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A Dynamic Model for Microstrip–Slotline
Transition and Related Structures

HUNG-YU YANG, STUDENT MEMBER, IEEE, AND NICOLAOS G. ALEXOPOULOS, FELLOW, IEEE

Abstract — An analysis of microstrip to slotline transition is presented.

The method of moments is applied to the coupled integral equations. In the

formulation, the Green’s function for the grounded dielectric substrate,

which takes into account all the radiation, snrface wave, and substrate

effects, is used. Meanwhile, all the mutual coupling effects are included in

the method of moments solution. Certain related structures, such as

slotline and microstrip discontinuities, a slot fed by a microstrip Iine,-and a

printed strip dipole fed by a slotline, can also be solved with this analysis.

The present approach may find applications to other related transitions in

MIC design.

I. INTRODUCTION

QUASI-STATIC METHODS, equivalent waveguide

models, and equivalent circuit models have been

widely used in the modeling of microstrip or slot type

discontinuities in microwave and millimeter-wave devices

in the past [1]. Recently, a more rigorous approach, which

takes into account all the physical effects including radia-

tion and surface waves, has been applied to certain micro-

strip discontinuities [2]–[5]. In this scheme, the method of

moments, which determines the current on the strip or

electric field on the slot, is implemented in the solution of

the Pocklington integral equation. The exact Green’s func-

tion for a grounded dielectric substrate due to either an

electric dipole or a magnetic dipole has been used, which

includes all the physical effects. Based on this approach, a

dynamic model for microstrip-slotline transition and its

related structures such as a microstrip-fed slot and a

slotline-fed printed dipole is proposed in this paper. The

developed model with some modifications can be applied

to other types of transitions in MIC and MMIC design.
In microstrip–slotline transition, a short-circuit slotline

which is etched on one side of the substrate is crossed at a

right angle by an open-circuit microstrip on the opposite

side. This type of transition makes the two-level circuit

design possible [1]. Some experimental work has been

reported in [6], [7] and a transmission line circuit model

was reported in [8]. In the present approach, the radiation

and surface waves due to the cross-junction, the line

discontinuities, and all the mutual coupling due to the

dominant mode as well as higher order modes of each line

are included in the method of moments solution. The
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Fig. 1. Top view of microstrip-slotline transition.

VSWR and input impedance o; the transition can be

determined by the current distribution on the microstrip

line in conjunction with transmission line theory. One of

the main features of the present method is the modeling of

two coupled half-infinite lines where expansion modes are

composed of piecewise-sinusoidal modes and traveling-

wave and standing-wave modes. In the formulation proce-

dure, certain important problems in MIC, MMIC, or

printed antenna design can also be solved. When only one

of the lines is discussed, the present approach is simplified

to the modeling of slotline or microstrip line discontinui-
ties as reported in [2]–[5]. If one of the lines is of finite

length, then the method presented herein can be applied to

the modeling of microstrip line-fed slot or slotline-fed

printed strip dipole.

II. THEORY

A. Green’s Function Formulation

The microstrip to slotline transition is shown in Fig. 1

and the cross section is shown in Fig. 2, where the lines are

extended a certain distance beyond the cross-junction, so

that their extension may act as a tuning stub. Due to the

fact that the width of the lines is assumed to be much

smaller than the wavelength, the transverse vector compo-

nents ( Jy and Mnx ) on the lines are a second-order effect,

and are- neglected for simplicity. Therefore, only the .f-

directed electric surface current Jx on the strip and the
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Fig. 2. Cross section of microstrip=slotline transition.

