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Microstripline-Slotline Transition Analysis Using the
Spectral Domain Technique

Yahia M. M. Antar, Senior Member, IEEE, Arun K. Bhattcharyya, Senior Member, IEEE, and
Apisak Ittipiboon, Member, IEEE

Abstract—A spectral domain analysis of microstripline-slot-
line transition is presented. The equivalent circuit of the tran-
sition is obtained. Elements of the equivalent circuit are deter-
mined from the residue theorem. The reflection loss of the
transition is determined using the present theory and is found
to agree with the experimental data.

I. INTRODUCTION

ICROSTRIPLINE-slotline transitions have a num-

ber of useful applications in microwave devices
such as microwave pulse inverters, hybrids, etc. [1]. Us-
ing a microstrip-slot transition, one can transfer r.f. power
from a microstripline to a slotline and this provides an
additional degree of freedom to the microwave integrated
circuit designer. Investigations of microstriplines and
slotlines are reported in the open literature [1]—[5]. Ap-
proximate analysis of microstrip-slot transition including
experimental results are also published [6], [7]. The anal-
ysis presented in [6] is limited since it only is valid for
orthogonal transitions. No general theory which includes
the effects of various parameters such as slotline orienta-
tion, slotline width, microstripline width, substrate thick-
ness etc. is available.

In this paper, a spectral domain analysis [8] of a mi-
crostrip-slot junction is carried out. In this analysis, we
consider that the two transmission lines are oriented at an
arbitrary angle (Fig. 1). It is found that by adjusting this
angle, it is possible to design a perfect transition (with
minimum reflection loss) between the two transmission
lines. The four-port equivalent circuit of the transition is
developed. Elements in the equivalent circuit are obtained
employing the residue theorem. For low frequencies and
for the special case of orthogonal transition, the equiva-
lent circuit agrees with that reported in [6] primarily due
to the fact that the analysis in [6] is based on the quasi-
static approximation. For high frequency and for any other
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angle, the results differ considerably and the present anal-
ysis provides more accurate results. The theory is applied
to a case for which experimental data is available. The
agreement between the present theory and the experiment
is good. Variations of the circuit elements values with
various parameters are shown.

II. FORMULATION

In this section, the equivalent circuit for a microstrip-
line-slotline transition will be obtained. The slotline is as-
sumed to be inclined at an angle 90° + 0, with the mi-
crostripline (Fig. 1).

In order to simplify the analysis we assume that the
microstripline and the slotline are of infinite extent in both
directions. In such a situation, the transverse electric field
component on the slot opening will take the following
form (a time dependence of exp (jwf) is assumed):

Esy’ = E; exp ('—stx/)» x' >0 (1a)

= E, exp (jBx"), ¥ =<0 (1b)
where 8, is the propagation constant of the slotline. Let
the electric and magnetic field vectors of the microstrip-

line before and after the slot junction be

B-

I

V, {exp (=jB,%) + T exp (jBu0)} €(3, 2)
’ (2a)

H™ = V,Y, {exp (=jBnx) + T exp (jBu®)} A (3, 2)

(2b)
E* = V,Texp (—jB,x)€(y, 2) (32)
H* = V,TY, exp (=jB,%) k (¥, 2). (3b)

In the above equations, E-,H represent EM fields in
the region x < x; and E * H represent the fields inx >
x, region. The source is located at x = —oo. V, is the
amplitude of the incident voltage and T' is the reflection
coefficient caused by the slotline discontinuity. Y, and (3,
are the characteristic admittance and the propagation con-
stant respectively, of the microstripline, €(y, z) and
h (y, z) are the normalized modal vectors of the micro-
strip transmission line. The normalization condition is
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Fig 1. Geometry of the transition.

given by

@

Sgé’(y,z)xz(y,z)'fdydz=l @)

—

Expressions for ¢ and h are derived in Appendix I, using
the integral transformation technique.

