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This paper presents an analysis of multislot directional coupler
for monitoring the gyrotron output. We solved the boundary value problem
of the directional coupler to investigate the detailed effect of finite
thickness slot and mutual coupling between slots. Numerical data of
coupler design is presented for non-resonant a pair slet, and mode

sensitivity in overmoded waveguide is also evaluated.
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1. Introduction

The key factor of ECR (electron cyclotron resonant) plasma heating
is monitoring output of Gyrotron to estimate the plasma heating power.

It is also necessary to monitor mode composition in the overmoded wave-
guide, since reflected waves from the plasma cause much higher mode in
overmoded waveguide of Gyrotron output. For monitoring the Gyrotron
output, multi-hole directional coupler have been used [1] [2], however
the rigorous theoretical approach has not been obtained.

The directional coupler may be also composed of slot instead of hole,
and the slot coupler is easy to calculate its performance rigorcusly.
This paper presents the analysis of multislot directional coupler to
calculate rigorously the effect of wall thickness and the mutual coupling
between slots. We derive a set of integral equation for the directional
coupler and solve it by using the method of moments in the following
section, Sec. 3 presents numerical data for the design of directional
coupler consisting of a pair slot, Mode selectivity of the coupler is
discussed in Sec. 4. This paper concludes with discussion and future

problem,

2. Formulation

Bethe [3] developed originally the theory of microwave coupling by
small aperture of zero thickness. Cohn [4] described a major extension
of Bethe's work, and enabled the theory to apply large aperture of
finite thickness. Levy applied Bethe-Cohn theory to multiaperture
couplers [5], and also showed the theory of including the mutual
interactions [6]. Meanwhile, MacDonald [7] presented thickness
correction factor obtained by the resonator model. However, these
analysis of cohplers are for the single mode waveguide, and are not
verified for the overmoded waveguide.

In this section, we solve the boundary value problem of the multislot
directional coupler to investigate the detailed effect of finite thickness
slot and the mutual coupling between slots. This is almost based on
Seki's formulation [8]. Fig. 1 (a) illustrates the overall configuration
of our analysis model. The directional coupler consists of multislot

located between a rectangular and a overmoded circular waveguide. For

_1_.
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the generalization of the analysis, we consider multi-slot coupler, where
the number of slot is N. In our analysis, following assumptions are
first assumed.
(1) directional coupler and overmoded circular waveguide have perfectly
conducting walls.
(2) a slot is rectangular shape, and its width is much smaller than
its length,
(3) each slot direction is in the waveguide axis.
(4) radius of circular waveguide is much larger than the guide
wavelength.
The assumption (1) indicates that infinite summation of complete orthogonal
mode express the fields in this system. By the slot shape condition (2),
the electric field in the slot aperture has a component only in the
direction of slot width and the aperture magnetic field has a component
only in the direction of slot length. The condition (3) also restricts
scattered fields in circular and rectangular waveguide to the transverse
electric (H) mode. Finally, by the assumption (4), the surface consisting
of slot aperture 1s regarded as a plane for the simplicity of calculation.
All these assumptions are reasonable in our analysis of this directional
coupler. Solving this problem gives the fields in the rectangular and
the circular waveguide to evaluate the coupling factor.
As a preliminary step, we express magnetic fields in both waveguides
and inside the slot by dyadic Green's functions G derived by Collin [9]
and the equivalent magnetic current Ej><ﬁ. The Ej and i denote the unknown
electric field in the j th slot aperture and a unit vector in the -y
direction, respectively. The magnetic fields in the circular waveguide
have an incident magnetic field h(r) form the -z direction and scattered
magnetic fields excited by the equivalent magnetic current of each slot.
On the other hand, the magnetic fields in the rectangular waveguide are

expressed by scattered magnetic fields only.

C N C C
H'(r) = h(z) + £/ f G (r'r )‘[Ekxﬁ]dsc (L)
k=1 e
R N R R
H (r) = IfJG (r/%o)'[—Ek><ﬁ]dsR (2)
k=1
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where the C and R denote circular and rectangular waveguide. In above
expression, vectors r and r, are for an observation point and a source
point, respectively.