J-directed magnetic surface current i14~Y (f-directed elec-

tric field EX) are considered. Under the above assump-

tions, the coupled integral equations can be formulated in

terms of EX: and HY. As a result, the electric field EX at

(x, y, d) due to the presence of both strip and slot is

EX =
J.1

GXXJXds~ +
J.1

GXyM~y ds,, (la)

and the difference of the magnetic field HY at (x, y, 0+ )

and at (x, y,O– ) is

AH, = jjGyxJx ds. + j/GyyJ%ydss, (lb)

where GXX and GYX are the dyadic Green’s function com-

ponents due to an A-directed infinitesimal electric dipole

at z = d, and GX” and GYYare the dyadic Greim’s function

components due to a j-directed infinitesimal magnetic

dipole ,at z = O. JX is the current on the microstrip s~

while Mm ~ is the magnetic current (electric field) on the

slotline s~. The dyadic Green’s function components GXX,

GX,, G,,x, and G,Y can be obtained by solving the boundary

value .problem. The results when transformed into the

spectral domain can be expressed as

. eJ~,(Y-Yo) d~x d~y (2a)

‘XP(X’~lxo7 Yo) = Jjm~xy(~x, Ay)e~A’(x-xO)
—cc

. eJk.(Y–Yo) d~x d~
Y (2b)

G,,(x> ylxo, yo)= –Gx,(x, y Ixo,yo) (2C)

and

G,,(x, ylxo, yo) = ~~m~,,(~x, Ay)eJA-”(x-xO)
—co

.eJ~, (.V–Yo)d~xd~y (2d)

where

~~ql(l– c,)sinh(~ld)
+

De(A)Din(A) I
sinh ( qld ) (3a)

[

–1 ql Ai(e, –l)sinh(qld)
cy, (lyt~. ”) ‘~” D,(A) +

~e(~)%(~) 1
(3b)

[
~ (k:-A;)

qlcosh(qld) +c,qsinh(qld)

91%(A)

A;q(l- c,) + (k; -~;)

+ D=(A) Din(A) q 1 (3C)

D,(A) =qsinh(qld) +qlcosh(qld)

D,,,(A) = qlsinh(qld)+ ~,qcosh(qld)

9={= o

ql = /q

A = i~”

The integrands of (2a) -(2d) have poles whenever D,(A)

and/or Dtiz( A) become zero. The zeros of D=(A) corre-

spond to TE surface waves, while the zeros of D~(A)

correspond to TM surface waves [9]. The existence of these

poles causes some problems in numerical integration. An

efficient way of evaluating this type of integral is by a pole

extraction technique, according to which the pole behavior

is extracted out of’ the integrand, leaving a continuous

function which may be integrated directly [10], [11]. The.

integrations in (2a)–(2d) may further be converted into

polar coordinates such that a double infinite integration

may be reduced to a finite and an infinite one.

B. The Choice of Expansion Modes

In the method of moments procedure, the JX and M~y

are expanded in terms of a set of known functions. The

transverse dependence of JX and M~y is assumed to be’

Maxwell’s distribution, that is,

(4)
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with

<(y) =

. ...2{*
and

M,(x) = .K,2{&
such that the edge condition is satisfied. For the transition

under consideration, the modeling of two half-infinite lines

is necessary, in which several mechanisms are possible. If

subsectional expansion modes are used in the two finite

lines with a d gap source, then in order to characterize the

cross-junction of this resonator, two sets of wave ampli-

tudes on each line, corresponding to two different lengths

of the parasitic line, are required. This scattering matrix

formulation is found here to be very sensitive to error. A

more reliable method is to simulate the physical situation

where both the microstrip line and the slotline are

terminated by a matched load. In this scheme, subsection

expansion modes are used in both lines near the cross-

junction region, while entire domain traveling waves are

used to represent the transmitted wave in the parasitic line

(slotline here) and the incident wave and the reflected

wave on the feed line (microstrip line here). This method is

similar to that proposed in [4], where only microstrip

discontinuities are considered. Other choices of expansion

modes are also possible, such as using subsectional basis

functions in the feed line and subsectional modes and

traveling-wave modes in the parasitic line, or the

traveling-wave modes starting away from the cross-junc-

tion, such that the mutual coupling of traveling wave and

PWS modes on different lines is negligible. These types of

expansion modes have some advantages in the numerical

analysis and will be discussed in the next section.