The unknown reflection coefficient I', and the trans-
mission coefficient 7T, in (2) and (3) are obtained using
reciprocity [9]. To that end, consider an auxiliary source

located at x = — oo, for which the fields are
E, = exp (—jB,%) € (¥, 2) (5a)
H, =Y, exp (=jB,0) h(y, 2) (5b)

Invoking the reciprocity theorem
b Eoxi-ds=& Ex,-ds

with E, H as the fields of the microstripline given in (2)
and (3) and s as the closed surface formed by the planes
X = X1, X = X, 2 = 0and z = o0, one obtains

2r SO S €y, 2) X h(y, 2)dydz

= ~Vi SS ES X h exp (—jB,x) + Z2ds (6)

m
slot

Using the normalization condition in (4), I' is obtained as

1

= -——
2V,

SS l_'fs X h - Zexp (—jB.x) ds, (1)

slot

where the integration is taken over the slotline opening.
In a similar way, the transmission coefficient 7" can be
determined. The auxiliary source, in that case, should be
placed at x = oo, so that the guided fields are

E,

exp (jBnx) €(y, 2)

H, = Y, exp (jBnx) h (3, 2).

Using reciprocity once again, the expression for T is ob-
tained as

1 = —
T=1 +W SSES X h - Zexp (jBnx)ds. (8)
" ot

After some algebraic manipulations, I' and T can be ex-
pressed as

V. .
T = _EVL,,, [T, cos 6, + T, sin 6,] 9

V.
T=1+ —|[T cos 8, — T, sin 6,]

2V, (10)

In the above equations, V represents the voltage induced
on the slotline at x” = 0 location which is equal to V, =

—Et, t being the width of the slot line. 7} and 7, are two
infinite integrals given by

T, = S_m hy (3, 0) exp (—jB, sin O,x" — jB,[x']) dx’
an
I = S_ he(y, 0) exp (—jB, sin Ox" — jB|x’|) dx’

(12)
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where h, and A, are the x and y components of the modal

vector h (¥, z)- Expressing &, in terms of its Fourier trans-
form

h, = S_ hy(k,, z) exp (—jk,z) dk,
and substituting in (11) one obtains the expression for T,
as
® ﬁy (ky, 0)
—o {(k, cos 0, + B, sin 0,)" — B2}

T, = 2jB, S dk, .

(13)

In order to obtain the above expression for T, it was as-
sumed that the imaginary part of 3, is less than zero. Sim-
ilarly, T, can be expressed as

> h, (k,, 0)
~o {(k, cos 8, + B, sin 8,)* — B2}

T2 = 2]65‘ S dky

(14)

Expressions for A, and h, are derived in Appendix I.

A. Equivalent Circuit

It can be noted from (9) and (10) that when 8, = 0,
i.e., the slotline and the microstripline are mutually per-
pendicular to each other, 7 = 1 — T'. This implies that
the line currents on the microstripline before and after the
slot discontinuity are equal. In such a case, the equivalent
circuit consists of a series impedance only. In other cases,
(0, #= 0) the above condition does not hold, so that the
equivalent circuit is a general w-network as shown in Fig.
2. The above equivalent circuit is a consequence of a
mathematical derivation, which is outlined in this section.

In order to obtain the equivalent circuit representation
of the junction, we first determine the discontinuity of the
line voltage caused by the slotline. The discontinuity AV
is given by

AV =010+ DV, -TV,. (15)
Substituting (9) and (10) in (15), one obtains
v .

L;—s = —T, cos 8. (16)

Since T is complex in general, there exists a phase dif-
ference between the slot voltage V; and the line voltage
AV. This indicates that the series elements in the equiv-
alent w-network must contain a reactive load, jX,, in se-
ries with an ideal transformer (cf., Fig. 2). The voltage
drop across the transformer is responsible for the voltage
induced on the slot line. The expressions for the turns
ratio n, of the transformer and X, can be determined from
the following relation:

nzzslot + .] Xs

17
n Zslot ( )

= —T;cos O, = v + jb,

A

Slotline

n
j—
iXs
z4 Z4
j——— - e l o———

Microstripline

4\\\

Fig. 2. Equivalent circuit for the transition.