The magnetic fields inside the j th slot has scattered field from

both side of slot aperture and is,
C ~ R -
Hj(r) = ff Gj(r/%o) [—Ej(ro)Xn]dsC + 7/ Gj(r/to) [Ej(ro)xn]dsR (3)

where Gj is the dyadic Green's function in the j th slot. Note that
Green's functions in (1)-(3) are those for magnetic fields. Eleetric
fields in the system can be also obtained by changing these Green's
functions and the incident field to those for electric fields.

Now we derive a set of integral equation for the directional coupler
using the above expression. The continuity condition for the tangential
magnetic fields gives the integral equation of j th slot aperture on

. . . C
circular waveguide side Sj as,

N
hr) + 34 6% (r e ) LBy (r_)xiilds,

- . roC ~ .ok ~
= .f i Gj(r/ro) [Ej(ro)Xn]dsC + r s Gj(r/io) [Ej(ro)xn]dsR (4)
and on the rectangular waveguide side S? as,

£y Gj(r/io)‘[E?(ro)Xﬁ]dsR - Gj(r/%o)'[Eg(ro)*ﬁ]dsC

N R R
= - IS06 (k) (B (r )xAlds, . (5)
k=1

We can evaluate unknown electric fields in each slot aperture by
solving the above set of integral equation. To solve this set of integral

equation for electric fields in slot aperture, each aperture electric field

._3_
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is expanded in a series of basis function gj(a) and qu(n) {q=1,2,3) as,

3

= % i { =

where v's are unknown expansion coefficients of electric field in each
slot aperture. The local coordinate system of the j th slot is shown in
Fig. 1 (b). Basis functions for fj(n) and gj(E) should express effectively
the nature of electric fields in the slot aperture. Considering the
duality between a slot on an infinite plane of perfect conductor and a

dipole antenna, we chose following functions for qu(E).

fjl(”) = Sin{ko(Lj*|ﬂ|)}]/sin(koLj) (7)
sz(n) = [l—cos{ko(Lj-|n|)}]/{1—cos(koLj)} (8)
fj3(n) = Sgn(n){fjl(n)—sz(n)} (9)

where sgn(n) takes +1 for n > 0 and -1 otherwise.
By the analogy of a quasistatic solution for the electric fields
across an infinite length slit in a perfect conducting plane with zero

thickness [10], the electric field distribution for g(f) is given as,

2 2,-1/2

gj(E) = (wj - &) (10)

After substituting (6) into (4) and (5), we employed one of the method
of moments, especially Galerkin's method, so as to make a set of linear
equations. Both sides of resultant equations are first scalar multiplied
with gi(g)fip(n)ﬁ, and are integrated over Si' Then we obtain the
following set of linear equations.

c

[v (CYPq + 5
Jq

c_pq R X Pqy _
i3 i Vi Y + v, &8, .y ]l =¢C (11)

jgij "1 ip
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N 3
T L [VB (RYq? + Si.Ryzq) +v,© Gi.xygq] =0,
321 q=1 ij j jq i (12)

(j =1, 2; Teey N,p=1, 2, 3)

where Gij is the Kronecker's delta : 5ij = 1 (i=3), =0 (i=j). The coef-
ficients Yij’ yij and Cip are referred to as "generalized admittance
ratios" and "a moment of excited magnetic fields" respectively, and are

defined as follows [11].

R fSi a By (B)F;(n)2-G* g (£ € (n,)ds_ds (13)
R LI 808 (0F6-2ay ()8 (0 oo (14)
Vit %, fSé fsg g; (D), (M3:Grzg; (5 )E, (n )ds ds (15)
c:,Lp = Z fsé gi(g)fip(n)h(r)ids . (k = C,R) (16)

where Z0 is the wave impedance of free space. The detailed evaluation of
Yij’ yij and Ci are listed in Appendix A.

