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Fig. 4. A family of short-circuit-reactance curves derived from Fig, 2 for ¢, =12.
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Fig. 5. A family of short-circuit-reactance curves derived from Fig. 3 for ¢, =20.

I11. CoNcLUSIONS

1t has been shown that a significant end effect exists when a slot
line is shorted. The apparent position of the short is located some
distance beyond the end of the slot. At a reference plane coincident
with the end of the slot the termination appears as an inductive
reactance which increases with both W/D and D/X. The effect is not
linear.

Experimental data have been used to generate families of curves
which should prove useful for design purposes until such time as
theoretical results on this effect are available. They will also be useful
as a basis for comparison when a theory is developed.
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Slot Line with Thick Metal Coating
T. KITAZAWA, Y. FUJIKI, Y. HAYASHI, ano M. SUZUKI

Abstract—Formulas and curves are given for the phase constant
of slot line with metal-coatmg thickness greater than zero. Change
in the phase constant is about a I-percent decrease even though
metal-coating thickness is 2 percent of the slot width.

Slot line has been approximately analyzed by Cohn [1] and
recently a rigorous solution was obtained by Itoh and Mittra [2].
These theories, however, neglect the effect of the metal-coating
thickness. In this short paper we analyze slot line with metal-coating
thickness greater than zero and evaluate this effect.

A cross section of slot line is shown in Fig. 1. In this short paper
the network analytical methods of electromagnetic fields [3] are
employed. First we express the transverse fields Ey, H, in the regions
2>t,1>5>0,0>2> —h,and —h >z by the following Fourier integral:

1) >4 0>2>—h,and —k>z; — 0 <x<

Ea% _ 1 ° _].ﬂyg Vile, B; 2)fi(a, 8; %)
o Bbv =2 T Mt T G
where
fi= =l (e YO, gy = —L— (10 — Yoo
V21K ’ V21K
fa= —\75]——7‘—_;(— (xeB — Yoa)e ez, go = :/_ZL;E (xoc + yoB)e 7=
K = v/a® 4 g2 2)
2) t>2>0; |x| <W/2
E; * _ ;Vz(an, B8; Dfilan, B; )
— 18y
Ht‘ \/27r El . :‘:‘o cilw)e I(an, B; 2)gi(cm, B; %) i # 3
where
0 (n=01=1)
alm) = {1/4/2 n=0,1=2)
1 (n #0)
-1 /7 .
fi= K_n/ 7 (%octn €08 (ctnt) — Yo7B sin(anx))
-1 /2
g1 = }(7 4/ —;7 (%038 sin (anx) + Yoorn cos (anx))
1 /72
fo= E/ 7 (%078 cos (anx) — Yooun sint (o))
g2 = }(}"— 1/ % (x00tr, sin (anx) + Yo cos (anx))
Qp = 2n7r/W, Kn = '\/anz +ﬁ2 (4)
3) t>>0; x| >W/2
Et = 0, Hg = 0 (5)

where xq, ¥o, and z, are unit vectors along the x, y, and z axis, re-
spectively, and I =1 and ! =2 represent E waves (H, =0) and H waves
(E.=0), respectively. V;and I; are mode voltages and mode currents,
and f; and g; are vector-mode functions which satisfy boundary con-
ditions

w

and the following orthonormal properties:
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Fig. 1. Slot line with thick metal coating. ¢ is the dielectric constant.

wi2
f / gir*(ow, B; %)+ Zo Xfl(o‘n; B; %) dx = durdun
2

[ gt 85920 X fla, B3 0) de = bwdla — o) (D)

S Kronecker’s delta;
d(e—a’) Dirac's §-function

where the symbol * signifies complex conjugate function. Substituting
(1)-(4) into Maxwell’s field equation we obtain the following trans-
mission-line equations:

av dI
— U ajulls), === jaVi). ®)
dz dz
a;and ¢; are given by
a; = wpo — £2/we, a2 = wig
€1 = we, 62 = wé — E/wuo )

£={Ku 0<z<) E={€ (—h <2<0)

K (other region) e (other region) '

Denote by M,(x’, ¥’) and M,(x’, ¥’) the magnetic currents on the
surfaces =0 and z=¢, respectively. Solving the transmission-line
equations (8), considering the field continuity on boundary surfaces,
and using (7), the mode currents at z=+0 and z2=¢{+0 can be ex-
pressed as follows:

Wi joseg N w
5L(+0) = —'——f f ~—g1*(an, B; &) Mi(an, B; &', ¥ )eiP” du'dy’
~Wiz Yn
wr
Jn
Y i
(10 = \/27r ) cwu.og2 i
x/ero + J tan (xh)