The traveling-wave mode used in the expansion function

corresponds to the fundamental propagating mode of the

microstrip line or the slotline. The microstrip line and

slotline propagation constants km and k,, respectively, can

be obtained through the following characteristic equations

[4] and [5]:

(5a)

/m~,y(~x,ks)~:(~.)d~x=o (5b)
—’x

where

[y(A,) = .To(AJVm/2) (6a)

and

F’(Ax) = Jo(Axw,/2). (6b)

From the information of km and k,, the unknown current

distribution on the microstrip line can be expanded as

f(x) =I1nc+Iref+ f Infn(x) (7)
~=1

while the unknown electric field distribution in the slotline

can be expanded as

g(y) =J’”+ f J%(Y) (8)
~=1

where

Iref z – ~ejk.tx (9b)

and

vt = TeJk.Y. (9C)

Piecewise-sinusoidal (PWS) modes are used as subsectional

expansion modes and are defined starting from the end of

each line. These modes are defined as

f.(x) =
sinke(h–lx+nhl)

sin k,h

for Ix+nhl <k, IYI < Win/2 (lOa)

and

sinkc(h–ly+nh[)
&’.(Y) =

sin k,h

forly+rdl <h, 1x1< ~/2 (lOb)

where h is the half-length of the PWS mode. The choice of

k= can be quite arbitrary. Here k, is chosen as

~~ko such that it is close to its physical value and
it facilitates the numerical integration when the asymptotic

extraction technique is applied [12].

C. The Method of Moments and Matrix Formulation

The coupled integral equations can be obtained from

(la) and (lb) by forcing the boundary conditions that the

E-field must be zero on the microstrip line and the H-field

must be continuous across the slotline. When the expan-

sion modes are substituted into (la) and (lb),

//[ 1Z’nc + ~ref+ f I,zfm J,(Y,)G..(x, YkI, Yo) ~xodyo

?1=1

r M 1

+fj~Vr+~,~n~n]~t(XO)GXy(X,Y,XO>YO)dXOdyo=o (II)
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k obtained for each (x, y) on the microstrip line and
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M

+JJ[ 1~’+~E.g. ~t(xo)Gyy(x, yIxo, yo) dXod!o= O (12)
~=1

is obtained for every (x, y) in the slotline.

In (11) and (12), there are M+ N + 2 unknowns. In

Galerkin’s procedure, N+ 1 PWS testing functions on the

microstrip line are applied to (11), while M + 1 PWS

testing functions in the slotline are applied to (12), to

obtain M + N + 2 linear equations with M + N + 2 un-

knowns which, when expressed in matrix form, are

[

[1]

[.%1 [-%,,] [Leact, 1[]1[Lead]-r
[~emactl[~temactl[y,.,,] [he,,] [~1

T

‘[ I=[I,nC]

[L,,] ’13)

where [ Z,elf ] is an (N+ 1) X N matrix with matrix elements

Z& F=//m ~.x(~x~y){$(~,)~’(~x)
—cc

.cos[~X(nz-n)h] dXXdXY (14)

[Z,,,lf ] is an (N + 1) x 1 column vector with elements

Z:e*f=JJm ~xx(~x?~,)~:(~y)~(~x)
-m

.A(AX)eJnhA’ d~, dAY

[&] is an (M + 1) X M matrix with matrix elements

LK = JJ:m%Ox ~,)@(L)A2(~Y)

.cos[XY(nz -n)h]dXXdAY

[Y,,,l~ ] is an (M + 1) X 1 column vector with elements

%,~=jj* ~yy(~.~y)F?(~x)Q(~y)—03
,A(AY)e~ “’hAPdkX dAY

(15)

(16)

(17)

[T~J is an (N + 1) X M matrix with matrix elements

%L=j/m ~xY(~x!~,)~x(~x) F,(~Y)A(~x)A(~Y)

‘COS [~::Lm – tdz)] COS [~y(~~ – rnh)] dAXdXY (18)

[T’’~,C,] is an (M+ 1) X N matrix with matrix elements

Te~:Ct= – T&&t (19)

