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Microstrip /Slotline Transitions: Modeling
and Experimental Investigation

BERND SCHUPPERT

Abstract —In this paper an analysis of microstrip/slotline transitions is
given using a network description through transmission-line models. Dif-
ferent transitions, such as transitions containing uniform and nonuniform
lines as well as soldered and virtually shorted microstrip lines, will be
treated. The validity of the modeling results is verified experimentally by
measuring the transmission coefficient of a cascade of two transitions
separated by a slotline in the frequency range from 1 to 16 GHz. For
practical applications, design curves are given for 0.635-mm-thick alumina
substrates.

I. INTRODUCTION

ANY AUTHORS have dealt with the problem of

developing a broad-band transition from microstrip
to slotline [1]-[6]. Some intuitive approaches to this prob-
lem have been presented with a reported bandwidth be-
tween about 1 octave [1] and 1 decade [3], the latter in the
frequency range from 1 to 10 GHz.

A problem quite similar to the subject considered here
has been treated in [7], where a nonplanar compensated
balun has been presented for frequencies below 1 GHz.
However, some basic results are similar to those given
here. Due to the fact that a systematical description of this
problem is still lacking, the present paper is intended to
give an approach to this problem based on the use of
transmission-line models. In the case of circular-area stubs,
these lines will be synthesized as piecewise uniform lines.
The validity of this rough approximation will be verified
by experimental results.

The transitions mentioned in this paper are sketched in
Fig. 1. Concerning experimental verification, the question
of how to measure the frequency response of a single
transition arises. A measurement of only the VSWR or
reflection coefficient at the microstrip side when the slot-
line is matched [2], {4]-[6] ignores matching through radia-
tion effects of the slot stub. Moreover, increasing line loss
at higher frequencies also yields a low VSWR of the
transition. Both effects suggest a bandwidth of the transi-
tion that may be too large.

When measuring the transmission and/or reflection
coefficient of two transitions connected through a slotline
of length L_{3], [6], impedance interactions occur between
the transitions. As a result, the measured bandwidth of
such a configuration depends on the distance between the
transitions, which is somewhat arbitrary.
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Fig. 1. Microstrip/slotline transitions under consideration; solid lines:
microstrip circuitry; dashed lines: slotline circuitry. (a) Soldered micro-
strip short and uniform A /4 slotline. (b) Virtual short with uniform
A /4 open microstrip and uniform A /4 slotline. (¢) Soldered microstrip *
short and slotline open circuit through nonuniform circular slotline. (d)
Virtual short with nonuniform circular microstrip and slotline open
circuit through nonuniform circular slotline.

()]

II. SiMPLIFIED MODEL FOR CIRCUIT ANALYSIS

In order to clarify the effects, let us first consider
simplified circuit models. It will be shown that the transi-
tion of Fig. 1(b) offers either an improved flatness of the
frequency response or an improved bandwidth by means
of a reactance compensation effect [7] compared to the
transition of Fig. 1(a). This reactance compensation effect
also takes place in the case of nonuniform lines. However,
if these lines are of a circular shape (Fig. 1(d)), only an
improved flatness is observable, whereas the bandwidth is:
somewhat smaller than in the case of a soldered transition
(Fig. 1(c)).

It should be pointed out that in the following approxi-
mations any reactances due to the discontinuities are ne-
glected.

In the presence of uniform microstrip and slotlines,
equivalent circuits for both of the transitions of Fig. 1(a)
and (b) are shown in Fig. 2, where the soldered wire can be
represented by a series inductance, which, however, will be
neglected. Equivalent circuits as simple as those given in:
Fig. 2(a) and (b) imply that perfect coupling between the
microstrip and slotline currents takes place.