Generalized admittance ratios and the moment of excited magnetic
fields are calculated by equations (13)-(16) using Green's functions and
basis functions (7)-(10). They determine the set of linear equations (6)
for unknown expansion coefficients v's. Finally, the coupling power is
obtained by calculating Poynting power in the rectangular waveguide

(See Appendix B).

3. Design of directional coupler

This section will present numerical results obtained by our analysis
for the design of a pair slot directional coupler. The directional coupler
composed of a rectangular waveguide (3.556 x 7.112 mm), and its narrow side

is attached to the 32GHz overmoded circular waveguide with its radius

— f —
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N 3
R qp R pq c X P9y _
T I v, (RYij + 6ij Yy Y+ v, U6, vy ] o,

j=l q=1 jq 1] (12)

G=1,2, ..., N, p=1, 2, 3)
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ratios" and "a moment of excited magnetic fields" respectively, and are
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kY?? = -zo.gi.;i gi(a)fip(n)ﬁ-ck-igj(go)qu(no)dsods (13)
R LI 8 (08, (6ot (1 (n)de 0o (1)
RS Is:; fSi g; (D)E; (M)3:Gzg; (5 )1, (n )ds ds (15)
Cip = % fsé 81 (8)F; (Mh(r)dds (k = C,R) (16)

where Z0 is the wave impedance of free space. The detailed evaluation of
Y.., ¥v,. and €, are listed in Appendix A.

ij ij i

Generalized admittance ratios and the moment of excited magnetic
fields are calculated by equations (13)-(16) using Green's functions and
basis functions (7)-(10). They determine the set of linear equations (6)
for unknown expansion coefficients v's., Finally, the coupling power is
obtained by calculating Poynting power in the rectangular waveguide

(See Appendix B).

3. Design of directional coupler
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composed of a rectangular waveguide (3.556 x 7.112 mm), and its narrow side

is attached to the 32GHz overmoded circular waveguide with its radius
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34.5mm. The slot thickness is fixed to 0.9mm except the calculation of
coupler's performance dependence on the slot thickness., Fig. 2 shows the
slot parameters on the narrow side b of rectangular waveguide, such as,
slot spacing, length, width, offset and slot thickness. In addition,
frequency characteristics of the coupler is also presented. All the
numerical results in this section are calculated in case of the TE.. mode

01l
incident.

3.1 Slot spacing

First, we define the equivalent guide wavelength so as to normalize
the slot spacing dimension. This factor can also give a principle design
of the directional coupler. In case of loose-coupling with zero thickness
slot and no mutual coupling between slots, we can adopt a principle
design for the coupler. With reference to Fig. 3(a), the slot spacing

D is defined to cancel the backward wave as,

(2n-1) Ke
D=_Z_’ {(n=1, 2, 3, ...) (11)
2h X
= . gCgR
Ae AgC + AgR (12

where lgC and AgR represent the guide wavelength in circular and
rectangular waveguide, respectively. The guide wavelength in the circular
waveguide should be chosen to that of the wanted mode. In (12), we call
Ae as the equivalent guide wavelength for forward coupling.

In like manner, the equivalent guide wavelength Ae+ for backward

coupling shown in Fig. 3 (b) is given as,

(2n-1) A T
D = ; < . (n=1, 2,3, ...) (13)
25 A
+ — gL gn
Yo T A E AR (14)
gC gR
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By the principle design, the zero thickness slot and no mutual coupling,
eqs. (11) and (13) define the slot spacing D. For the comparison between
the principle design and our analysis, slot spacing is normarized by the
equivalent guide wavelength of forward coupling in this paper.

