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Mode-Matching Analysis of TEg;1-Mode
Waveguide Bandpass Filters

Andrea Melloni, Marco Politi, and Gian Guido Gentili

Abstract—A mode-matching technique for the analysis of wave-
guide bandpass filters employing circular TEq;, resonators, cou-
pled by rectangular apertures, is presented. Such a technique
takes rigorously into account thickness and angular offset of
the two coupling irises, and higher modes interactions between
resonators, while overcoming the typical limitations of the avail-
able approximate models. We show, through an optimization
procedure, that it is possible to design filters with a desired
frequency response, without needing any further empiric adjust-
ments. Spurious responses can be controlled too.
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I. INTRODUCTION

HE HIGH unloaded Q-factor of TEg1;-mode in cylindri-

cal cavity is very attractive for the realization of low-loss
narrow-band filters at millimeter wavelengths. Direct coupled
filters employing this kind of resonators can be designed to
have a very selective passband with steep skirts, together with
a very low midband insertion loss. One further advantage is
the higher midband pulse power capacity, when compared to
other waveguide filters.

The main building block of the TEq;;-mode bandpass filter
is the cylindrical resonator shown in Fig. 1, coupled both with
the external rectangular waveguides and with the adjacent
cavities through two rectangular apertures (coupling irises)
which are placed on the cavity sidewall with an angular offset
equal to 26.

The analysis of such filters is usually performed with
reference to approximate models based on “Bethe’s small
coupling theory” [1], later modified by Cohn [2], MacDonald
[3], [4] and, recently, by Levy [5]. Such models cannot take
into account the effects of the coupling apertures on the
TEq;; resonant frequency and the higher-order mode coupling
between adjacent resonators and the irises angular offset 26.
Moreover, the design of such filters [6,] [7] is complicated by
the large number of spurious modes that resonate at frequen-
cies that are close to the TEq11 mode and its degeneracy with
TM;11 mode. As a result, several empirical adjustments may
be required when bandpass filters are designed according to
the approximate models, and particular care must be taken to
guarantee satisfactory cavity tuning control and suppression
of adjacent modes [8], [9].

This paper proposes a mode-matching technique for an-
alyzing all buiding blocks of the above filter in order to
accurately evaluate their frequency response. The resulting
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Fig. 1. The cylindrical resonator coupled to the external waveguides and to
the adjacent resonators by rectangular coupling irises.

procedure allows the designer to take into account the effect
of all coupling apertures, the angle 20 between them (see
Fig. 1), the spurious responses and the higher-order-mode
interaction between adjacent resonators. The only restriction
on the irises dimensions is that the aperture width b; must
be small compared to the diameter R of the cavity. Small
values of the ratio b,/ R results in a considerable simplification
of the mode-matching procedure. This, however, is not a
severe restriction as the coupling mainly depends on a;. If,
for any reason, one has to use larger values of b;, the more
general mode-matching procedure reported in [10], [11] can
be employed. The technique we propose is quite accurate up
to b,/R ~ 0.3.

The method is explained in Section II-A for cavities coupled
through irises with identical dimensions. The more general
case of asymmetrical cavities having two different apertures is
treated separately in Section II-B. An extensive convergence
analysis has been carried out in Section III and the efficiency of
the method and other numerical results are discussed in Section
1V. Some prototype filters with one and four cavities have been
built as well in order to validate the method described above.
In these cases, a very good agreement between simulations and
measurements has been observed, as discussed in Section V.

II. THE SOLUTION OF THE FIELD PROBLEM

The analysis of the TEqi; bandpass filter can be conve-
niently carried out by splitting the whole structure in simpler

0018-9480/95$04.00 © 1995 IEEE



2110

building blocks, as shown in Fig. 1. Only two discontinu-
ities are present: the symmetrical double-step formed by the
junction between the rectangular external waveguide and the
first (last) rectangular coupling iris and the discontinuity at the
junction between the irises and the cavity itself. Each discon-
tinuity is considered separately and its generalized scattering
matrix is evaluated. The overall scattering matrix of the total
filter is then calculated by a suitable direct combination of all
single scattering matrices [12].