—_— we * P,
hi=0) ff_w x 1+ j(x/emo) tan (xh) g1*(e B3 %)
My, y)ei%' dx'dy’

) Ml(aﬂy ﬂ; x,, y')eiﬁ”' dx'dy’

—1 k  o/x + 7 tan (xh)
oy = SA[[T e
(=0 Vard o amo T+ jaafo) tan ) O (o B3 4%)
-My(', y")e®' dx'dy’
L+ 0 = _—f f £ g (e, B; ) - Mo, y)o' d'dy’
—w Ko
L{t+0) = ——ff ﬁ—gz*(a,ﬁ; &) -Ma(x', ")t dx'dy’
—c0 W
w2
Le—-0= __f / IO i B; &) Bl alaem B o, 3 Ay
—oV _W/2 Yn
12(5—0)——“_[ f ~49° *(an, B %7)
—w ¢ _W/2 WY
-Mo(on, 85 %', )&’ dx'dy’  (10)
where
= v/weuo — K* Kk = weuy — K2

Yo = Velero — Ku? & = e/
Jy = cot (vat)Mi(x', ') — csc (val) M(a', ¥)

Ma = cot (vat) Mo(x' ;3") — csc (val) Mi(2", ).

Now we assume that M; and M, may be expressed as follows:

M2, ) = m(x)e ' (|a'| <W/2)

=0 (otherwise)
Mo, y') = mo@)e b’ (|| <W/2)

=0 (otherwise) (11)

where B9 is a propagation constant. By substituting (10) and (11) into
(1) and (3) we obtain the transverse fields on the surfaces z= +0 and
z=t+0, and the determinantal equation for the propagation con-
stant is obtained by using a continuity of magnetic fields on the
boundary surfaces z=0 and z=¢. The determinantal equation thus
obtained involves x and y components of the vector magnetic cur-
rent; however, the slot width is usually very small compared to a
wavelength, so that for the lowest order hybrid mode the transverse
magnetic current can be neglected. Ignoring the transverse magnetic
current, the determinantal equation results in the following integral
representation.

Wiz e xo' .
[T - et
Wiz K Wiy

41r 1 gweo , Yo " %
Ao — —— &8 csch (yn't)my, (x
Wn=0 K,/Z n, n &n wo 0 { ('Yn ) ly( )

— coth (ya'D)may(2")} cos () cos (aza’) da’

fwm f 30,60 1+ (exd'/x') tan (K'h)
K’E

_wie ke 1 — («'/exd') tan (K'h)
Ko' 1 — («'/xo') tan («'h)
oo 1+ (ko'/c') tan (D)

® wiz 1 '
= 4r > f %wéo en'an? — I P % {csch (yat)mna, (+)

Bo? gmly (x")ria==2") dodx’

W a=o wiz Kn'? Uyn who
— coth (ya')my, (')} cos (anx) cos (anx’) dz’ (12)
where
K = VTR - VT
r' = VE? — weomo K = vl — K?
o' = VEKp? — wleopio
e,={0 (n=0) e,,=r1/2 (n=20)
"m0y " 1 (n0)

where x lies within the slot region |x| <W/2, and my, (x’) and ms, (x’)
are the longitudinal magnetic currents on the surfaces 2=0 and z=¢,
respectively. The longitudinal magnetic-current distributions are un-
known, so that appropriate trial functions must be selected. A first-
order solution for the lowest hybrid mode may be obtained by as-
suming magnetic-current distribution as being equal to that obtained
under quasi-TEM conditions. We assume the following distributions:

may(®) = miof/ /1 — (28" /W)*

ey (x') = mw/v/1 — (22’ /W)? 13

which are the magnetic-current distributions on an infinitely thin slot
in a free space, where m,, and m20 are constant values. From (12) and
(13) phase constant can be obtained, for example, by assuming that
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Fig. 2. Relative phase constant (Bo/w vemo). Solid line represents
present method and broken line represents Cohn’s results.