If we choose the characteristic impedances of microstrip
and slotline to be

Z,=Z. =508 (1)
it is convenient to introduce normalized impedance factors

for shorted slot stub and open microstrip stub, respec-
tively:

’T50Q )

(3)
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In the case of a virtual short (Figs. 1(b) and 2(b)) the

leading to a bandwidth value of . . g
& : o -magnitude of the transmission coefficient becomes

1
- - , S R
B= f2| 097 dB _ =7 larctan v (6) |‘921| = . . (7)
fil-o97a8 : 1 ‘ - (1 1\*cot?pl 1 cot*pl
arctan — 1+ ( i ) b
- v 12 w 4 (UW) 4

S

which is plotted in Fig. 3. It should be noted that the R ~—
—0.97 dB bandwidth of the insertion loss corresponds to a dominant in the  dominant at the
VSWR = 2.6, if the network is lossless. passband band limits
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TABLE I ]
INFLUENCE OF VARIOUS VIRTUAL SHORT CONDITIONS ON THE BANDWIDTH OF A SINGLE TRANSITION

Impedance Bandwidth 1S51] at f_o.974
Factors B|_o748 of Soldered Short Remarks
Soldered short v B idered —-0.97dB reference
Virtual short w=0  oldered —0.97dB maximal flat frequency
response in the passband

Virtual short w=2p Bgigered < B < By |21 0pe) = —0.51 dB
Virtual short ~ w=26180 By, ~12---13:Bsereq —0.51dB--- —0.97dB maximal —0.97 dB bandwidth
Virtual short ~ w—o00 B, 1dered -097dB like soldered short

and it is evident from the above equation that choosing
v=w yields a maximum flat frequency response in the
passband. ,

In this case where v=w, the —0.97 dB bandwidth
remains unchanged between soldered or virtual short, so
(6), as well as the calculations of Fig. 3, is also valid when
dealing with a virtual short!

To clarify the results discussed above, numerical calcula-

tions of the frequency response have been carried out for

the equivalent circuits of Fig. 2(a) and (b). Due to the
symmetry properties of the frequency response it is suffi-
cient to calculate only the lower frequency range.

It can be seen from Fig. 4 that the bandwidth is im-
proved with increasing v = w, as already predicted by Fig.
3 and [7]. The —0.97 dB bandwidth is the same in case of
a soldered or a virtual short with » = w. Furthermore, an
improved flatness of the frequency response in the pass-
band is noticeable.

However, a more interesting case is that of an improved
bandwidth by means of a virtual short. Considering (7), an
extreme value of |S,;| can be found through

18]
=0 8
™ (8)
leading to a maximally flat frequency response if
cot? Bl
w=p|l+ UZB ) %)

and an optimum value of

[Sx]=

(10)

1 cotBl
I+ o al
4v* v° +cot* Bl

Considering the —0.97 dB frequencies of a soldered
short, which are given through (5),. an optimal relation
between both impedance factors can be deduced by insert-
ing (5) in (9), yielding

(11)
In this case, the transmission coefficient [S,,| at the —0.97
dB frequencies of a soldered short is increased optimally at
a value of |S,;| = —0.51 dB. If we consider the maximum
achievable —0.97 dB bandwidth of the optimal case de-
scribed by (10), we get an optimal relation between both
impedance factors:

w=2vp.

w=2.6180 (12)
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Fig. 5. Calculated results for the simplified equivalent circuit of Fig. 2
for a single transition with uniform stubs, lower frequency range.

and a bandwidth of

1.
- 1
B= fal-0974m _ T arctan 1.272v (13)
fil—0974m ' 1
: 1
aretan o0

as sketched in Fig. 3 (dotted line), yielding an optimally
increased bandwidth compared to the soldered short of (5)
of approximately

B -~

virtual =

(14)

Summarizing this section, a comparison between sold-
ered and virtual short is given in Table I and dépicted in
Fig. 5.