Now we present the performance of directional coupler dependence on
the slot spacing. In the following example, a pair slot is composed of
the same one and is arrayed in the z axis. Fig. 4 shows coupling coef-
ficient as a function of slot spacing normalized by le for a resonant
slot. At the point marked by arrow, forward waves are cancelled in the
principle design (D = 0.75 A:). Difference between dashed and dotted
curves gives the directivity of the coupler. In Fig. 4, numerical results
are different from the principle design, and the directivity is too low
for the small D. These results indicate that the mutual éoupling between
slots dependence on the higher mode in circular waveguide can not be
neglected for the resonant slot. Therefore, we should chose the non-
resonant slot to get high directivity,

Fig. 5 shows the coupling coefficient as a function of slot spacing
for a non-resonant slot. The principle design can explain these results
more accurately than that of the resonant slot. The high directivity,
more than 20dB, is obtained in both case of forward and backward coupling
for the non-resonant slot. Since the large slot spacing, large number
of n in egs. (11) and (13), generally reduces the frequency band width
[12], we should design the slot spacing to be the smallest one. The
band width of frequency is also discussed later.

From Figs. 4 and 5, we conclude that the non-resonant sleot is more
efficient than the resonant slot at the point of directivity for the small

D. 1In the non-resonant slot, the principle design is also verified.

3.2 Slot length, width and offset

This section will discuss slot parameters. Fig. 6 shows the coupling
dependence on one slot #2 length at the first, where the other slot (#1)
length is fixed to be 3.0mm. Since this case is the forward coupling,
the backward coupling mainly changes. If the #2 slot is designed to be
3.0mm, for example, the capacity of manufacturing error of #2 slot is
10.05mm (1.5%) to suppress the directivity change within 0.5dB.

Next parameter, slot width, is shown in Fig. 7. The change of slot
width is performed within the range of assumption (2). As is almost same

with the slot length, the width changing of 0.5dB coupling is 0. 3mm+0.045mm,

-7 —
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In Figs. 6 and 7, only #2 slot parameter is changed. However the
performance of the coupler with #1 slot parameters is changed almost
same with that in these figures.

Fig. 8 shows the last parameter, slot offset from the rectangular
waveguide axis. 1In Fig. 8 (a), a pair slot is shifted together. The
close location of slot to the rectangular waveguide wall increase the
coupling by 3dB. On the other hand, the change in coupling is very small
near the central axis because of the symmetry., Figs. 8 (b) and (c) show
the coupling performance in case of one slot offset from the center. The
+1.0mm offset causes the coupling change of 0.5dB for both cases. The
slot offset does not cause much change of coupling compared with the
length and width, which also indicate a amplitude weighting by slot offset

is not effective for coupling control.

3.3 Slot thickness

One of the purpose of this paper is to estimate the detailed effects
of wall thickness. Fig. 9 shows the coupling dependence on the slot
thickness for non-resonant a pair slot. The thick slot reduce the coupling,
however, increase the directivity., The decrease in backward coupling by
finite thickness slot is larger than that of forward, for example, the
slot thickness 0.9mm reduces the forward coupling by 10dB and backward
coupling by 20dB. This effect is not explained by the single mode

approximation, and is the key feature of our integral equation approach.

3.4 Frequency characteristics

We have examined the slot parameters in the preceding section. Now
the coupling dependence on frequency is presented for two length of slot
spacing. Fig. 10 shows the results. In Fig. 10, we have plotted data
discretely, because the change of frequency makes a new higher mode in
the overmoded circular waveguide and causes the discrete of curves. Fig.
10 (a), curves for D = O.75Ae, has more than 20dB directivity in the
frequency range of 34.4 ~ 35.5GHz. In Fig. 10 (b}, frequency range of
the same directivity is 34.7 ~ 35.1GHz for D = 1.25Ae. These results
indicate that we should take the small D for the wide band width.
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4, Mode selectivity

In the preceding section, the performance of a pair slot directional
coupler is shown for TEOl mode incident. It is necessary to know the
exact gyrotron output mode mixture mainly consisting of TEOm modes. 1In
this section, we will show the TEOm mode selectivity of a pair slot coupler
discussed before. We also present the example of the coupler design for
the good mode selectivity.