[<~,,,c,] is b (N+ 1) X 1 column vector with elements

%.t=~~~ ~.,(~.~,)F.(~.)~, (~,)Q(~,)A(~.)
-U3

.COS[Ax(Lm – A)] ejAYLsdAXdXY (20)

[Tt~~,~,] is an (M+ 1) X 1 column vector with elements

%L=/Jm ~,x(~x7~y)Fx(~x)~Y( ~Y)~(~x)A(~Y)
—m

.Cos [~Y(L, – mh)]e~~XL~dAXd~Y (21)

[T&] is an (M + 1) X 1 column vector with elements

K~=-~~@ Gyx(Ax,~y)Fx(~x) ~(~y)~(~x)A(~y)

–#

.C05 [AY(L$ – wzh)] eJaxLmd~xd~Y (22)

[l,nC] is an (N + 1) X 1 column vector with elements

LL=-jjm ~.x(~x~,)q’(~.”)~(~x)
-w

.A(AX)e~”*X’ ~AXdAY (23)

(Cos keh -Cosxlz)
A(x) =2ke

(x’-k~)
(24)

I’(AX) = [e(-~~x~~i’~’) -t j] Jo sink~xeJ~’xdx (25)
–m

( i~Yk,/*&) + ~] Jo Sin k~yeJAY~ dyQ(Ay)=(e- (26)
—w

~(~X) = [e(-J~~km/2ke) _ .’ 0j] ~ sin k~xeJLXx dx. (27)
—cc

[1] is an (N) x 1 column vector with elements 11,12, ” “ “, lN;

[E] is an (M) X 1 column vector with elements

El, E2,. . . , EM; and L, and L~ are the stub length for

slotline and microstrip, respectively.

D. Some Aspects in Numerical Analysis

The numerical integrations in (14)-(23) are computed

after transforming into polar coordinates. The convergence

of the integrations depends mainly upon the Green’s func-

tion. Since & ~(AX, AY) or ~YX(Ax, AY) decays exponen-

tially, with the” decay factor proportional to the thickness

of the substrate, (1 8)–(22) are integrated duectly. The

integrands in (14)–(17) and (23) are slowly convergent.

Therefore the asymptotic extraction technique [12] is ap-

plied, which requires additional computations of the self

and mutual reactions of the PWS and traveling-wave modes

rin homogeneous medium with C,ff = (t, -t 1)/2

Because of the method of numerical integration in

(14)-(23), it is convenient to deal with real expansion

modes; therefore the traveling-wave mode is usually de-

composed into sine and cosine terms [4]. Also, since the

current or electric field is zero at the end of the lines, the
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cosine expansion mode starts a quarter wavelength from

the terminated end.
The formulation in the last section is quite flexible and

can be easily modified to other types of mode expansion

mechanisms. For example, the traveling-wave modes may

start more than a wavelength away from the cross-junc-

tion, which modifies the Fourier transform of the travel-

ing-wave mode in the above formulation. This type of

expansion mode has the advantage that the mutual cou-

pling between traveling-wave modes and PWS modes of

the other line ([ T,,~J and [T,~J) is negligible. There-

fore, the computation effort in (13) can be reduced. Be-

sides, the solutions are automatically convergent in the

sense of the number of expansion modes. Another type of

expansion mode is also possible where only PSW modes

are used in the feed line. This has the advantage of

providing some insight into the current distribution on the

feed line and of avoiding the computations of the sub-

matrices [ Yt,,lf ] and [Tt~,,Ct ] in (13). The above different

mode expansion mechanisms may also be used to check

the convergence and stability of the solution.

E. Related Problems

Each submatrix itself in (13) has a physical meaning,

which contains the information of the self-reaction or

mutual coupling of different expansion modes. With sub-

matrices [-& 1, [-zt,elf], and [llJ, the end effects of an
open-circuit microstrip line can be determined, while with

PLfl, [&lflj and [ VinC] (determined in a way similar to

[l,.C]) the end effects of a short-circuit slotline can be

determined. Also, if the parasitic line (either slotline or

microstrip line) is finite where only PWS modes are used,

the problems of the microstrip-line-fed slot or the slotline-

fed printed strip dipole can be solved with this model.

