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Exact Calculation of Scattering
Parameters of the Coplanar-Slot
Transition in Unilateral
Finline Technology

ODILE PICON, VICTOR FOUAD HANNA, SENIOR MEMBER, IEEE, JACQUES CITERNE,
AND JEAN-PAUL LEFEVRE

Abstract — The dominant and higher order modes, in both a unilaterat (a)
finline and coupled unilateral finlines in the even and odd modes, are
accurately described from a thorough spectral-domain approach. Then,
coupling coefficients between eigenmodes at a coplanar-slot transition in
unilateral finline technology, which are to be used in the generalized B

scattering matrix formulation, are directly computed in the spectral domain. \é
2 |

Scattering parameters of the dominant mode in the Ka-band are presented |
for both even- and odd-mode excitation of the coupled unilateral finlines. \
1
f

I. INTRODUCTION | ,,

HE E-PLANE coplanar-slot transition like that shown | H
in Fig. 1 forms a frequency-independent 180° hybrid, l !
serving as the basis for the design of broad-band planar
microwave and millimeter balanced mixers [1], [2]. A A
complete review of these numerous realizations reveals the ®) ]
nonexistence of any rigorous electromagnetic analysis for hy
this transition that can serve as a solid basis for its design. ) 7
It is clear that an odd-mode excitation for the coupled T 134 YIS IS
unilateral finlines (coplanar line function), by ensuring
that the outer conductors have the same potential along
the whole length, creates a balanced—unbalanced (balun) 0 |
junction and hence its two arms are essentially decoupled.
This is technically impossible and both the even and odd 8/2
modes are often excited and are coupled to the waves that 1 /
can be excited on the other side of the junction. These are K 777 7
mainly even ones with respect to the x axis, but there is a Y Al
possibility of also exciting odd evanescent modes.
Therefore, the aim of this paper is twofold: i) to give an © A
accurate evaluation of several eigenmodes for coupled
unilateral finlines in the even- and odd-mode excitations
and of some evanescent odd eigenmodes for the unilateral 77 7
finline, by means of a thorough spectral-domain approach
(to our knowledge, there are no previous results on this
subjects) and ii) to determine the generalized scattering
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matrix for the E-plane coplanar-slot transition by
combining the direct modal analysis [3] and the spectral-
domain approach taking into consideration all possible
mode parities.

II. EvALUATION OF EIGENMODES FOR FINLINES
FORMING THE TRANSITION

The axial field components E, (x, y) and H, (x, y) in
the ith region (i=1,2,3) are expanded in Fourier series
(Fig. 1(b) and (c)) within their domain

—B/2<x<B/2.

‘The following expansions of E, (x, y) and H, (x, y)
are valid:

0
E, (x.y)= ¥ E, ,(m, y)sin(a,x)
m=1

o0
H, (x,y)= Y H, ,(m,y)cos(a,x) (1)
m=0

where «,, = 2m/B for even modes and «,, = 2m ~ 1)7/B
for odd modes and where quantities with the sign ~
designate the line amplitude (i.e., the mth term of the
Fourier series) associated with the space harmonic «,,.

The partial differential equations for the axial field
components E, (x,y) and H,_ (x,y) are also Fourier
expanded with respect to x; ordinary differential equations
are derived for the mth line amplitudes E’z’ [(m, y) and
ﬁz,,(m, y), respectively.

For the studied structures (Fig. 1), these mth line
amplitudes are given in [4, appendix I].

Through the application of boundary conditions at
y=0 and y=h,, which are also Fourier expanded, the
spectral coefficients are related to each other, to the

mth line amplitudes of fin surface components denoted

J.(m, hy) and J.(m, h,), and to the mth line amplitude of
the slot aperture field components denoted E (m, h,) and
E_(m., h,). Extensive algebraic manipulations of these
boundary conditions then yield functional equations relat-
ing the mth line amplitude of the fin surface current
components to the mth line amplitude of the slot aperture
field components. For a unilateral finline and for coupled
unilateral finlines, the standard computational scheme uses
the following admittance matrix representations of these
functional equations:

[Gu
G21
Closed-form expressions of the G matrix elements are
listed in [4, appendix II].