In this work, the mode-matching technique is used to
calculate the generalized scattering matrix of each discon-
tinuity since it is a method particularly suitable when the
fields in each region can be expressed analitically as a mode
superposition. The first step of the mode-matching technique
consists in choosing the most suitable modal expansion of
the fields in the regions forming the junction. The analysis
of double-step discontinuities in rectangular waveguide has
been carried out by several authors. In the past [13], [14]
the rigorous TE-TM field expansion was successfully used.
Numerical analysis, however, has verified that the electric £,
component of the scattered field is much smaller than others
in the bandwith of the dominant TE;o mode, suggesting a
TE” field expansion [15]-[17]. The TE® expansion has the
advantage of working with smaller matrices with respect to the
TE-TM case, reducing the CPU time and storage requirements
and it was therefore used in this work.

Let z be the direction of propagation in the rectangular
region, that is the external waveguide and the coupling irises,
as shown in Fig. 2. The modal expansions of the fields com-
ponents are derived by an z-directed magnetic scalar potential
II,%. The expressions of potential and fields, assuming a
dependence of the type e¢?“?, are the following

1 s _
M=) —(afe™™ —age™*)¢7 (z,y) )
P
. 81—‘[56 —YqZ — z
EyD = —jup = ;(a;e Y%tz e ey, 2)

2
HE — <k2 + a—) Hm - Z(a;e_ﬁ’qz _ a,q—e’Yqz)hxq (3)

oz2
q

where QSE is the rectangular mode function

2¢ b
</>E(x, y) =1/ ;bﬁ cos by cos kyy, (5 + y) Ney

¢n 18 the Neumann factor which equals 1 if n = 0 and 2
if n # 0 and a normalizing coefficient has been introduced
so that f s ¢qu dS = 1. q is some combination of m and n
and k = w./fi. The mark “ is used to distinguish quantities
related to the rectangular region from quantities related to the
circular one, indicated in the following with ©.

In (2), (3) the modal eigenfunctions are

eyq = jwidy (5)
hog = (K* — k2,,)85 /7 (6)

being v, = /k2,, + k2, —k? the propagation constant,

kzm = (2m+1)r/a and ky,, = nw /b with m,n = 0,1,... co.
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Fig. 2. Top view of the iris-cavity junction.

Finally o} and o, are the incident and reflected modal
coefficients, respectively.

Let’s now concentrate on the fields modal expansion in the
cylindrical cavity. The external waveguide operate in TEjq
dominant mode and the coupling irises are below the cut
off. Under these conditions, and due to the orientation of the
waveguide itself (see Fig. 1), no E, component exists in the
coupling irises and hence only TE® mode (simply TE in the
following) are excited in the cavity.

In practice TM modes could be weakly excited because of
unwanted asymmetries and losses, but in general their effects
are negligible and they are not considered in the following.
The TMj11-mode is the only one that can seriously affect the
bandpass filter performance because it is degenerate with the
TEg11-mode. This degeneracy can be split simply by using
a noncontacting tuning plunger or by modifing the resonator
as in [8, 9], but these are empirical adjustments and are not
considered in this analysis.

The cavity can be considered as a radial waveguide of height
h. The termination of such a waveguide with an ideal electric
surface with two rectangular apertures at a distance R from
the center of the cavity will be enforced later by the mode-
matching technique. After that, the modal field components of
interest in the cavity are [10], [18]

E] = juuy_ cydpe (¢,0) @
p=1
HY =" oY, d5 (0.2) ®
p=1
where

Yo — Kjli(kiey R) ngR @)

p 7 — . J, Key R)

J!(ke, R) i — “ch%

being re, = 4/k% — k2

2y oy = jr/h,and i = 0,1,...00

J = 1,2,...00 are integer numbers depending on p.

In (9) the ratio between the two first kind Bessel functions
J of order 7 + 1 and 7 can be easily calculated [19, p. 363].
Moreover ¢, is the modal amplitude coefficient and (/5;’% (¢, )

is the modal eigenfunction

o _ | & \cos .
¢p$n (p,z) =/ = cos(nma:)sin (ip) (10)
where ¢, = 1 if ¢ = 0 and ¢, = 2 otherwise. As for the

eigenfunction of the rectangular waveguide, a normalizing
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factor has been added so that f g ¢>° dS = 1 over the cavity
sidewall S.

Note, by the way, that the field has been expanded in
first kind Bessel functions. This physically means that the
cavity fields are expanded in stationary modes and (7) and (8)
represent the solution of the Helmholtz equation in cylindrical
coordinates, once the singularity in 7 = 0 has been removed.
Moreover modes with r,, = 0 do not satisfy the boundary
condition on the bottom and the top of the cavity and they
can be neglected.

