¢0.,536.,2142. 3213, ,4284.,4880.,3905.,4955. .

Y e . L
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'4930.,4820.:3749..2678.,1071..2‘0..1071..2142..31&3.,4017.,
+4820.,4955. ,49B0. ,5005.,5030.,4284.,3213.,2142.,1071.,2+0.,
'1607.,2673.,3749.,4552..4880..4936..4820..3213.,2142.,1071r,
+2«0. 1071.,2142.,3213.,4820.,4017.,4955.,4980.,5005./

data nvi1/1,2,3,351,4,5,6,348 ,3*47,48,49,3+58,50,51,
+52.7-55,56.57.3-63,58,59,60,3-Z€?;f.3*76.62,63.64,3'71.
+65,66,67,68,32,31,3+70,30,29,71,73,4+74,27,26,25,3+76,24,
+23,3+38,39,40,3+79,41,42,88,87,78,3%86,79,80,81,4+83,84,
+85,4+51 ,87,88,44,3+45,103,2+102,90,91,92,3+97,93,94,95, 14,
+15,16,2+98,99,16,17,4+101,19,20,3»103,21,22,23,36,35,34, 344,
+33,8,9,3+41,10,11,12,3+38,0,0/ °~

data nv2/2+53,2,3,4,3+50,5,6,7,2+47,7,34,60,4B,3+59,49,
+50,51,3+56,52,53,54,67,66,2+65,56,57,58,3+62,59,60,34,3+77,
+61,62,63,3+73,64,65,66,6¢69,31,30,4+72,73,29,28,27,26,34+75,
+25,24,23,36,82,81,39,3+80,40,41,42,4+43,78,79,385,80,81,82,
+93,84,3+92,85,86,87,4+89,46,103,102,90,3+99,91,92,93,6+96,
+15,16,4+100,17,18,19,2+99,19,20,21,5+46,36,35,34,33,3+43,
+8.,9,10,3+40,11,12,13,37,0,0/

dats nv3/2,3+52,3,4,5,3+449,6,7,3+33,34,2+60,48,49,50,3+57,
+51,52,53,54,67,66,65,56,3+64,57,58,59,3+61,60,36,35,61,62,
+3+75,63,64,65,3+70,66,67,68,32,31,30,2+71,30,73,2+29,28,27,
+3+73,26,25,24,3+77,37,82,2+81,39,40,41,3+78,44,88,2+87,78,
+79,80,3+84,81,94,2+93,84,85,86,87,2+90,87,88,44,103, 389,
+90,91,3+98,92,93,94,95,14,15,3+97,16,98,17,2+99,17,18,19,
+3+102,20,21,22,23,36,4+45,34,33,8,3+42,9,10,11,339,12,13,
+0,0/ ’ '

qlx1,y1,x2,y2,x3,y3)=x1sy2-x24y1+x2+y3-x34y2+x3ayl-x1+y3

open{6,file='unilateral.out’ status=’pew')

open(7,file="upilateral.dat' atatus="new’)

noptl=105

ndir=34

notr=165

no=pnoptl-ndir
C acale is the scaling factor

accept o, 8cale
pi=3.141592654
do 1000 i=1,noir ot
iv({i,1)=ov1(i}
Av(i,2)=av2(1)
iv(i, 3)=av3(i)
1000 continue

c
C File 7 contains all the vertices of each triaogles
- C -
write(7, fat=846) a

846 format {'¥AI'./,'PD:'./,'BEGIN*)
do 847 i=1 potr
write(? fut=B48)xfovi(i)).y{ovi(i))

A



847
B48
849

850

24

15
14
23
16

~72—~

™

write(7,fmt=848)x(ov2(i)),y{av2(i))
write(7,fmt=848)x(av3(1)),y(av3 (1))
write(7,fmt=848)x(nvi (1)), y(avi (1))
write(7,fmt=849)

continue

format(2e1d .6)

format('V ¥!,/,'PU;",/,"CON" ./, PD;" ./, 'BEGIN")
write(7,fmt=850)

format (‘¥ w',/ "PU;*, /,'STQ",/,'ST0")
do 6 i=1,notr-1

b{i)=0.