The numerical part is started by applying Galerkin’s
form of the general method of moments to the functional
equations (2). The slot aperture field components E_(x, 1,)

and E_(x, h,) are expanded in terms of two complete sets
of R and S basis functions, denoted & ,(x,h,) (r=

o [Emnn)] [E(mm)]
2 e ol G
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1., R)and & (x,hy) (s =1, 8):
Exh) = 5 a6, (x.hy)
r:l
Ez(‘x’hZ) = Z bx@@z,s(xahz)~ (3)

s=1

Obwiously, for the unilateral finline, the basis functions
in (3) have nonzero values in the interval — W/2 < x < W/2
of the cell ~B/2<x<B/2, while for the coupled
unilateral finline they have nonzero values in the two
intervals S/2<x<(S/2)+W, and (—~S/2)—-W,<x<
-S/2.

By using an inner product consistent with Parseval’s
theorera, Galerkin’s procedure is directly applied to the
matrix form (2) in the Fourier domain. A set of R+ §
homogeneous and linear equations, for which the R+ S
unknowns are precisely the constants a, and b_, is obtained.

Nontrivial solutions of this set of equations occur for
zero values of its matrix determinant. The real roots (i.e.,
B%>0) determine the propagating eigenmodes, whereas
the imaginary roots (i.e., 82<0) determine evanescent
ones.

Calculation of Basis Functions

The &ey point for an efficient eigenmode evaluation is
the suitable choice of the set of basis functions into which
the slot apertures fields are to be expanded. The basis
functions utilized to describe both the dominant and higher
order even modes for these fields in a unilateral finline
were accurately determined and given in [4]. In Table I, we
present the basis functions that we have utilized to describe
the higher order fields of odd symmetry in the slot of a
unilateral finline. Dispersion characteristics of the first
four evanescent odd eigenmodes in a unilateral finline are
plotted in Fig. 2. Note that they have the same nature as
similar odd degenerate modes in a rectangular waveguide.

On the other hand, to describe both the dominant and
the higher order modes of coupled unilateral finlines, the
aperture fields, expanded into the basis functions shown in
Table II for the even-mode excitation and in Table III for
the odd-mode excitation (coplanar waveguide function),
are appropriate for describing at least four eigenmodes.

Dispersion characteristics of four eigenmodes in coupled
unilateral finlines in the even- and odd-mode excitations
are plotied in Fig. 3 for the line parameter shown.

III. THE E -PLANE COPLANAR-SLOT TR_ANSITION

The scattering matrix formulation of an axial waveguide
discontinuity as derived from a direct modal analysis is
described in detail in [4].

The transverse electric and magnetic field to the left and
the right of the junction plane z=0 can be expressed,
respectively, as

-y

Hi=

(4,-B)k
1

™M~

».T

(4)

I

P
Ef=Y (4}+B})&L,
p=1 V4
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TABLEI
Basts FUNCTIONS AND ASSOCIATED mTH FOURIER COEFFICIENTS
OF ODD MODES FOR A UNILATERAL FINLINE
F(x) f(m)
e Ty (2x1w)
ﬁ Xlswi2 e F—————
J1-@xiwy?
w2 jrwl(ewi2)
- V/A# " b
X
Ixzwi2 0
Ac, T,(2x1V)
I <wi2 6 = —————
J1-@xiw?
jrwl,(ow ! 2)
-wi2 /2 PR
(y ;
¥
Xlzwi2 0
ez
Kswi2 o=y 1-@xiw)?
J(xw ! 2)
-wi2 wi2 t bor,
Xizwi2 0
Az
IXj<wi2 e,=c0s ( 3nx ! W)
iz wiz . cos (awi2)
ﬁ 3, 2
X v () - ]
Xizwi2 ]
40 \ magnetic fields associated with the eigenmode p (respec-
1 tively ¢) of the unilateral finline I (respectively coplanar
38 - 4th mode . . . I pl .
| line II), while the modal amplitudes 4, B, (respectively:
36 - 2d mode A, B]") refer to incident and reflected waves in the
1 waveguide I (respectively II) at the junction plane.
) 34+  Tstmode Writing boundary conditions at the junction plane z = 0,
S 4 ] transforming them into an equivalent set of linear equations
] 3rd mod involving 2( P + Q) modal amplitudes 4}, B}, A}, and B]!
30 to be determined, the generalized scattering matrix of the
- ] junction can be constructed and put into a matrix form as
4
el [B]=1[s]l4] (6)
26 A+ ——q
200 400 600 800 1000 1200 where
Fig. 2. Dispersion characteristics of four evanescent odd eigenmodes in [ BI] [ AI]
unilateral finline. [ B] = [ A] — . (7)
[ BI[] [ AII]
and . . . . . .
0 0 This generalized scattering matrix of the junction as-
- - sembles both two reflection and two transmission matrix
5 g 1I Iy > 11 I m_ 410 1I .
£ 21 (Aq + B, )equ Hr 21 (Bq Aq )h 4.T  blocks. These matrix blocks have P X Q elements accord-
q4= g=