where Z, is the equivalent impedance at the microstrip
junction offered by the slotline, which is equal to Z,, /2,
where Z,; is the characteristic impedance of the slotline.
Assuming Z,, real, we obtain

n =y = Real (—T; cos 6,) (18)
X, = 3ndZ,, = 1y0Z,,. (19)

The shunt impedance Z; is determined from the discon-
tinuity of the line current. The expression for Z; is ob-
tained from the relation

which after substituting the expressions for I' and T be-
comes

= 2 —RT,sin6, ,

= - 20

! RT, cos 6, @0)

where R = V,/V,, and Z,,, is the characteristic impedance

of the microstripline (Z,,, = 1/Y,,). The unknown factor
R is a solution of the following equation:

-2T Zym

y12=(1+I‘)2~—T2=

@1

JX, + 72—2’5

The exact expression for R is found to be lengthy. How-
ever, with a reasonable assumption, 7, << T}, which is
found numerically, and combining (21), (9), and (10), a
simplified expression for R is obtained.

1
- %)Tl cos 0,

R =

O
substituting R in (20) we obtain Z;.

It is to be noted that in order to determine the numerical
values of the components, the infinite integrals in (13) and
(14) are to be evaluated. These integrals have a number
of singularities arising from the poles of the functions 4.,
ﬁy and the zeros of the factor in the denominator (cf., (13)
and (14)). In addition, there are branch points at k, =
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+j~B% — k2 for both the integrals. For small dielectric
thickness, the contribution around the branch cut (c.f. Fig.
9) is negligible as compared to that contributed by the
poles. The closed form expression for 7; and 7T, are de-
termined in Appendix II.

III. REsuLTs AND DISCUSSION

In order to validate the present formulation, we com-
puted the turns ratio » using (18). To compute the values
for T}, (A18), (A19) and (A20) in Appendix II were used.
The parameters considered were ¢, = 10, W = 0.3 cm,
f=15GHz,r = 0.15 cm and §; = 0. The turns ratio was
also computed from formula available in the literature [6,
eqn. 3]. The same set of parameters were taken. Fig. 3
shows the variations of r with the substrate thickness 4.
The agreement between the present formulation and that
available in the literature is good. The present formula-
tion is expected to be more accurate since the effects of
all parameters are taken into consideration. The formula
in [6] however does not include any effect of the micro-
stripline width, W.

Fig. 4 shows the variations of the turns ratio n with the
angle of inclination of the slotline. When the two lines
are perpendicular to each other (6, = 0), the value of n is
maximum. It decreases monotonically with ;. The value
of n also increases when A, the substrate thickness, de-
creases, which is expected. The value of n does not change
appreciably when e, varies from 10 to 15. This plot is
important for designing slotline-microstripline transi-
tions, since the turns ratio n decides the reflected load
seen by the microstripline for a given slotline dimensions.
The angle 6, can be adjusted to have the maximum cou-
pling over a frequency band.

The normalized series reactance X; versus 6, is plotted
in Fig. 5. The substrate thickness was taken as a param-
eter. The absolute value of X, decreases with 6. The more
the substrate thickness, the more is the magnitude of X.
Near 6; = 0, the value of X| is substantial. This plot will
be useful to decide the extra length of the open circuit
matching stub at a given frequency.

Fig. 6 shows the variations of # and normalized X, for
a microstripline-slot line transition on alumina (¢, = 9.7)
substrate. The substrate thickness was 0.5 mm and the
width of the microstripline was taken as 0.5 mm in order
to have a characteristic impedance of approximately 50
Q. It is found that the value of »n varies slightly over the
1 to 10 GHz frequency range. The magnitude of X; in-
creases (in the negative direction) initially and then be-
comes almost flat. This plot would be useful to estimate
the length of the stub to be used to have a perfect matched
transition. Furthermore, since X; and n do not change ap-
preciably with frequency (especially in the high frequency
region) a wide band transition is possible to achieve.