III. NUMERICAL RESULTS

A. A4icrostrip – S[otline Transition

The results of microstrip–slotline transition are obtained

based on the developed algorithm. The numerical analysis

is performed on the IBM 3090 system. Typically, for each

datum it takes about one minute and thirty seconds of

computer time, in contrast to a half second, to obtain the

propagation constant k.,, although a lot of effort has been

made to reduce the computer cost. An example of a 50-L?

microstrip line to an 80-0 slotline transition is given. The

results of the VSWR and input impedance are shown in

Figs. 3 and 4, respectively. The results of VSWR are first

checked by interchanging the feed line and the parasitic
line. The differences in Irl are within 2 percent, which is

consistent with the property of low-loss two-port networks.

The obtained complex reflection coefficient is further

checked by changing the number of modes and different

mode expansion mechanisms as described in the last sec-

tion. Two sets of input impedances with different numbers

of expansion modes and base function size are shown in
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Fig. 4 to illustrate a convergence test example. With the

particular device parameters it is found that both the

magnitude and the phase of the reflection coefficient con-

verge very well (2 percent in Ir I and 50 in phase) for

d < 0.036A ~. However, for higher frequencies, the results

are more unstable, and typically the results are 5–10

percent accurate in 11’1and 10-15° in phase before higher

order modes turn on. This behavior may be due to two

causes. First, when the radiated and surface waves are not

weakly excited, the transmission line theory applied to the

microstrip line or slotline is only an approximation, and

the mode expansion approach to a certain extent involves

brute force. Second, the transverse vector components (JY

and M.v ), which are neglected in the present investigation,

will become more important as the frequency gets higher.

The VSWRS obtained by the transmission line circuit

model [8] and the measurement [7] are also shown in Fig. 3

to provide a comparison. In the transmission line circuit

model the stub length is assumed measured from the

center of each line, and the propagation constants km and

k, and the excess length are obtained in the current

analysis. It is seen from Figs. 3 and 4 that the present

method agrees very well with the circuit model in the

low-frequency range. The discrepancy for higher frequen-

cies may be due to the higher order modes, surface waves,

and radiation effects which are neglected in the circuit

‘model. The measurements reported in [7] show wider

bandwidth than that of either the circuit model or the

present analysis. It is believed that the accuracy of the

device parameters, the nonideal match load, and, espe-

cially, the coaxial to microstrip line transition will more or

less affect the frequency-dependent results in the measure-

ment. Besides, the material used in [7] is Custom HiK

707-20 (c, = 20), which is usually very lossy especially for

higher frequencies. The reasons mentioned above may

explain the discrepancy between theory and experiment.

B. Slotline Discontinuities

Since the results of open-end microstrip discontinuities

have been reported with the present approach in [3] and

[4], they are not repeated here. However, the results by this

analysis have been checked (good agreement) with the

results in either [3] or [4]. Experimental results of shorted

end slotline discontinuities were reported in [13]. A spec-

tral-domain approach (SDA) of this problem has been

reported in [14], where closed coplanar waveguide is used

and surface wave and radiation effects are not taken into

account. Slotline discontinuities with full-wave analysis

have been discussed in [5], but no direct result of the

equivalent circuit is provided. The shorted end resistance

and reactance of a slotline are shown in Figs. 5 and 6,
respectively, as a function of various device parameters.

The normalized reactance obtained here is also compared

with the measurements reported in [13] and the SDA

method reported in [14]. The comparison shows very good

agreement with the SDA method. The discrepancy with

W/d= 0.892

d= 0.121 in.
W/d= 0.562

W/d= 0.221

.?
%.00 0’.01 0’.02 0’.03 0’.04 0’.05 0’.06 0.07 0.08

THICKNESS TO WAVELENGTH RATIO
all?.

Fig. 5. Normalized end resistance of a shorted slot, c, = 12.

present theory

SDA m [14]

. . . . measurement by Knmr [131

a
m

W/d= 0.892

0

d= 0.121 m.