Fig. 11 shows TEOm mode selectivity. Configuration of directional
coupler is the same with that of Fig. 10(a). The directivity is on the
decrease by the mode order 6, and mode selectivity is very.small. This
deficient mode selectivity is the cause that the phase velocity in the
rectangular waveguide is not coincide with that of the wanted mode in the
circular waveguide. If both waveguides have the same phase velocity, the
forward coupling has maximum for the wanted mode. To verify this expla-
nation, we show the example of the directional coupler for TE05 mode.

Fig. 12 shows the mode selectivity of a directional coupler designed
for TE05 mode. The dimension of rectangular waveguide is changed to
6.5805 % 3.2903 mn to satisfy the above condition that the phase velocity
of dominant mode in the rectangular waveguide coincide with that of TE05
mode in circular waveguide. 1In Fig. 12, the TEos‘mode has much higher
directivity than other modes, which indicates the validity of the above
explanation. However this design according to the phase velocity does
not always apply to other wanted mode in circular waveguide. For example,
the design for TEOl mode requires the width of rectangular waveguide to

be 2.829 mm. Unfortunately, this guide width causes higher mode in the

rectangular waveguide, and this design fails for TEOl mode.

5. Discussion

We have presented the formulation of the multislot directional coupler
for monitoring the gyrotron output. Numerical results show that the non-
resonant a pair slot has higher directivity than the resonant one for small
slot spacing. For the design of non-resonant slot directional coupler,
the accuracy of slot length and width are more important than the slot
offset. Though the finite thickness slot reduces the coupling, its
directivity is increased. Since the single mode approximation can not

explain this result, our analysis is useful for the directional coupler

- g —
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for monitoring the gyrotron output. Numerical results show that the non-
resonant a pair slot has higher directivity than the resonant one for small
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explain this result, our analysis is useful for the directional coupler

_9_
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monitoring gyrotron ocutput.
Our analysis includes all mode in the overmoded circular waveguide

and is valid for any mode incident. We presented TE. mode selectivity

only, however it is easy to apply this method for asgzetrical mode. The
- mode selectivity was improved by changing the rectangular waveguide
dimension, however this is not useful for the practical design. The good
mode selectivity is also expected for three or four slot coupler. Our
method is useful to simulate the mode selectivity for changing parameters
of multislot coupler. The future problem is the design of multislot

coupler with good mode selectivity.
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monitoring gyrotron output.
Our analysis includes all mode in the overmoded circular waveguide

and is valid for any mode incident. We presented TE. mode selectivity

only, however it is easy to apply this method for asgietrical mode. The
mode selectivity was improved by changing the rectangular waveguide
dimension, however this is not useful for the practical design. The good
mode selectivity is also expected for three or four slot coupler. Our
method is useful to simulate the mode selectivity for changing parameters
of multislot coupler. The future problem is the design of multislot

coupler with good mode selectivity.
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(a) Coordinate system of directional (b} Coordinate system

coupler inside slot

Fig. 1 Configularion of slot directional coupler
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Appendix A

Generalized admittance ratios and moments of incident magnetic fields

In the notation of GAR's (generalized admittance ratio), the left
superscript k, the right ones p, q and the subscripts i, j denote the
relevant region, basis functions, and slot number, respectively.

Corresponding to various combinations of these super/subscripts, following

five members are distinguished,

CY?; ¢ self GAR in circular waveguide

CYE? : mutual GAR in circular waveguide
RY?? : self GAR in rectangular waveguide
RY?? : mutual GAR in rectangular waveguide
k,xygq : GAR inside slot region

In this appendix, these GAR's and the moments of incident magnetic
fields Cip are evaluated for basis functions given by eqs. (7)-(10). We

. . wt
assume the time variation factor as e’

It should be noted that GAR's satisfy the following equations because

of the reciprocities of dyadic Green's functions.
kg _ kg (a-1)
ji

k,x pq _ k,x _qp
Y13 ii

(A-2)
A-1 Self GAR in circular waveguide

In evaluating the self GAR, we used Stevenson's approximation [8] to

aveid the singularility of Green's functions.