(12---13)B

soldered -

III. TRANSITIONS WITH UNIFORM MICROSTRIP

AND SLOTLINES

This section is intended to verify the results of Section II
experimentally. For practical applications, these transi-
tions offer a smaller bandwidth compared to transitions
incorporating nonuniform stubs, which will be treated in
Section 1IV. o

A transition with uniform lines has been treated in [6]
using an equivalent circuit which is quite similar to that
given in Fig. 2(b), yielding a bandwidth of 1.45 octaves in
the frequency range from 2.6 to 7.1 GHz, if a VSWR <1.5
is accepted for two transitions in cascade.
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Fig. 6. Microstrip/slotline transition with uniform stubs.
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Fig. 7. Calculated transmission coefficient of a single microstrip/slot-
line transition with uniform stubs. —— soldered microstrip short; -----
virtual microstrip short, Z,, =50 ; ¢++++ virtual microstrip short,
Z,.,=19 Q. '

A. Single Transitions

The transitions considered here are sketched in Fig. 2(a)
and (b), respectively. A more detailed view of a transition
"is given in Fig. 6. The dimensions are chosen for a-center
frequency of about 5.0 GHz and an alumina substrate with

€, =97 and a thickness of 4 =0.635 mm. Using the for-

mulas given in [8], the following microstrip dimensions
were used: microstrip width w,, = 0.57 mm and rmcrostnp
stub length (in case of a v1rtua1 short) /,,=5.7 mm. The
slotline characteristics have been calculated with a com-
puter program referring to [9]. The dimensions are slotlirie
width w, = 0.05 mm (yielding a characteristic impedance
which shghtly exceeds the value of 50 ) and a slot stub
length of /, = 7.3 mm.

In the case of a soldered short, a 0.57-mm-wide copper
sheet is fed through the substrate and soldered at both
sides.

The calculated results for both virtual and soldered
microstrip shorts are given in Fig. 7. The —0.97 dB
bandwidth is approximately the same in both cases, con-
sistent with the results of Section II, if both impedance
factors are equal (w = v). The small differences between
the upper and lower —0.97 dB frequency limits in the case
of soldered and virtual shorts are due to slothne d1sper-
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Fig. 8. Cascade of two transitions, separated by a slotline.

sion. The achwvable —0.97 dB bandwidth is about 1.7
octaves. f

This bandwidth can easily be increased if we remember
that an impedance. relation of w = 2.618v (eq. (12)) offers
an optimum —0.97 dB bandwidth. For this, a characteris-
tic impedance of about 19 @ is necessary for the open-
ended microstrip stub, which corresponds to a microstrip
stub width of 3.0 mm. Due to the changed dispersion
characteristics, the microstrip stub length is chosen to be
[,,= 5.2 mm. The results are also given in Fig. 7 and it can
be seen that the —0.97 dB bandwidth is increased to a
value of about 1.9 octaves by s1mp1y broadening the mi-
crostrip stub.

B. Experimental Verification

The measurement setup is an automatic network analyzer
(HP 8410 series) working in the frequency range from 1 to
18 GHz. However, full accuracy is only available from 2 to
12 GHz with this setup. Using the well-known calibration
techniques, the network analyzer system errors are com-
pensated. If these calibrations are carried out on the mi-
crostrip line, the transitions between coaxial and micro-
strip line can be compensated, too. However, -at. higher
frequencies—above 12 GHz (see Section IV)—a residual
error is still observable yielding an increased scattering of
the measured data.

As mentioned above, the question arises how to measure
the frequency response of a single transition. The srmplest
but not the most sensitive way is to measure the transmis-
sion coefficient of a cascade of two transitions separated
by a slotline, as sketched in Fig. 3.

In order to show the influence of the length of the
separating slotline, calculations have been carried out for
transitions separated by two different slotline lengths (L,
=15 mm and L, = 30 mm). The modeling and experimen-
tal results are presented in Fig. 9(a) and (b). It is recogniz-
able that the influence of the slotline length on the
frequency response is significant. o

Good agreement has been obtained between modeling
and experiment in both cases. Due to transformation ef-
fects from one transition to the other, the ripple of the
transmission coefficient at the band limits increases with
increasing ‘slotline length, both theoretically and experi-
mentally. '
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Fig. 9. Transmission coefficient of a cascade of two microstrip /slotlines transitions with a soldered microstrip short and
uniform slotline stub, separated by slotlines of different length. Theoretical (——) and experimental (a) results. (a) L, =15
mm. (b) L, =30 mm.
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Fig. 10. Transmission coefficient of a cascade of two microstrip/slotline transitions, separated by a slotline of length
L, =15 mm. Theoretical (—) and experimental (a) results. (a) Z,,, =50 Q. (b) Z,,, =19 Q.