The variations of the normalized shunt susceptance, y,
against ¢, is plotted in Fig. 7. The magnitude of y, starts
at zero, reaches a maximum and then decreases. When 6,
= 0, y; = 0 indicating that for two orthogonal lines, the

1
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In|

0.4 =

0.2 =

1 1 T 1 T
0 0.1 0.2 0.3 0.4
h, cm

Fig. 3. Turns ratio »n versus the substrate thickness. ( Knorr [6],
——— present theory), (¢, = 10, w = 0.3 cm, f = 5 GHz, t = 0.159 cm,
9, =0°).
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Fig. 4. Variation of the turns ratio n with the angle of inclination 8, (f =
5GHz. W =0.2cm, t = 0.159 cm).
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Fig. 5. Series reactance versus 6, (W = 0.2 ¢cm, f = 0.159 cm, f =
5 GHz).

shunt element is absent. However, when 0, # 0, the mag-
nitude of y; is comparable to Y,,, the characteristic ad-
mittance of the microstripline. Therefore, in order to ob-
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Fig. 6. Variations of n and X, with frequency for a microstripline-slotline transition on alumina substrate. (h = W = 0.05 cm,
e =9.7,¢t=0.05cm, ¢, = 0).
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Fig. 7. Normalized shunt susceptance versus , (W = 0.2 cm, ¢ = 0.159
cm, f = 5 GHz).

tain accurate results, the effect of y; must be considered.
As for the other parameters, here also, the values of y,
does not change much when ¢, changes from 10 to 15,
however it increases. with an increase in the substrate
thickness.

In order to further examine the accuracy of the present
model, the input VSWR of a microstripline-slotline tran-
sition was computed. The structure under consideration is
shown in Fig. 8(a). The physical dimensions of the mi-
crostripline and slotline were taken to be the same as in
[6]. The stub lengths for the slotline and microstripline
were 0.6883 cm each. The end effect of the open ended
microstrip was incorporated via an extra length of 0.2h
added to the microstripline [1]. For the slotline, the end
effect was estimated using Fig. 5.14 of [1]. It is found
that this effect can also be incorporated by adding an extra

length of 0.134 cm to the slotline near 3 GHz frequency
range.

The turns ratio n in the equivalent circuit of the tran-
sition was computed as n = 0.79 near 3 GHz frequency.
The normalized value of X, was obtained as 1.05 Z,,.
However, in the present case, the slotline being not ex-
tended in both directions, therefore the value of X, should
be approximately equal to 50% of the value that is ob-
tained from (19). With these values of n and X, we de-
termined the input VSWR seen by the microstripline when
the slotline is match-terminated at one end. It was noted
that when the effect of X, was ignored, the resonant fre-
quency (frequency for minimum VSWR) was obtained
near 2.5 GHz. Inclusion of X into consideration moves
the resonant frequency to 3.5 GHz (Fig. 8(b)), which
agrees with the experimental data [6]. This result indi-
cates the validity and the accuracy of the model presented

_here.

IV. ConNcLusION

A spectral domain analysis of a microstripline-slotline
transition is presented. The equivalent circuit, which is a
consequence of mathematical results is obtained. The
equivalent circuit is used to compute the VSWR of a mi-
crostrip-slot transition and the results are found to agree
with the experimental data reported [6].

The formulation presented here is rigorous and it in-
corporates the effects of various parameters such as the
dielectric constant of the substrate, microstrip and slotline
widths, angle between microstripline and slotline, sub-
strate thickness and frequency. It is found that each of the
above parameters has substantial effects on the values of
n and X,. The values of n and X, are very important to
design a perfect transition at a given frequency. The value



520 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 40, NO. 3, MARCH 1992

r= "l .
L |<- slotline
S
i i
0
/Z’:Z'f"/'./éi AT
p,w% 7
S
|
l
; T | 1 'm
microstripline
1 |
| |
| |
1 [
(a)
9 |
7T
=
[/3] L
> o
5 |
B o]
3 Lk
= o O O
o oo©
1 1 1090¢@ (1) O L
1 2 3 4 5

f, GHz
(b)
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of n changes substantially with the angle 6, therefore, by
adjusting the angle, one can achieve a perfect match be-
tween a microstripline and a slotline. Since the theory is
based on a dynamic analysis, the results will be useful for
high frequency applications, especially at the millimeter
wave frequency range.