Finally, if the coupling apertures are placed midheight on
the cavity sidewall, only symmetrical modes with respect
to the x direction have to be considered, that is kg, =
@m+Dr/a, 6z = (2§ + U)w/hand m,j =0,1,2...00

In the next two sections the continuity of the fields in the
apertures and the boundary condition on the metallic sidewall
of the cavity permit the obtaining of the generalized scattering
matrix of the resonator.

A. Symmetrical Cavity

A simple but important case is represented by a cavity with
two identical apertures symmetrically placed with respect to
the height of the cavity. Cavities with two different apertures
are treated in the next section.

By taking advantage of symmetry, only half of a cavity,
obtained by inserting either an electric or a magnetic wall at
the symmetry plane, has to be analyzed. A top view of half
of the cavity so obtained is shown in Fig. 2 together with the
electric and magnetic field components to be matched. The
two generalized one port scattering matrices of half the cavity
are derivable by suitable projection of the E-field and H-field
continuity equations over the aperture. If b, is small compared
with R, the derivation of the two equations is straightforward.
This assumption means that the curvature of the matching
surface, named ¢ in Fig. 2, can be neglected. The EY electric
field component in the iris is therefore neglected and the
continuity between the cavity electric field EO and the electric
field component E‘:' in the rectangular aperture tangential to
o, must be enforced ie.,

O
Eg — {Ey laperture (11)
0 |cavity sidewall
H; = H |laperture. 12)

To enforce the boundary condition on the cavity side-
wall—that is the vanishing of the tangential E-field—and the
continuity of the electric field through the aperture, (11) is
projected by using the cavity eigenfunctions ¢1?% (¢, x) over
the cavity sidewall. On the contrary, the continuity equation
of the magnetic field (12) is projected using the eigenfunctions
¢z, y) on the aperture surface o.

This leads, after substituting (2), (7), (3), and (8) in the two
continuity equations, to the matrix equations

;C =H. (AT + A7)
- 13)
HIY°C =YJ(A*—A")
where At = [af], A~ = [a;] and C = [c,] are the incident,

reflected and stationary modal amplitude vectors coefficients,
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He is the coupling matrix and Y™ and Y° are two diagonal
square matrices of normalizing coefficient. Superscript ‘I
denotes transpose. Note the 1/2 factor in the first of (13),
resulting from the insertion of the electric and magnetic wall
in the simmetry plane.

The elements of the coupling matrix are defined as

/ Ppe (0,2

explicit form for which., always under the assumption of small
b,, is reported in Appendix, while

k2 — k:%m
Y2 = [ hogtflay) do = - em

Ya

O(z,y) do (14)

(15)

By solving the two matrix (13) as usual, the two scattering
one port matrix S, and S,, result

-1
Se = (Y7+2HIY°H, ) (Y7 -2HLY°H. ) (16)

and then the scattering matrix of the whole symmetric res-
onator is

S, + 8.
Su="m
S, —S.
So1 = m*2*— 17

Note that S1; and So; are real numbers because the irises
operate below their cut-off frequency and the technique can
be implemented using only real algebra.

B. Asymmetrical Cavity

The case of a cavity with rectangular apertures of different
dimensions is now investigated. The most direct approach
considers a symmetrical resonator with two apertures equal
to the larger one followed by a symmetrical double-step
to reduce the dimensions of one of the two apertures. The
symmetrical resonator generalized scatiering matrix must be
therefore cascaded [12] to the double step one placed at a null
distance from the aperture on the cavity sidewall.

This approach is quite simple because all the needed
building-block are already available and one has only to
combine them. However the computational cost is heavy, a
great number of matrix operations are needed and the case of
two apertures placed at different heights cannot be handled.
The most powerful approach consists therefore in considering
the whole resonator.