&

. -’ W/d= 0.562/
..

/
/

/ /’d
/ /

// W/d= 0.221
/ Y ‘.

/ /
/ /e,

/
/ /“”

8/ /.
/ // ~.

Q,’
,/

<.07-- ~ ~n,~3 ~r,o, ~— -~,~, ~8

THICKNESS TO WAVELENGTH RATIO “
dl?v

Fig. 6. Normalized end reactance of a shorted slot, C,= 12.

measured results may be due to some difficulties in the

measurements, as discussed in [14]. The resistance part of

the equivalent circuit is due to radiation and surface

waves. It is seen that the resistance increases with the

increase of substrate thickness and slot width, which im-

plies that the energy, in both surface waves and radiation,

increases with substrate thickness and slot width. It is also

observed that for the chosen substrate thickness (d/A o =

0.06) the resistance and reactance are of the same order,

which means that in this case radiated space waves and

surface waves are strongly excited.
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Fig. 7. Normalized equivalent admittance of a dipole fed by a slotline.
(, =12, d = 0.121 in, W, = 0.562d, Wm = d, and L =1.6 cm.

C. A Slotline-Fed Printed Strip Dipole

In slotline circuit design, large-dielectric-constant

materials are typically used to confine energy inside the

material. Under this condition, the slotline is a possible

candidate as a feed line of microwave or millimeter-wave

printed antennas. An example of, a slotline-fed printed

strip dipole is shown in Fig. 7, where the input impedance

of a strip dipole versus frequency is shown for c,= 12 and

d = 0.121 in. Here the input impedance does not include

the tuning stub. In actual circuit design, a tuning stub is

typically used to match the feed line. The results are

obtained by using PWS modes on both the strip dipole and

the finite but long slotline. Two d-gap generators of the

same magnitude are placed symmetrically near both ends

with the dipole on the center position. Due to the symme-

try, the input admittance seen at either side of the slotline

is half of the input admittance of the printed strip dipole.

It can be observed in Fig. 7 that resonance occurs at about

3.5 GHz. However, with a tuning stub, resonance occurs at

about 3.35 GHz or at about 3.68 GHz where ~(normal-

ized conductance) =1. It can be seen that the bandwidth

of this structure is quite small. To increase the bandwidth,

the strip can be printed in low dielectric substrate while a

large dielectric material is used on the other side of the

ground to confine energy. One can see from Fig. 7 that

when the strip dipole ii off resonance, the susceptance is

almost linear with frequency. This implies that strip dipole

may be used as a wide-band capacitance in slotline coupler

or filter design.

D. A A4icrostrip-Line-Fed Slot

The microstrip-line-fed slot can be used as either a

radiating element or a circuit element in filter design [15].

The input impedance, of a slot with a tuning stub is

obtained from the information of the reflection coefficient

Fig. 8. Input impedance of a stub-tuned slot fed by a rnicrostrip line.
c, = 2.2, d = 0.2032 cm, Wm = 0.635 cm, W. = 0.1016 cm, L = 4.0 cm,
and stub length = 0.22 cm.

in the microstrip line. The normalized input impedance of

a slot fed by a microstrip as a function of frequency is

plotted on the Smith chart in Fig. 8. It is seen that the

bandwidth is mainly determined by the tuning stub since

the resistance is quite insensitive to the frequency. There-

fore to increase the bandwidth, the stub length should be

chosen such that at resonant frequency the change of stub

impedance with frequency is as small as possible. Another

way of increasing bandwidth is to control the device

parameters such that resonance occurs even without the

tuning stub. Fig. 8 shows a typical example for this design

where the bandwidth is about 6 percent with stub length =

0.02A0.

IV. CONCLUSIONS

A full-wave analysis is proposed in this paper to develop

a generalized dynamic model for microsttip-slotline tran-

sition, microstrip-slot, and slotline-microstrip dipole, as
well as slotline and microstrip discontinuities. The present

approach may find some applications in other transitions

in MIC design.
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