cos k 2,
Cello 1 spc ¥t o 0% ;o0 ¥ 4 (A-3)
ii . nm nm \ m M 1
gin“k 2. =n sin“k ¢, nm
o1 071
1 cos k_R.
Cyl2 _ C xFS - ° 2 £ 3 C F 4P

‘s £ I
L sinky%; (1-cosksly) nm "0 oM sink %; (1-cosk,?2;) n m 0 nm 1

(A-4)
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sin koﬂi
Cyii = - 7 L2 cnm im + P, (A-5)
- nm
{1-cos koﬂi)
1
CYﬁ = 7 I IC F5 + P3 (A-6)
sin"k £, (l-cos k ¢,) " m 0O nm
o’i o'l
CY%:.; = 0 ' (A-7)
ii
%23 - o (4=8)
ii
The terms in above equations are given as follows.
2 2
. J (ny, )eos (ne,)
C - 322 y €on"o i ; i (A-9)
nm A (1 __n& )
12
Xnm
k _T .
Fr = —C i, (coshT_ 2. - cos k_1.) (A-10)
nm g2 nm- i o"i
nm €
2
-T_ 4, k _ )
F2 - Lol Tt sink_; - —> 7 sinkg%j = —— (cosk 2y e Tnmtiy,
nm an an Ik k 2 0
nm ¢ c
(a-11)
k k
Fo = O 5 [ —2 (1-e?Tonts) - e Tomfd gynp 4. 7 (A-12)
nm o'l
T 2T
nm ¢ nm
2
1 k -T. % -T2,
F4 = — | 2 cosk 8, - —5 (k,sink £, -7 e nmi)__l_e nmlcosk!?,]
nm r 2 o'l 2 0 o071 T o1
nm [ k kc nm
nm ¢
(A-13)
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k
S ¢} ~Tnm%4 0 , .
_ _— 5 e x [ T (1-cosh I'nmgi)sn.n ky2q + (1-cos k _%;) sinh Tnmli]
nmfc nm
(A-14)
j 2m cosk 2y 4,
Pl = - ° X in (———Awl (A-15)
sin koﬂi i
P2= X(kli—Zsink2_+sink£, cosk!li) En(r)
(1-cos k 2.)2 °© ot o+ ° 11L'i
o1
+ I {2k 2 (4n2-1) + 28, (k 2.)sink 4, +S.(2k 2.)cos 2k %
7 12Kohy (n2-1)+ 28, (k by )sinTk by + 8, (2k 2y )cos 2k 2y
{(1-cosk 2,)
o1
- [C. - i _
[ 1(21{02],_) Ci(koii)] 51n2k01i} (A-16)
jzm 2 koty 4y
P3 = - - —_ ) n ( A_
(l - Ccos kOSZ,l) s51in kO'Q'l 1 ~ cos kOIQJl wi

jm
- ook % (leeomr 19 {3[Ci(koii)—ﬁn(koii)—y]-znz—[Ci(ZkORi)—Ci(kDRi)]coskoli}
o i o'l

in
- P )2 {2 koli (1+2n2) - [Ci(ZkORi)—Ci(kOJLi)] sin koli
o'l

- BSi(koii)—(l—Zcoskoli)[Si(Zkozi)—Si(kORi)]}
(A-17)
where A is the radius of circular waveguide, and v, Si(x), Ci(x) are Euler's
constant and sin/cosin integral, respectively. The L. is the m th root of

Jn'(x) = 0, and cutoff wavenumber, propagation constant and normalization

factor are given as,
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xnm
kc - A
I‘z = kz—k
nm c
{ 1 n=20
Fon 2 n >0

where ko is the wvacuum wavenumber.

A-2 Mutual GAR in circular waveguide

For the sake of reciprocity, we can assume that zg < zj

loss of generality. The final expression is,

pq —I“ A
CY.. =vzzxc TP Tl e nm(zJ i)
ij am PR LY

where the terms are given as follows.