As for the symmetrical case, the continuity of the electric
and magnetic fields in the two apertures must be enforced,
toghether with the vanishing of the tangential electric field
on the metallic sidewall of the cavity. The two equations are
written as follows

jwp Z cobpe,

{Z (alq + alq)elyq + Z (a2q + an)ezﬂq

(cav1ty sidewall) (18)
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> Yy bpe

P

= Z(afq = ar)hieg + Z(a;q —ay,)hazg  (19)
q q

where the subscript 1 and 2 have been added to quantities
relative to the first and second aperture, respectively.
Equation (18) must be projected on ¢ge and the magnetic

field-continuity (19) on ¢7, and ¢, to solve the scattering
problem. In matrix form, the three equations are

Hi (AT + A7)+ Hy(AT +A5)=C
YE(A;r —A7) = HipYOC
Y5 (A - Al =HIY°C
and lead, after the elimination of the amplitude vector C to
the generalized scattering matrix

(20)

S, = (YD + T)—l(YD T) D
S12 = (Y? + D) 'F7(T + Sa0) 22)
Sop = (Yg + G) ' (I-l— Si1) (23)
S22 = (Y3 +R)™ (Y5 - R) 24
where
T=D-FI(Y]+G)"'F (25)
and
R=G-F(Y!+D)'FT. (26)

The two coupling matrices, whose coefficients are reported
in Appendix, are

H; [Iflillm] and H, = {Sjm} (27)
and

D F7 H |0

[F G] [H%}Y [H: H]. (28)

The simpler form for symmetrical cavity given in (16), (17)
can be obtained by simply setting YT = Y5’ and H; = H,
in the equations above. Also in this case only real algebra is
needed.

ITT. CONVERGENCE PROPERTIES

In the mode-matching technique the field mode expansions
are truncated for practical reasons and it is well known that
the choice of the number of modes it is not always an easy
matter. The extensive studies on the subject, both for a general
discontinuity [20], [21] and for the iris-cavity discontinuity
[10], demonstrated that the ratio between the number of modes
used on each side of the junction plays a very important role
in the convergence behavior of the mode matching technique.
The best rate of convergence is obtained if the same spatial
resolution of the field mode expansions in the two region
forming the discontinuity is ensured [20]. This means that all
the modes having a cut-off frequency lower than a prescribed
value must be taken into account, both in the waveguide and
in the cavity.
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Fig. 3. Scattering coefficients convergence of a symmetrical cavity. See text
for dimensions.

In the structure of Fig. 1 two convergence analysis have
been carried out. The first one focuses the attention on the
discontinuity between the rectangular iris and the cylindrical
cavity (for the convergence behavior of the double-step dis-
continuity see [17], [21]). Fig. 3 shows the convergence of
the reflection coefficient S;; and the transmission coefficient
So1 (both are real numbers) as a function of the total number
of modes in the iris and in the cavity. The dimensions of the
considered cavity are D = 34 mm,h =18 mm, 26 = 180°,
with two identical apertures of dimensions @, = 9 mm and
b; = 6 mm. The analysis has been carried out at 13.8 GHz
and shows that about 10 modes in the iris are sufficient to
guarantee a value that differs less than 1% from the asymptotic
one (obtained with 140 modes in the iris).

The second convergence analysis is devoted to the whole
structure. A one-cavity filter is analyzed in order to study the
influence of the various discontinuities. The accuracy in the
evaluation of the resonant frequency and the quality factor of
the loaded cavity, the two parameters on which the design of
a filter is based, is discussed.

Fig. 4(a) and (b) show, respectively, the percent error on the
quality factor () and on the resonant frequency for the above
mentioned cavity coupled to an external R120 (19.05x9.525
mm) rectangular waveguide. Three different coupling irises
with lengths ¢, are considered and the errors refers to the
asymptotic values. It is interesting to note that the resonant
frequency of the TEg;;-mode is determined accurately even
with very few modes in the iris while the evaluation of the Q-
factor needs a more accurate analysis. Finally the convergence
is faster for long irises (i.e., ¢, = 4 mm) because of the weaker
interaction of higher order modes between the double step
discontinuity and the aperture in the cavity sidewall.

A further convergence analysis concerns the difference
between the two approaches proposed for the analysis of an
asymmetrical cavity. In Fig. 5 the same cavity as above but
with two different irises with dimensions ¢; = 9 mm, b, = 6
mm, az = 8 mm and by = 5 mm is considered. The scattering
coefficients are reported as a function of the number of modes
used in the irises. The continuous lines represent the scaitering
coefficients obtained with (21) to (24), that is considering the
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Fig. 5. Comparison between the rate of convergence of two approaches for
the analysis of an asymmetrical cavity. Equations (21) to (24) in continuous
line. Symmetrical cavity + double-step in broken line. See text for dimensions.

asymmetrical cavity as a whole, while the dashed lines show
the results obtained by cascading a symmetrical cavity with
a double-step to shrink one of the irises. The effectiveness
of the former approach is supported by a much faster rate of
convergence.