APPENDIX I
DERIVATION OF THE MODAL VECTORS € (y, z) AND

Ry, 2) N (4)

Consider a microstripline of width W, carrying a cur-
rent Iy. The substrate thickness is 4 and ¢, is its relative
dielectric constant.

In order to derive the expressions for the modal vectors
of the above mentioned transmission line, the spectral do-
main analysis is invoked. The surface current density on

the strip can be represented as (for a small width)

I, _
I = -p%e‘f‘”‘, —-W/2<y< W/2, (Al
where @ is the propagation constant of the microstripline
which can be obtained from the following equations [1]:

2%\/;
B =

Ao
€ +1 & — 1 10h -(1/2)
- 14— A3
2 < 2 W A3)

The surface current I, will produce the TM and TE fields.
The TM field components can be generated from the lon-
gitudinal component of the displacement vector D, which
satisfies the following differential equation:
dp, Oe -

VD, + k’D, = wa E)
where k is the wave number inside a dielectric layer and
E, is the electric field vector in the Z = constant plane.
The differential operation V, is given by

(A2)

€

(A4)

The electric charge density, p,, is obtained from the con-
tinuity equation and is given by

_ IL'B_ —IBx _
pe="¢ 6(z — h), (AS)

w being the angular frequency.
In order to obtain the solution for D,, (A4) is expressed
in the Fourier domain:
4D,
dz*

00 -
%, _ 9 ;

0z dz

+ k2D, = (A6)
where

D, =" S D, (k,, 2 e dk,

v, - E‘, = ¢ /B S f(k_v, 7) ey dk,

o
EN
|

= /P S B, (ky, Z)e—kay dky

k2=k*— k- B

The divergence equation in the spectral domain yields
db,
dz

Equations (A6) and (A7) are solved for D, using the trans-
mission line analogy [8]. The final solution for D, in the
region 0 < z < d is obtained as

+el=p,. (A7)

5 5 Yoo €08 (ki.2)
D.(k,, 7) = —D,(k,, 0) 22—z
~(k Z) D~ (ky O) Yin €OS (klz h)
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where
1 w2
D, (k, 0) = o oz — h) S pee’™ dy
7r -W/2

Bl sin (k,W/2)
T 27w (k,W/2)

(A3)

Yoz and y,, are given by
Yoo = jkoz/ €0,
Yin = Yoo + jYor tan (ki ), Yor = jki,/€ots.

The TE field components can be determined from the lon-
gitudinal component of the magnetic displacement vector,
B,. Using a very similar procedure, the expression for B,
in the spectral domain is obtained as

U0 Y02 Sin (ky, 2)

B.(k,, 2) = ; (A9
klzyin Cos (klzh) )
with
L
f = — 2 (VX T)elh
Y 27 S—W/ZZ ( e &
B _i gw/z ol b g _JkIy sin (k,W/2)
w2 dy 27 (k,W/2)
Yoo = —ju/koy Y = Yoo + jyou tan (ki h),
)’61 = —j/“"/klz'

The magnetic field components are obtained from the re-
lation

- - 1 -
H=V XA+ —(V XV XF)
Jou

where 4 = 24, and F = ZF, with 4,
and F, _Jsz/(ﬁ2 + k2).
Using (A10), the expression for H, and H, are obtained

(A10)

zijz/(62 + ki)

as

Yop cos (kyi,2)
B, = G gy Dl O 2

Yin €08 (ki h)

__JB , Yo cos (ky;2)
k§ + 62 ‘ yz,n cos (klzh)

(A11)
and

a, = [wBD (s 0) 22 — jik v y—ﬂ
! ym m
. cos (ki 7) 1
cos (kizh) (8% + k3)’

The modal current vector h is given by £h, + $h, + Zh,,
where h, = H /I, h y = H,/Iy and h, = B /[,LIO The
modal voltage vector € can be obtained using the relation

(A12)

V X h = jweZyé

521

where Z is the characteristic impedance of the transmis-
sion line. Note that the factor Z, is multiplied with € to
comply with the normalization condition in (4).