(12) is satisfied only at the center of the slot instead of over the slot
range [4]. In this short paper we obtain the solution by applying the
following numerical calculation method. We multiply the first equa-
tion of (12) by my,(x) and the second equation by #,(x), and inte-
grate in the x region using (13). On eliminating m:0 and #s, we finally
obtain the following determinantal equation:

{Gi(80) — Gu(B0)} {Ga(B0) — Gi(B0)} = {Gs(B0)}? 19

where

“ 1 ! w
Gi(Bo) = fo }{72;%:—? a? — :_;)MBOZ%JOZ (7 a) do
* 1 (we 14 (exo’/x") tan ('h)
Go(B) = b Yee
«8o) fo K’2§ k' 1 — (&'/exd) tan (k') *
ko' 1 — ('/xy) tan (k) s w )
o 1T (oo /) tam (0l " sf ’ (7"‘ o

! 2 . 1
Gs(Bo) = % gﬂl csch (yof) — W” 3 _3‘33
¢

’
n=1 Kn 2

’
Yn
=2
Tn Wito

-csch (va/£)J ¢ (g a,,)

/ 2r & 1 we '
G =I—Jo—coth ) — 3_1 nz__"_ Zz
+(B0) W o (vo') W,g Tl Bo

w
‘coth (va'8)Jo? (~2— an)
]o(x)

From (14) we can find the phase constant for the lowest hybrid mode,
which is expected to be in the range 80> w/couo. Gs and G. converge
very rapidly; however, the rate of convergence of G; and G, is slow
but can be improved by the following procedure. When a— «, the
integrand of G; becomes

zero-order Bessel function.

. Bo? ) o (W
Fio= lim F, = ~ 22 e (2 a). 1
! ag?o ! (weo wio a2+ﬂ02J0 2 oe) 19
G, may be rewritten as follows:
Gr = f (Fy — Fr) da + f Fru de. (16)
0 0

The first integral on the right converges rapidly compared to Gi,
while the second may be expressed in closed form

® 2 74
f Fioda = {weg — EO—) I, (—ﬂo)Ko (Eﬂo) 17
0 wo 2 2
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Io(x) modified Bessel function of the first kind;
Ko(x) modified Bessel function of the second kind.

Similarly for G,

- : W W
fo (Fs — Fo) doo + (weer — 22 1, (7;30) Ko (750). (18)

Whto

The computed results are shown in Fig. 2 and compared with
Cohn's theory [1]. The results, supposing the thickness equal to
zero, are in good agreement with Cohn's results. When the ¢/ W ratio
is 0.02, the change in the phase constant is about 1 percent, and so
the effect of metal-coating thickness usually can be neglected. These
numerical calculations were carried out by the electronic computer
FacoM 230-60. The calculation time is about 30 s per one structure.
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Some General Observations on the Tuning Character-
istics of “Electromechanically” Tuned
Gunn Oscillators

J. S. JOSHI anxp J. A. F. CORNICK

Abstract—The nature of mechanical and electronic (varactor)
tuning characteristics of ‘‘electromechanically” tuned Gunn oscil-
lators in waveguide and coaxial configurations has been investigated
and their interactions studied. Some general conclusions about the
family of electromechanically tuned Gunn oscillators have been
drawn and their limitations pointed out. It is suggested that these
limitations are imposed by a distributed circuit on a point source.

INTRODUCTION

Gunn-effect oscillators are finding increasing applications as
sources of microwave power. Their tunability and ease of operation
has contributed to their popularity. Mechanically tuned Gunn oscil-
lators in both coaxial and waveguide cavities have been reported in
the literature [1]-[5]. The efforts were mainly devoted to a proper
understanding of the tuning characteristics, explaining the mode
switching observed in various cases, and the load dependence of
Gunn-device performance. Electronic (varactor) tuning of Gunn os-
cillators has also been studied by many authors in both coaxial and
waveguide configurations [6]-[8].

However, a majority of Gunn oscillators required for practical
applications are of the “electromechanically” tuned type, and most
operational modes demand high-speed electronic tuning about the
frequency set by the mechanical tuning. Because of their high speed
of operation, varactor diodes are invariably used for these applica-
tions. There is a lack of reported work in the literature on electro-
mechanically tuned Gunn oscillators. Although intensive investiga-
tions have been made both on mechanical and electronic tuning of
Gunn oscillators, the interaction between the two has been studied in
a rather piecemeal way. The general approach taken by most work-
ers is to optimize the performance in a restricted (mechanical) fre-
quency range [9]. Such an approach fails to demonstrate the diffi-
culties encountered when trying to broad-band these oscillators.

An attempt has been made here to present the tuning character-
istics of electromechanically tuned Gunn oscillators in a wider per-
spective. In the broad frequency range in which an understanding of
the tuning characteristics of electromechanically tuned Gunn oscil-
lators is being sought, an equivalent circuit representation of the os-
cillator is very difficult to obtain because of the complexity of the
microwave circuit involved, most elements of which are frequency
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