(5)

Here €, r,h,  are normalized transverse electric and

ing to the numbers P and Q of eigenmodes that are used
in the field expansion in waveguides at each side of the
discontinuity plane z = 0 (see Fig. 1). During the derivation
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TABLE II
BasisS FUNCTIONS AND ASSOCIATED mTH FOURIER COEFFICIENT
OF EVEN MODES FOR CoUPLED UNILATERAL FINLINES

»

>

7-Ix

F(x) f(m)
y 2
+1 s2<Ixl<s2+W
t s/q I
! A | ’ 4 W s+W
:‘_‘_\Y‘ Lﬁ.’, Ixl<s/2 — Sino Vi SN =5
0 Ba
i t Ixl<s/2+W
; ' Aex: : AN s/2<Ixi<s/2+W
! | 1 1 2
1 1 ' 1 2(1xI-h,
U ()
' ) ! 1 1rWJ aw s+W
— T 1—’ — 1o 5 SN0
i i i i i<s2 B 972 )
A R R 0
: : : : Ixl<s/2+W
: t 1 ]
h ! ! !
. ]
t
]
t

(h ) l_(2<lxl-hf2>)2 S2<Ixi<s/24W

]
! w
W w
/\: t 7 — i 2 sina __s+2 I, (ai
U t ) 1 aB .
| 1 ' ' Ixi<s/2
] t 1 1
1 ] t 1 0
[ | Iles2+W
1 1 ] t
h . . .
. 1 e t
EEE W W
! g == sina ( )
: : |: |I sin (4n(xl + h/2)/w) s2<dxics/24W ] 7B 2
. Y ' y 2Ixl-h/2)
T i l'(- - ) [Tp (27 - aW/2) - I (2m + aW/2)]
3 ] t 1
" ; ' X Ixt<s/2
t 1 ] ] ()
' ' ' H Ixi<s/2+W
H . . !

of matrix block elements, both coupling coefficients
between eigenmodes at the discontinuity plane and power
flow incident on it have been computed. By transforming
them into the Fourier domain and using Parseval’s theorem,
the computation is made easier with the eigenmode spectral
field components.

It can be proved easily that fields associated with modes
of opposite parities on both sides of the junction cannot be
coupled to each other. The possibility of coupling between
1) even-mode fields and ii) odd-mode fields on both sides
of the transition remains to be studied.

As an example, the E-plane coplanar-slot transition of

" Fig. 1 with W, =1 mm, W, =0.95 mm, and §=0.1 mm in
the Ka-band is analyzed.

The coupling between even modes excited on the
unilateral finline and the coplanar line was studied first.
The most critical factor in the modal analysis is the
convergence of reflection and transmission coefficients as
a function of the number of modes taken into consider-
ation when writing the boundary conditions at the junction
plane. After executing a number of systematic tests of
convergence similar to those used in [4], the same number
of eigenmodes was employed in each waveguide (i.e., P =

Q = 4). Fig. 4 gives the module of calculated reflection and
transmission coefficient for the transition in the case of
even-mode excitation. It is interesting to add that the
modules of S,; and §,, were nearly the same as those of
Sy, and S;; over the whole frequency band. The dashed
lines in Fig. 4 represent the values of the scattering
parameters for a step discontinuity in a unilateral finline
technology having W, and (2W, + §) as slot widths. The
results reveal that both junctions behave in a similar way;
the difference of the amplitudes yields quantitatively the
effect of the central conductor in the coplanar side of the
junction.