do 6 j=1,notr-1

a{i,j)=0.

do 16 itr=1,notr

il=iv(itr,1)

i2=iv(itr, 2)

i3=iv(itr,3)
det=q(x(i1),y (i1} ,x{i2) ,y(12),x(:3),y(13))
det=daba{det)
£01,1)={x(i2) ey (i3)-x(13)»y(i2)) /det
f(1,2)=(x(i3)»y(i1) -x(i1) =y (i3))/der
£Q1,3)=(x(i1)*+y(i2)-x(12) oy (i1)) /det
£(2,1)=(y(i2)-y(i3))/det '
1(2,2)=(y(i3)-y(i1))/det
£{2,3)={y(i1)-y(i2))/det
£(3,1)=(x(i3)-x(i2))/det
£(3,2)=(x{i1)-x(i3)) /det
£(3,3)=(x(i2)-x(i1})/det
ar=dabs{det)/2.

do 23 i=1,3

l=iv(itr,i)-ndir
if(iv(itr,i).le.ndir) go to 23

do 24 k=1,3

s(k)=ars (£(2,k)*+£(2,1}+£(3,kI£(3,1))
s(k)=a(k)sepa(itr)
continue

do 14 k=1,3

if (iv(itr,x).le.ndir} go to 15
le=iv(itr, k}-ndir
a(l,lc)=a(l,lc)+a(k)

~

b{1)=b(1)-p{iv(itr, k))en{k)
continue '
continue

contircue

do 264 i=1,notr-1
b(i)=b{i)/scale

do 262 j=1,z2otr-1l
a1, jr=a(i,j)/scale

Solve tbe systen of equations

call sist{a,b,non)
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C File 6 contains the unknown node potentials

do 165 1=!,nn
write(6,fmt=164) (i+odir),b(1)
165 continue
164 format (' Node ',i4,' potential = ', el7.7)
stop -
end

Subroutine sist

a - aatrix of the aystem

b - right band side, containa solutien
n - dizension of the system

QOO0 a:O0

subroutine sist(a,b,n)}
implicit real +8 (a-h,o-z)
dimension a(99,99),b(39)
oml=n-1 .
d=1.0

do 7 k=1,omt
ba=a(k, k)
j=x

kpl=kt1

-

[z ]

Find max term in column

do 1 i=kpl,n 1ﬂp . .

if (dabs(ba).g¥ daba(a(i,k))) go to 1

ha=a{i, k) c. - o

j=i g
1 continue

d=d»ba .

if(j.le.k) go to 3 ‘

if(daba(d).eq.0.) go to 9

(]

Interchange rows

do 2 i=k,n

h=a(k,i)

alk,i)=a(j.i)/ba
2 a(j,i)=n !
* be=b(k)

b(k)=b{j)/ba
' . b(_])'h v,

ge ta 5 o
. ’ ) ’
Civide row« by max cocfficient v
do 1 i=kpl.,n -
a(k,i)=a(k,i)/ba A
b (k) =b (k) /ba

T OO
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de 7 i=kpi,n

do 6 j=kpl.n
ali;j)=a(i,j)-a(i,x)*alk,j)
b(i)=b(i)-afli, k)*b(k)
d=d+a(n,n)
if(dabs(d).eq.0.) go to 9
b{n)=b(n)/a(n,n)

Back substitution

do 8 i=1, pmi

k=n-i

xpl=k+l

do 8 j=xpit,n
blk)=b(k)-a(k,j)«b{jd
write (6,fmt=11)
format(* ok')

return

“rite (6,fmt=10)

‘FORHAT(' SILGULAR SOLUTION')

return
end

p
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