C, _ '21r.EonJo(nwi)Jo(nwj)cosmbiCosn¢j k
nm A2 nz nmk
(1--25)
nm
Tl = %l——(cosh T & =~cosk 2 )
o sink 2 nm o o o
o'n
k
1
T§= ( C'sinhl‘ 4 =sink g )
l-cosk g an nm g o
o7
Tg = -—;E—————x sinh angu‘+ 1
sin koﬁ.u 1l -cos kc’,Q,OC

(1 - cosh anlu)

(a = isj)

(A-18)

(A-19)

(A-20)

without any

(A-21)

(A-22)

(A-23)

(A-24)

(A-25)

(A-26)
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A-3 BSelf GAR in rectangular waveguide
According to the same procedure with that in circular waveguide, self

GAR's in rectangular waveguide are defined as follows.

1 cosk 2.
Ryii = —>—— $ IR mFlm - ———511—5- TR F° o+ Py (A-27)
sin‘k g, nm MW sink 2, nm nm nm
1 cosk 2,
Ryl2 _ R FO - °1 £ 3R F' +P

Lz
* sin k 2 (1-cos k2,) nm nm O gin k 2; (L-cos koﬂ,i) nm nmmm 1

(A-28)
sink 2.
Ry22 _ _ 2z 5L R_FY 4 P, (A-29)
11 (L-cosk,zy) Bm nm nm
1
Ry33 . T 3R mFS +r, (A-30)
1 sinzkl.(l—cosk 2,) nm am o .
o'l oi
Terms in above equations are given as,
jZTTZ JZ (nTr 2 nmw X
= £ —_— 2 - et
R ab . on fom "o b wi) cost i (a-31)
1 _ ko -ang‘i
Fp = o e M x (o8hrg - cosiety) (s-32)
nm ¢
2
- -T. 2. k k -T__&.
2 =L[Le I cink e, - @ -sink % —“0—(cosk 1, -e nm1)]
nm [ T °"i k2 o1l k2 o’ i
nm nm amFe o
(A-33)
k k ~27 % -T__%.
3 o o nm”~i ™1
P . [ o7 (1-e ) - e sink g2, ] (A-34)
nm ¢ nm
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k2
4 1 1 - . - 4.
an = “I‘*[ 02 cosk &, - = (k sink #.-T e I‘mﬂﬂl) -1 e ™M loosk 2, ]
am Tk ol o o'l nm T "o d
nm<e c nm
(A-35)
k _ k
5 o T m?s
an = 5 e nmeL o« [ o (l-coshT_ 2 )sink &, +(l-cosk #.) sinhT ¢.]
r x om nm i o1 o'i nm i
nm c
(A-36)
b - 12Tcos kogi ¢ 42:,-_
1 sink #. n W, ) (4-37)
o'l i
jam 42i
P, = x(k &, -2si . — 51 —
2 loonx 2 )2 ( o%q ~ 2sin ko£1 sin kozicos kOJLi) fn (w.)
o'i *
imw 2
+ 2k &, (&n2-1)+28, , )si .
Qoo 2 )2 { o 1( n2-1) Sl(k021)31n k021+Si(2k02i)c032k0£i
o i
- [Ci(Zkoﬂi)—Ci(kOQi)] sinZkORi} (A-38)
jam 2 kozi QRi
(i-cosk % ) sink 2, l-cos k £, i
o i o i o i
_ Jm {3[(31(kOQ,i)—En(kOJLi)—'Y]—SLnZ

sink 2, (1-cos k %)

_‘[Ci(ZkORi)—Ci(kORi) 1%cos koﬂ'i 1

Jm
- 2 . 2= _ )
(l1-cos k 2 )2 t kogl(l+£n ) [Ci(Zko'Q'i) Ci(kogi)]SII}.kozi
ol

-3, (koﬂi)-(l—Zcos k 2.0 [Si(Zkozi)-si(kozi)] b (a-39)
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where a and b are wide/narrow width of the rectangular waveguide, and

A-4 Mutual GAR in rectangular waveguide
In evaluating the mutual GAR's in rectangular waveguide, we assumed

the same condition with that of A-2.

