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Far the systematic deve Iapment af new TEM-m icrawave components the
accurate calculation af the TEM-wave character stlc impedance is necessary.
Besides the characteristic Impedance the prapertles af TE- and TM-modes
in new canfiguratians are impartant. By TE- ar TM-mades in a device designed
for TEM-waves the functlan of this device is qravel y disturbed. As the
probabi I ity of TE- or TM-modes growths with frequency increasing this
question is important especial Iy at micrawave frequencies.

Many of the modern transmission i ine structures are accessible anl y ta
numerical calculation methods, Therefare I generated camputer pragrams for
the calculation of TEM-, TE- ond TM-waves in transmission I ines with
general crass sectians, In the fal Iawing, after a shart descrip?:on of the
numerical methods, results for the special case af shielded str!p transml ssian
I ines with rectangular inner canductar and rectangular auter conductor wi I I
be presented. The TEM-wave character stic impedance can be calculated if
the Lapl ace equatian has been solved far the praper boundary conditions. For
the salution I used a finite difference methad. The application of this methad
was demonstrated in /1 , 2, 3/. Hawever, same accuracy prablems remained
unsolved. Therefore 1 made some investigations concerning the accuracy of
the method. FOP the calculation af TE- and TM-mades an advanced versian af
a method described in /4/ was employed. This methad applies the static field
I ines and the static equipatential I ines as a curvi I i near coordinate system.
These I ines can be easi Iy obtained tagether with the TEM-wave character stic
impedance. Al I numerical calculations were per farmed at the TR4-camputer of
the Bavarl an Academy af Sciences, Munich.

The Finite Difference Method far the Sol ution of the Lap lace Equatian and the
Errar af Discretizatian. The crass section af the transmi ssian I i ne is
superposed by a square mesh. The finite difference method is based upan the
assumption that the patential in every mesh point is approximate y the
arithmetic mean af the patentials in the faur neighboring mesh points. This
assumption is appropriate whenever the derivatives af the patential function
with orders higher than twa are negligibly smal I . The unknawn static potentials
in the inner mesh paints can be calculated from an inhomageneous I i near
equation system by an iteration process cal led relaxation /7 , 2, 3/. The
methad invalves an error of discretization and a residual errar af relaxation.
The latter is a consequence of the iteratlan process and has in feriar importance
as it can be made sufficiently smal I by a reasonable number of iteration runs.
The errar af discretization decreases with the mesh number N increasing.
For N there are set I imits by the aval Iable camputer storage. Therefore it is
impartant ta knaw the dependence of this errar upan N to selent the appropriate
N far a given problem and to gain higher accuracy by extrapolation ta N
infinite.

For shielded strip transmission lines I studied the error af discretizatian by
help of numerical investigations. In these transmission I ines at the 900-edges
af the inner canductar al I deri vatives af the potential functian are infinite.
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Therefore these edges are the main sources of the discretization error. Up
to a constant factor the dependence of the di screti zation error on N is obout
the same for al I shielded strip transmission I ines due to these edges. Far
my investigations I chase examples with relatively large inner conductors for
which I COUI d cal CUI ate the character sti c impedance by confarmal trans-
formation /3/ with an accuracy for exceeding the accuracy obtainable by the
finite difference method. After the quasi-exact calculation by conformal
transformation I treated the same examples by the finite difference method
with variaus mesh numbers N. The comparison of the results of both methods
immediately gave the errar of discretizotion, depending on N.

The finite difference methad primari Iy yields the stotic potentials in the mesh
points, From these the character sti c impedance can be cal CUI ated via the
dielectric displacement on the inner conductor (case I), /1 , 2/, or on the
outer conductor (case II), /1 , 2/, ar via the total electrical field energy
(case III), /3/. In fig, 1 for a representative example the relative error of
the characteristic impedance (cases I, II, III) is drawn depending on N. It can
be seen that the energy method (case III) is the most accurate. A more

detailed study of fig. 1 allows the generally volid conclusion that with 90°-
edges at the inner conductor the error of discretization is opproximately a

i i near functian af N-n with n < 1.5. In the I iterature sometimes the too
optimistic value n = 2 is suggested. In /3/ it is shown that Lagrange extra-
polation to infinite N with n = 1.25 effects an improvement of the accuracy by
abaut one order.

In fig. 2 the characteristic impedance of shielded strip transmission I ines is
drawn depending on the width r of the inner conductor.

The Calculation af TE- and TM-Modes, For the cross section a curvi I i near
coordinate system is establ i shed, see fig. 3. This results fram the salutian
af the Laplace equatian which is necessary far the calculation of the TEM-
wave characteristic impedonce. The coardi nate system gives the canformal
transfarmatian of the original crass section upan the crass section of a
paral Iel plate I ine with equal characteristic impedance. In the curvi I ineor
coordinate system the metal I ic boundaries of the crass sectian coincide with
I i nes of constant coardi nate values (auter canductar y = O, inner canductar

Y = b). This is convenient for the formulation of the boundary conditions. In
the curvi I i near coordinate system the field intensities of the TE- and TM-
mades are performed by trigonometric series expansions with coefficients ta
be calculated. If the series expansions are inserted inta Maxwel I ‘s equations
there result I i near equatians for the coefficients. These equatians represent
a matrix eigenvalue prablem. By means af the equatians the critical wave-
lengths and the unknawn coefficients can be calculated. From these al I wanted
i nfarmatians abaut the wavegui de modes can be obtained by s!mpl e numerical
procedures, The method is applicable to any transmission I ine for the cross
section af which the static field an equipatential I ines are known. A more de-
tai led explanation of the theory is to be found in /3/. It wi I I be publ i shed
in the near future.

In the follawing I will present same examples of my calculations , More
exomples are COI Iected in /3/. Fig. 4 shows the transverse electric resp.
magnetic field patterns far variaus TE– resp. TM-modes. In this case the
dimensions af the transmission line are p/q = 1.5 i s/q = 0.2; v/p = 0.5.
The names of the modes indicate to which modes i n the rectangular wave-
guide without inner canductor they are related. In figs. 5a, b the critical wave-
1engths for the most important modes are drawn depending on the width r of
the inner conductor.

In order to test the accuracy of the calculations some critical wavelengths
were cantrol Ied by resonatar measurements. The resonators had the cross
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sectional dimensions

1) p/q= l.5: P/P= O.75: s/q =0,25
2) P/q= l.5; r/P= o.50; s/q= o.25.

The mechanical tolerances of the resonators were better than O.l%. In the
fallowing table we see the good coincidence of the measurements andaf the
calculations.

[

Mode

‘El c
TE3C

TEoq

‘El 1
TM, ~

wrmalized critical wavelength ~_/r

Resanatar 1

measured cal CUI ated

2,165 2.1654

0,729 0.7339

2.791 2.7961

1.382 1.3744

0.485 0.4852

c.

Resonator 2

measured calculated

2.244 2.2425

0,680 0,6819

2,015 2.0170

1,188 1.1785

0,535 0.5342
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Fig. 1: The error of discretization as a function of the

total mesh number
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Fig. 3: The curvilinear coordinate system

Fig. 4: Transverse electric resp. magnetic field patterns

(a) TEol.mode
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Fig. 4 (b): TE ~ ~-mode

Fig. 4 (c): TEzo-mode
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Fig. 4 (d): TEll-mode

Fig. 4 (e): TE30.mode
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Fig. 4 (f): TM1 ~.mode

Fig. 4 (g): TM -mode
21
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Fig. 5b: The .ritacal wavelengths of the most important TM.~o&,
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