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Compensation of Discontinuities in Planar
Transmission Lines

RAKESH CHADHA, MEMBER, IEEE, AND K. C. GUPTA, SENIOR MEMBER, IEEE

Abstract — Compensation of discontinuity reactances associated with
steps, right-angled bends, and T-junctions in planar transmission lines has
been carried out by removing appropriate triangular portions from the
discontinuity configurations. A two-dimensional analysis using a Green’s
functions approach has been employed.

I. INTRODUCTION

LANAR TRANSMISSION lines (such as stripline,
microstrip line, suspended-substrate stripline, inverted
microstrip, etc.) are used in the design of microwave and
millimeter-wave circuits. Geometrical discontinuities asso-
ciated with these lines affect the circuit performance, It is
thus desirable to reduce the effects of discontinuity reac-
tances. Steps, bends, and T-junctions are some ‘of the
commonly occuring discontinuities. Compensation of dis-
continuity reactances for the steps occuring in stripline
transformers and filters has been presented [1]. Douville
and James [2] have carried out experimental study of
symmetrical microstrip bends and their compensation has
been attempted by chamfering the bend. Compensation of
T-junctions in striplines and microstrip lines has been
reported [3]-[6]. In the compensation proposed by Dydyk
[3], strip widths are altered near the junction. The analysis
ignores the reactances caused by the steps thus introduced.
Also, this method is not very effective over a wide range of
frequencies. The other methods [4]-[6] alter the junction to
a Y-junction and the branch line is no longer perpendicular
to the main line. In some cases, this may be undesirable as
it may necessitate introducing bends in layout, etc. In this
paper, methods of compensation of reactances in steps,
right-angled bends, and T-junctions in planar waveguides
are reported. These results can be used for the planar
transmission lines for which planar waveguide models are
available. Various dimensions considered correspond to
those of the planar models. Widths shown in various
figures, are effective widths for microstrip configurations.
Two-dimensional (2-D) analysis [7]-{9] is used to analyze
accurately the discontinuities without and with the
proposed compensations. The 2-D analysis is based upon
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Green’s functions [10], [11] and the segmentation [8], [10]
and desegmentation [6], [9] methods. Details of this method
of analysis as well as its limitations have been discussed in
literature [6], [8], [9], [11] earlier.

II. STEPS IN WIDTH

A step discontinuity is present in impedance trans-
formers, half-wave filters, or wherever a change in imped-
ance is involved. Compensation of steps used in stripline
transformers and filters has been reported earlier [1]. A
one-dimensional analysis is used in [1] and the compensa-
tion achieved is not broad band. In this section, compensa-
tion of steps with impedance ratios 1:2 and 1:v2 has been
attempted by chamfering the corners so that the width does
not change abruptly.

Fig. 1 (inset) shows a symmetrical step in width (imped-
ance ratio 1:2) of the line. The discontinuity reactances
cause the reflection coefficients on the two sides of the step
to be different from their theoretical values of +1/3 (at
the plane of the step). The magnitude of the reflection
coefficient is shown as a function of frequency in Fig. 1
(curve for 6 =90°). The phases of the reflection coeffi-
cients are used to obtain the locations of the effective step
reference planes, i.e., where S;,, S,, become real. The
normalized electrical lengths A/, between the step plane
and the effective step reference planes are plotted in Fig. 2.
Al, is the distance between the step reference plane from
the magnetic wall model of the line and the effective step
plane computed from S,,. It is taken to be positive if the
effective reference plane shifts away from port i and nega-
tive if the effective reference plane shifts towards port i. It
is desired that the normalized electrical lengths A/, either
be small or remain constant with frequency and that the
magnitude of reflection coefficient be close to 1/3.

To reduce the effects of the discontinuity reactances, the
step is chamfered so that the width varies in a tapered
manner as shown in the insert in Fig. 1. The desegmenta-
tion method [9] is used to analyze chamfered steps with
three values of @, 30°, 45°, and 60°. Variations of the
magnitudes of the reflection coefficients for these three
chamfered steps are shown as functions of frequency in
Fig. 1. The corresponding normalized electrical lengths for
the chamfered steps are shown as functions of frequency in
Fig. 2. In these cases, the step plane is considered midway
in the taper and the shift to the equivalent step reference
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Fig. 1. Reflection coefficients for uncompensated and compensated step

discontinuities with a 1 : 2 impedance ratio.
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Fig. 2. Normalized shift in the effective step reference planes for the
uncompensated and compensated step discontinuities with a 1:2 im-
pedance ratio.

planes is plotted in terms of normalized electrical length. It
is seen that the performance of a chamfered step with
8 = 60° is closest to the ideal behavior.