SCHUPPERT: MICROSTRIP /SLOTLINE TRANSITIONS

reference plane

Fig. 11. Basic configuration of a circular stub.

In order to keep the number of figures small, the follow-
ing results will only be presented for a slotline length of
L, =15 mm. However, calculations and measurements also
have been carried out for a slotline length of L, = 30 mm,
yielding a quite similar agreement between theory and
experiment. The results for a cascade of two transitions
with a virtual short using a 50 £ microstrip stub (see Fig.
6) and a virtual short using a 19 @ microstrip stub are
presented in Fig. 10(a) and (b), respectively. It is recogniz-
able that in both cases the theoretical and experimental
results agree surprisingly well; hence the validity of the
equivalent circuits and the calculated transition character-
istics given in Section III-A has been demonstrated. The
good agreement between theory and experiment is surpris-
/ing, especially in the case of a virtual microstrip short with
a 19 Q stub, because the fringing capacitance of the
significant step discontinuity has been neglected.

IV. BROAD-BAND TRANSITIONS

This section is devoted to the analysis and design of
“broad-band transitions with circular nonuniform lines. For
modeling purposes, all nonuniform lines will be treated as
tandem-connected segments of piecewise uniform lines, as
sketched in Fig. 11. Each nonuniform line is represented
by a cascade of 20 line segments of equal length but
different characteristic impedances and dispersion char-
acteristics. The validity of such a description has been
demonstrated in [10] and [11] for both nonuniform micro-
strip and slotlines. In this contribution, the end effect of a
nonideal microstrip open circuit as well as the end effect of
a nonideal slotline short circuit will be neglected.

A. Modeling of a Single Transition

1) Soldered Microstrip Short: Numerical network calcu-
lations have been carried out for the circuit of Fig. 2(a)
using an equivalent circuit for the circular nonuniform slot
stub as given in Fig. 11. The slot stub diameter has been
varied between 2.0 and 8.0 mm in steps of 0.5 mm. In the
case of the soldered microstrip short, the inductance L, of
the soldered wire has been neglected. The calculated
frequency limits against slot stub diameter are given in
"Fig. 12. Due to the fact that the maximum value of the
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Fig. 12. Calculated —0.97 dB frequency limits against slot stub diame-
ter, for a transition with soldered microstrip short.

characteristic impedance of a circular slot stub increases
with increasing slot stub diameter, the achievable band-
width also increases, whereas the frequency range is shifted
towards lower frequencies.

For example, a transition consisting of a soldered micro-
strip short and a slotline open circuit with a 6 mm diame-
ter offers —0.97 dB band limits of 0.99 GHz and 11.3
GHz, respectively, yielding a bandwidth of 3.5 octaves.

2) Virtual Microstrip Short: If the soldered microstrip
short is replaced by a virtual short using a circular nonuni-
form microstrip line, an equivalent circuit is assumed as
given in Fig. 2(b). The circular open microstrip stub and
the circular shorted slot stub are again represented by
equivalent circuits as given in Fig. 11.