AprpENDIX 1l
EVALUATIONS OF T; AND T,

The integral for T} in (13) is given by

S S“’ hy (k,, 0) 0
1= 2j8s ~ {(k, cos 0, + B, sin 6,)* — B2} Y
(A13)
with
. sin (k W/2) 2 yoz 5 y(’)z
0 = S |23+ 63
. 1 (A14)
cos (ki h) (By, + k3)
sin (k,W/2)
= ;{;—(mfy(ky), (A15)
where
oo, 2V 1
50 = Ty [B’" v N os Gy PO

All the terms in the above equations are defined in Ap-
pendix I. The term A, can be expressed in the following
exponential form:

- [exp (jk,W/2) — exp (—jk,W/D)1f, (k)

’ 2jk, (8], + K3)
(A17)
Substituting (A17) in (A13), one obtains
Ty = 2jB,[T, — Ty (A18)
with
1 (*  exp (GKW/2)f (k)
Ty =5 S 2 > 2 ,2.V 2 dk_v (A19)
2.] —® ky(ﬁm + ky)(ky - Bs)
1 S exp (—jk,W/2) f, (k)
T, = — dk
=27 e B+ DT - ) N 2

where k;, = k cos 8; + f3,, sin 8,. The above two integrals
have singularities at k, = 0, +j8,, A\ and \, where

)\1 (Bs - Bm sin es)/COS 0:
N = —(B; + B, sin ;) /cos 6.

Recall that the imaginary part of 3, being negative, the
poles A, and X\, are located below and above the real axis,
respectively. In addition to those poles, the integrals have
two branch points at k, = + j\/ﬁg — k3. The branch
points arise from the multivalued nature of the complex
function f, (k, ).

In order to evaluate T),, we deform the contour as
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Im (k,)

L, ® B
)i B2 k3

*;

L, L,
2D

7

Fig. 9. Contour of integration in the complex &, plane.

Re (ky)

shown in Fig. 9. The integrand in (A19) vanishes on the
semicircular segment due to the exponential term. There-
fore, from the residue theorem, the integral is obtained as

1
T, = — S (I) dk, + 27j Res(\;)
2_] Lo
+ 27 Res(jB,) + S W dky}.
4+1Ls

where [ is the integrand. The contributions along the path
L, + Ls is negligibly small as compared to the rest.
Therefore, evaluating the residues, we obtain

_ - H©O _1_ 1
- 4B, cos 0, | B

Tla -5
NN

+ 62
1 B 1
UBm = M) (JBm — M)

2exp (JMW/2) f,(N)
M8 + A9)

(A21)

Similarly we evalute T,,. In that case, the semicircular
contour is taken in the lower half of the complex k,-plane.
The expression for T, is obtained as

4B cos 0, | BE AN N
_ 2exp (=IMW/2) f,(ND
M + B

+ 2
Bin
1 _ 1
(JBm + N)  (Bn + N\

}. (A22)

Substituting 7', and T}, in (A18) we obtain T;. A similar
procedure is used to evaluate 7, and we obtain a very sim-
ilar expression as in Ty, except that f, (k,) should be re-
placed by f, (k,) in (A21) and (A22), where

1 Yoo Yoo 1
k)= ——k CALINNDAY ) [—
1) W yﬁ»’”[y- Yiu | cos (ki h)

n

(A23)

Substituting f; (k,) in all places for f,(k,) in (A21) and
(A22), we obtain T,, and T,,. The integral 75, will be then

T, = 2jB,(5h, — Tp). (A24)
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