On the other hand, studying the coupling between four
odd eigenmodes on the unilateral finline side (Fig. 2) and
four similar ones on the coplanar side (Fig. 3(a)) shows
that this coupling is very weak and that it hardly affects
the characteristics of the transition. It is interesting to state
that, in this case, the phase of the calculated reflection
coefficient is found to be always 180° from the unilateral
finline side and 0° from the coplanar side.

Fig. 5 shows results for another E-plane coplanar—slot
transition operating in the frequency band 40-60 GHz
with W, = 0.75 mm, W, = 0.7, mm and §=0.1 mm.
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TABLE 1L
BAsis FUNCTIONS AND ASSOCIATED mTH FOURIER COEFFICIENT
of ODD MoDES FOR COUPLED UNILATERAL FINLINES
F(x) ftm)
, £1 3/2<Ix1<3/2+w
3/ |
! 1 4 w S+W
— s — -
!W h2 . ’ Bo<s no > sina 2
L 1 Y Ix|<s/2
I | 1x>8/2+w
] ¢ 1 i 1
! ; ‘ ! ! p— 3/2¢|x|<8/2+w
1 ] | ] 2(|x]-h/2)\*
: : ; ; - — nw oW S+W
! 4 L 1. ’ w —Jo —sinx —
P B2 2
; ': E E 0 ixl<ss2
| 1 1 1 |X|)3/2+V
i 1 ] 1
] [ 1 [
R TR — .,
1 1 ] ] -
! ! ! ! (L’ _|x|) 1- (M)) s/2<hxlcs /24w
] ] 1 ] 2
AN A v n s (w
B T ’ J—sina —J, la—
' u U ! B 2 2
' 1 | It Ixl<s/2
i 1 ' 1 0 Ix]>8/2+w
] | ] ]
1 1 1 1
! ] 1 ]
R R h
! tn(4 v2)/
: ! | : stntan(ix]+ V2)/w) 8/2<[x{<s/2+w ]’lsmq(i‘ﬁ)
A VAN 2(x1-h/2)t 28 2
[ [P R —
! \ ) : w l (4 2n-ow/2)-J @n+aw/2)]
] ] 1 ]
T P Ix1<s/2
' : : : 0 Ix|>8/2+w
! !
(@ 40 ] -6 ]
38 -T 3rd mode -7 ]
i 8
36 - 4
4 1st mode -9
24 _
g { S vmj
] 2d mode v 1
o 32-} 4th mode ) '111
30 4 -12
28 -13: e i VU NS G
1 ] .14 -
26 r—r—1———1~ —t—r———rT1 ] F (GHz)
200 400 600 8OO 1000 1200 1400 15 F—~———r——
26 28 30 32 34 36 38
-0,2 T —T——-=
() 40 lwemm———"7 -
] 03
38 )
1 4th mode 0,4 -
36 1 2d mode "
] @ 1
— 34 T  -0,54
g ] N )
o, ] 3rd mode »
i 32 0.6 4
j ]
30 4
4 -0,7
)
g 3 1st mode . F (GHz)
] / 161 B U —
26 T T Y T T 26 28 30 32 34 36 38
1200 1400 1600 1800 . . .. )
200 400 600 80O 1000 12 Fig 4 Reflection and transmission coefficients for —— the coplanar~
Fig. 3. Dispersion characteristics of four eigenmodes in coupled slot transition for the even-mode excitation and ---- the equivalent

unilateral finlines (a) Odd-mode excitation. (b)

Even-mode excitation.

step discontinuity in a unilateral finline technology
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511(dB)
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1
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40 50 60
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Fig. 5. Reflection and transmission coefficients for the even-mode

excitation of a coplanar-slot transition operating between 40 and 60
GHz (A4 =4.775 mm, B=2388 mm, ¢, =2.22 and h,~0.254 mm).

IV. CoNcLUSIONS

The spectral-domain technique was shown to be very
efficient for calculating the dominant and higher order
modes in coupled unilateral finlines in even- and odd-
modes excitations. This technique, when combined with
the direct modal analysis, is capable of determining the
scattering matrix parameters of the dominant mode for
the coplanar—slot transition in a unilateral technology for
the odd-mode excitation and for the unavoidable even-
mode excitation of the junction.
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