The calculated bandwidth against slot stub diameter of a
single microstrip/slotline transition is shown in Fig. 13.
The solid line shows the results for a transition with
soldered microstrip short for comparison. The dashed lines
are valid for a virtual short using different microstrip stub
diameters. It is noticeable that the bandwidth of a transi-
tion with a virtual short through a circular nonuniform
microstrip stub is always lower than the bandwidth of a
transition with a soldered microstrip short. However, the
bandwidth reduction is rather low, especially for larger slot
stub diameters. On the other hand, a virtual short is much
easier to fabricate by means of a totally photolithographic
technique. Remembering the results of Section II, where
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an improved —0.97 dB bandwidth is predicted in the case
of a virtual short if w > v, the results of Fig. 13 seem to be
contrary to this prediction. To explain this fact, let us
consider the relation w/v for different slot stub and mi-
crostrip stub diameters, where

I8 max

Vmax = 50 ' (15)
50 © (16
Wimax = VA . )

MO,

6 7

Bandwidth against slot stub diameter calculated for a single microstrip /slotline transition with nonuniform slotline
virtual microstrip short with different microstrip stub diameters.

The results are plotted in Fig. 14, where the characteris-
tic impedances in the middle of the stubs have been chosen
for comparison. It can be seen that the relation (w/v) ..
exceeds unity only if both stubs are strongly detuned. This
is the case if the electrical lengths of both stubs are too
different for a reactance compensating effect. Due to the
fact that w/v <1 in the range of interest (8,/, = 8,,/,,), the
results of Fig. 13 are absolutely consistent with the basic
results of Section II.

The restriction w/v <1 means in practice that the char-
acteristic impedances of a circular microstrip stub cannot
be made as low as necessary for a successful bandwidth
improvement.

For design purposes it is useful to know optimal combi-
nations of slot stub and microstrip stub diameters. The
modeling results for various transitions consisting of dif-
ferent slot stub and microstrip stub diameters are sum-
marized in Fig. 15.

Compared to the —0.97 dB band limits of a soldered
transition, the upper and lower band limits are shifted
towards lower frequencies if an optimal combination of
slot stub and microstrip stub diameter is chosen. The shift
of the lower band limiting frequency, which is typically
below 100 MHz, is depicted in Fig. 16, whereas the shift of
the upper band limiting frequency is typically of the order
of a few GHz (Fig. 17).

As an example, let us compare a transition with soldered
and virtual short, respectively. For instance, let us consider
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Fig. 16. Calculated frequency shift of the lower —0.97 dB band limits
for different microstrip stub diameters, related to the lower band limits
of a soldered microstrip—short transition.

a transition with a circular slot stub with a diameter of
d,=4.0 mm.

A transition with a soldered microstrip short has —0.97
dB band limits of 1.65 GHz and 1491 GHz (Fig. 12),
yielding a bandwidth of 3.18 octaves (Fig. 13). In the case
of a virtual short with an optimal microstrip stub diameter
of /,,= 4.0 mm (see Fig. 15), the lower band limit is shifted
45 MHz toward lower frequencies (see Fig. 16), yielding a
lower band limiting frequency of about 1.6 GHz. The
upper band limit is shifted 1.7 GHz toward lower frequen-
cies (see Fig. 17), yielding an upper band limiting frequency
of about 13.2 GHz and a total —0.97 dB bandwidth of
3.04 octaves (Fig. 13).

B. Experimental Verification

As in the case of uniform slotlines and/or microstrip
lines (Section III), experimental verification has been car-
ried out by considering a cascade of two transitions sep-
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Fig. 17. Calculated frequency shift of the upper —0.97 dB band limits
for different microstrip stub diameters, related to the upper band limits
of a soldered microstrip—short transition.

arated by a slotline (Fig. 8). Due to the fact that we now
deal with transitions which offer a large bandwidth, prob-
lems arise from our measurement setup. Even though an
automatic network analyzer system was used, it is difficult
to achieve reproducible results between microstrip calibra-
tion and measurement procedure, especially at frequencies
above 12 GHz. Reproducibility problems are mainly due
to nonsoldered coax/microstrip transitions. Thus, scatter-
ing of measured data points increases with increasing
frequency. Moreover, two-port error models for the transi-
tions between coaxial and microstrip line may be too
simple to achieve an error-compensated measurement.