Concerning the computation speed, a comparison in terms
of number of matrix multiplications and inversions is difficult
to carry out because of the different matrix sizes. Equations
(21) to (24) involve 4 matrix inversions and 11 matrix mul-
tiplications while only 2 inversions and 4 multiplications are
needed to calculate the generalized scattering matrix of the
symmetrical cavity. In addition to that, one must account for
the cascading with the double-step discontinuity, which is a
quite time-consuming process. In conclusion it was observed
that the symmetrical cavity + double-step approach, although
easy to implement, requires a large number of modes to obtain
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Fig. 6. Frequency response of a single cavity filter for different values of
the angular offset 26. See text for structure dimensions.

a satisfactory accuracy of the solution and as a whole the direct
method is less time-consuming.

IV. NUMERICAL RESULTS

A cavity with diameter D = 34 mm and height » =20.5
mm, coupled by two identical irises with dimensions a; =
8 mm, b = 4 mm and ¢; = 3 mm to an external R120
waveguide is considered. The frequency response is reported
in Fig. 6 for four values of the angle 26: 90°,120°,150° and
180°. The TEs2i1, TEqg11 and TE3q; resonant frequencies are
cleary visible and transmission zeros too. The TEpi; resonant
frequency and the quality factor are only slightly affected by
the irises position because of the angular uniformity of his
fields while the TE,1; and TEgz;; spurious modes frequency
behavior depends in some way on this angle.

Also the frequency position of the transmission zeros
strongly depends on the angle 26, as already observed by
Kreinheder [22]. In his paper, Kreinheder explained accurately
how and why nulls could appear between two resonant modes
and shows, experimentally, that by controlling the angular
offset of the apertures it is possible to place a transmission
zero near the TEg11 resonance and steepen the rejection slope.
An interesting feature of these zeros is that their positions,
relatively to the TEg;; mode resonance, do not depend either
on the irises dimensions or on the cavity ratio D/h, at least
in the range D/h = 1.38 to 2.0, the most commonly used
ratio range. The positions of the transmission zeros versus the
angular offset are reported in Fig. 7. Both the null frequency
between the TEgq; and TEgy1; mode and between the TEgq1
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and TEg;; mode are reported. In the figure the null position
is normalized to the theoretical TEg;; resonant frequency. It
must be noted that these nulls exist only for certain angles
and vanish or move away outside these intervals. With an
angle of about 147°, the two nulls are equally spaced from
the TEgi; and this permits an approximatively symmetrical
insertion loss characteristic. -

A further interesting numerical result is shown in Fig. 8.
Even if there is not an angle that allows one to minimize
at the same time the coupling with the TE5;; and with the
TE3;1 spurious mode, it’s always possible to try to suppress
the resonance of the TE311 by means of the transmission zero.
For the above cited cavity for example, the angle 26 = 147.6°
permits mantaining the TE31; response below 20 dB. This
can be useful to increase the selectivity and the rejection in
the design of bandpass filters.

V. EXPERIMENTAL RESULTS

A number of prototype filters with one and four cavities
have been realized and measured to test the proposed method
of analysis.

The simpler prototype was a symmetrical single cavity
filter with dimensions a;, = 8 mm, b; = 4 mm, D = 34
mm, A = 20.5 mm. The cavity without apertures resonates
at 13 GHz. The cavity was coupled to an R120 external
rectangular waveguide by two 3 mm} long rectangular irises
forming an angle 26 = 180°. Only a simple tuning plunger
has been included for tuning purposes, without any absorbing
material beyond the movable endwall. The whole cavity was
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Fig. 9. Magnitude of S3; in dB versus frequency for the single cavity
filter. Comparison between computed and measured response near the TEqgy1
resonant frequency.
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Fig. 10. Magnitude of S31 in dB versus frequency for the single cavity filter.
Wide band comparison between computed and measured response.

TABLE 1
FOUR-Cavity BANDPASS FILTERS’ DIMENSIONS [MM]
D & [ 6] & | & P | B |96, 25
[ This paper [ 15.0 [ 4.6 ] 2.0 [ 2.852 [ 7.757 | 8.630 | 9.911 | 9.056 | 90° | §0° |
6] 15.0 | 46 | 2.0 | 3.310 | 6.102 | 6.846 | 10.882 | 10.862 | - -

silver plated to reduce losses and the plunger was made non
confacting with the cavity sidewalls in order to split the
degeneracy between the TEg1; and TM;1; mode.