Ryiq =Vv 3% EIR' T? T? e—an(zj-zi) ' (A-40)
i ]

where terms in eq. (40) are given as follows.

1 q=1, 2
Y -.—_{
soml nm nm nn ny ko
R' =Jd4 ¢ ¢ 37 (— w.)J (7;-w.)cos — X, cos—X, ¥ {A-42)
nm ab onoOmMmoOo'p 170 ] b 1 b J p k2
nm c
L k 1)
Ta = ;;;7;—:;— cosh rnmga-cos ola (A-43)
o a
2 1 ko
T. = ( sinh T g, - sink & ) (A-44)
o (l—coskolu) Tnm nm o oo
3 1 1 ko
7> = — x ginh T £, + (l-cosh T Ru) (A-45)
& sin kOQ‘O{. nm l«cos koﬂa Tnm nm
(a=1, i
A-5 CGAR inside slot region
epq _Rpq_ _ g r D coshl_t UP(k 2.)0d(k 2.) (A-46)
i T Y3 n=0,2,4++- m ©Bm nm m o i m o j
*Pe . p s Pk 2, otlk 2.) (A-47)
i n=0,2,4+++@m ™M m o1 m oi
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Terms in above equations are,

4 E £ 2 nm 1 m 2 T n 2 ko
D=3 SR 3T )y () PR () T ]
Wili 51n11rnmt kc ol o o' i ‘nm
(A-48)
‘(E%lJ 2x? cot x
(-1) i T m = odd
i EE)Z—XZ
Unx) = 2 (A-49)
0 m = even
2x2 1 (E".]_') mm
. 5 x [(-1)" 2 "(—)sinx-x] : m = odd
l-cosx  (TH[(EH"-x?] 2
UZ - 2 2
m{x) (A-50)
0 ! m = even
3
LS S 1 5 : m o= 2,6,10,14, .....
- mm 1) 2
=4 TeesE L IED ]
m{x)
(A-51)
0 m = otherwise
2 _ nm. 2 mr | 2 2 _ .2 2
where kc - (ZW.) +(22,) * an - kc - ko
1 1
It should be noted that the terms with (p,q) = (1,3) and (2,3) are
identically =zero.
A-6 Moments of incident magnetic fields
Moments of incident magnetic fields are evaluated for TEOm mode
incident in this paper, and are given as follows.
19 Tk z vz 1 . ’
e, =32 TP VL e (a-52)
P Bom ke P
where
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om 2 3 2 2
( A ) ) Bom = kO - kC
L
ink L. cosBomR.— coskOQi)
o™i
1 ( ko . ,
Py sin Bomﬁ - sin koli)
o 1 om
1 k
j x —2 (l-cos B £,)- 1
l-cosk &, om 1 sink_ &
o1 o

(A-53)

(A-54)

(A-55)

(A-56)
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Appendix B Coupling power in rectangular waveguide

We can evaluate the coupling power by the real part of Poynting power
in rectangular waveguide, because the incident magnetic fields are
normalized [9]. The final expression of forward and backward coupling

power are given as follows.

TaBz_ | k21 7KL kLT k2 k2 Vk3'k37C (A-57)
P_ _ 2k0b [}:‘] .(_ P _ p N P ) —j sz 2
T aBz_ | g2y 0 kLklTVk2'k2” k3 k3'© (A-58)

where, the superscripts +, - denote the forward/backward coupling power,
respectively. 1In egs. (A-57), (A-58), v's are the expansion coefficient
of slot aperture rectangular waveguide side, and other terms are given as

follows.

cos(BQk)-—cos(kozk)

P =
ki . (A-59)
81n(k02k)

(k /B8)sin(Re, } - sin(k 2,)
sz _ 0 k o'k (A-60)
1 - cos(kolk)

sin(BEk) k (1 -cos(B% D))

_ 0 k

Pes = Simtk ey T (A-61)
o™k B(l-—cos(koﬁk))

w
!

/ k2 - (n/a)2 (A-62)