The reproducibility of the transmission coefficient if the
substrate is removed from the mount and fixed again has
been found by measurement to be within 0.8 dB in the
frequency range from 12 GHz to 16 GHz, whereas the
error is negligible at frequencies below 10 GHz.

The experiments reported here are limited to three dif-
ferent siot stub diameters in conjunction with a soldered
microstrip short and one virtual microstrip short, respec-
tively (see Table II). The dimensions (slot and microstrip
stub diameters) are chosen in order to realize fixed lower
frequency limits of 1, 2, and 4 GHz, respectively. It must
be pointed out that these dimensions do not agree with
optimal combinations of d,, and d, referring to Fig. 15
and hence do not offer the maximally achievable band-
width.

The experimental results together with the modeling
results are given in Figs, 18-20. The theoretical and ex-
perimental results agree satisfactorily, especially at lower
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TABLE II
CALCULATED BANDWIDTH OF SINGLE MICROSTRIP /SLOTLINE TRANSITIONS

Soldered Microstrip Short

Virtual Short

Slot Stub Diameter —0.97 dB band limits —0.97 dB band limits
d, [mm] (modeling, single transition) d,, [mm] (modeling, single transition)
2.5 29...20.5 GHz 20 4.03-..20.5 GHz
5.0 1.26 ---12.8 GHz 3.0 205---12.8 GHz
6.0 0.98---11.3 GHz 5.0 1.02---10.7 GHz
FREQUENCY , GHZ
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Fig. 18. Fig. 18. Transmission coefficient of a cascade of two microstrip/slotline transitions, separated by a slotline of
length I, =15 mm. Theoretical (——) and experimental (a) results. (a) Microstrip short: soldered; slotline open: circular,
d, =6 mm. (b) Microstrip short: virtual, circular, d,, =5 mm; slotline open: circular, d; =6 mm.

frequencies. However, in the case of a virtual short, mea-
sured behavior different from that of a network model
assuming independent lines may occur due to an overlap-
ping of the line shapes of the microstrip and slot stub. This
effect tends to increase when dealing with larger stub
diameters.

Although this subject is beyond the scope of this work,
experiments have been carried out concerning the interac-
tion between microstrip stubs and slot stubs of large
diameters. In this case it is advantageous to use a triangu-
lar or radial stub [12] instead of a circular stub of the
nonuniform microstrip line in order to reduce the overlap-
ping area.

We should remember again that the experimental data
as well as the modeling results represent the cascade of two
transitions. The bandwidth of a single transition is of

course larger than the results of the cascade; the calculated
frequency limits of single transitions are given in Table II.

V. CONCLUSIONS

It has been demonstrated that transitions from micro-
strip to slotline can be described by simple equivalent
circuits even when dealing with broad-band transitions
incorporating nonuniform lines.

Although a transition with a soldered microstrip short
offers the largest bandwidth, optimal combinations of dif-
ferent microstrip and slot stub diameters can be found by
modeling. In the case of a virtual short through an opti-
mally chosen circular microstrip stub, the bandwidth is
typically about 10 percent below the maximum achievable
value of a soldered short.
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Fig. 19. Transmission coefficient of a cascade of two microstrip/slotline transitidns, separated by s slotline of length
L, =15 mm. Theoretical (——) and experimental (a) results. (a) Microstrip short: soldered; slotline open: circular, d, =35
mm. (b) Microstrip short: virtual, circular, 4,, =3 mm; slotline open: circular, d, =5 mm.
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Fig. 20. Transmission coefficient of a cascade of two microstrip/slotline transitions, separated by a slotline of length
L, =15 mm. Theoretical (——) and experimental (a) results. (a) Microstrip short: soldered; slotline open: circular, d, = 2.5
mm. (b) Microstrip short: virtual, circular, d,, =2 mm; slotline open: circular, d, = 2.5 mm.
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However, the ease of fabrication of a virtual shorted
transition compared to a soldered short is obvious and the
small reduction of bandwidth is hence acceptable.
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