A comparison between calculated and measured insertion-
loss, obtained by atransmission and reflection test unit, is
shown in Fig. 9 near the TE(;; mode resonant frequency
and in Fig. 10 over a very wide frequency band. Resonant
frequencies of the TEq11, TEs11, TEg11, and TE31; modes
are clearly visible, together with the transmission nulls due to
mode interactions. Both figures shows an excellent agreement
between calculated and measured response, not only near the
TEp11 resonant frequency band but all over the whole mea-
sured band. The discrepancies near the resonant frequencies
of a spurious mode are essentially due to the movable tuning
endwall.

This accurate method of analysis have been succesfully
employed for the design of bandpass filters. An optimization

‘program applying the evolution strategy method used in [13]

varies the dimensions of thé structure until the desired fre-
quency response is obtained. The starting dimensions can be
calculated resorting to the approximated techniques available
in literature [6], [7], based on the small hole coupling theory
[11, [3]1, [4] by Bethe.
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Four cavity bandpass filter prototype.

Fig. 11.
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Fig. 12. Insertion and return loss in dB versus frequency for a four cavities

filter (see Table I for dimensions). Comparison between computed (~ — —) and
measured (——) response.

A four cavity bandpass filter is shown in Fig. 11. The center
frequency is 28 GHz and the bandwidth 1s 80 MHz. Table
I reports filter dimensions before and after the optimization.
Note that irises angles are not taken into account by the
approximate design.

The prototype has been silver plated to reduce ohmic losses
and include four tuning plungers and five small screws placed
in the coupling irises. The comparison between measured and
calculated insertion and return losses are reported in Fig.
12. The agreement is quite good and the ohmic losses at
28 GHz are limited to about 1 dB. The five screws were
practically unused and it has been observed experimentally that
the non touching plunger play a quite important role at these
" frequencies. A too large plunger is not efficient in splitting the
resonant frequencies of TM;1; and TEgi; mode while a too
small plunger also seriously affects the frequency behavior of
the main mode. An experimentally accurate choice of this part
is mandatory.

VI. CONCLUSION

The mode-matching technique have been used in this paper
for the analysis of TEg1; mode bandpass filter. The numerical
method reported in this paper can overcome many limitations
of the approximate models available in literature presently.
Namely, it is now possible to examine the influence of the
angle 260 on the resonator frequency response, to determine
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accurately the position of other resonant spurious modes and
transmission zeros and to take into account the higher order
modes interactions between adjacent resonators. The only
restriction on aperture dimensions is b;/R < 0.3. Numeri-
cal properties of the technique have been widely discussed.
Numerical and experimental results referring to a single cavity
and a four cavity filters are presented too, showing a very good
agreement between the measured and calculated frequency
responses.

APPENDIX
ELECTRICAL AND MAGNETIC COUPLING COEFFICIENTS

Referring to Fig. 2 and (14) the coefficients of the electrical
coupling matrix H, are calculated. Expressions refer to a sym-
metrically placed aperture under the assumption of b; small by
respect K. Here a and b equal a1, b;—the dimensions of one
aperture—when calculating H; and as, bo—the dimensions of
the other aperture—when calculating Hj. It is found

H _ ©2 d % [¢] (| 262€_n
(P, q) = i R dy 3 AT Ppe bq = ﬁ%fmfsae

29
where g1 = 0 sin ' 5% ~ § ¥ . In the following, index
g = gq(m,n) refers to the rectangular iris and p = p(j, )

LN

_refers to the cavity.

a if Ky = Finj

(=1)" 2k, cos(ky; %) .
2 2 212 if kmm 75 Kgj
zj " Kzm

Il

I (30)

where k;n, = (2m + 1)7/a and kg5 = (25 + 1)7/h and

; X cos(%F — kyn RE) if i = kyn R -
p. = iR[(-1)" sii}gffafl)z;;in(ie—%)] £ i hynR (31)

nm

where k,, =
The coefficients of the magnetic coupling matrix F.,,, are
calculated in the same way

H,(p,q) /wRd(p/%d ¢S ¢ =4/ 2in_ 5 1
p q = X = z “m
AL o1 _a pm Tq hRbam

(32)
where I, is given by (30) and
Iy %'sin(b—% +n%Ré) ., if i =kyoRR
Gm — zR[cos(zO—l,i—gz—(lg;-nll)%)gcos(w—l——z—ﬁ)] if i 7& kynR

(33)
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