It may be noted that for the case considered in Fig. 1,
cutoff frequency for the first higher order (TE ;) mode in
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Fig. 3. Reflection coefficients for uncompensated and compensated step
discontinuities with a 1: \/5 impedance ratio.

the wider line is 17.723 GHz. However, for the TEM-mode
input, the TE,, mode would not be excited because of the
symmetry in the step. However, the next higher mode
(TE,, with a cutoff of 35.445 GHz) would be excited in
this case. In Fig. 1, the increase in |S},} seen near 32 GHz is
related to the proximity of the cutoff of the TE,; mode.

A symmetrical step with an impedance ratio of 1:v2 has
also been considered. Unchamfered (8 =90°) and cham-
fered steps (with 8 equal to 30°, 45°, and 60°) have been
analyzed. The magnitudes of the reflection coefficients in
the four cases are plotted as functions of frequency in Fig.
3. The desired magnitude of the reflection coefficient is
0.172. The normalized electrical lengths corresponding to
the separation between the step plane (midway in the
taper) and the equivalent step reference planes (computed
from S,,) are plotted for the four cases in Fig. 4. In this
case also, 60° taper may be chosen for a performance
closest to the ideal behavior, especially when the shift in
the reference plane of the step is considered.

In both of the examples considered, it is seen that for
6 =45°, 60°, or 90°, A/, is negative and A/, is positive. The
S|, and S,, become real at planes which are shifted to-
wards the line of greater width. It may be noted that this
shift is from the magnetic wall model and is much smaller
than the shift towards the line of smaller width which is
involved in obtaining the magnetic wall model from the
physical dimensions.

The results for the symmetrical steps discussed above
also correspond to their even-mode half-sections (unsym-
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Fig. 4. Normalized shift in the effective step reference planes for the
uncompensated and compensated step discontinuities with a 1:v/2
impedance ratio.

metrical step with half the line widths). Chamfering could
also be used for steps with other impedance ratios.

II1.

Compensation of right-angled microstrip bends has been
obtained experimentally by chamfering the corner [2].
However, no analytical results have been reported so far.
In this section, theoretical results are presented for a right-
angled bend in planar waveguides. It is seen that the
percentage of chamfer required remains constant, indepen-
dent of dielectric constant, width, etc.

Variation in reflection coefficient for an unchamfered
right-angled bend is shown in Fig. 5. The high values of
|S,;| above 25 GHz are related to the next higher mode
cutoff at 30.607 GHz. To reduce the effect of the discon-
tinuity reactances, a right-angled triangular portion can be
removed from the corner. As the line widths on the two
sides of the bend are equal, symmetry suggests that the
chamfer be an isosceles triangle. The size of the triangle
removed has been optimized, so that the magnitude of the
reflection coefficient is minimum. The optimum value of
the smaller sides of the triangle equals 0.828 times the
width W. This is independent of all other parameters and it
makes the distance from the inner corner to the opposite
chopped edge also equal to 0.828W. The variation of
reflection coefficient for an optimally chamfered bend is
also shown in Fig. 5.

RIGHT-ANGLED BENDS
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Fig. 5. Reflection coefficients and normalized electrical lengths for un-

compensated and optimally compensated right-angled bends.

The equivalent electrical length for the bend can be
computed from the transmission coefficient. The normal-
ized electrical length between two planes of the bend for
the unchamfered and the chamfered bends has also been
plotted in Fig. 5. It is seen that the normalized electrical
length for the chamfered bend varies only slightly whereas
the normalized length for the unchamfered bend varies
significantly,

Even though the percentage chamfering required in
planar waveguide model has a constant value, it changes
when the physical dimensions of a stripline or a microstrip
bend are being considered. This happens because the dis-
tance between the magnetic wall and the physical periph-
ery is not proportional to the width. The percentage
chamfering needed (in physical dimensions) would de-
crease on increasing the width-to-height ratio.

If the two lines joined at the bend are of unequal widths,
the discontinuity effects would still get reduced by remov-
ing a right-angle triangle. In such cases, the line with the
wider width should be chopped more than the line of
smaller width.

IV. T-JUNCTIONS

Discontinuity reactances associated with a T-junction
can be compensated by removing a triangular portion from
the junction as shown in the Fig. 6 inset. In this section,
two symmetric T-junctions with branch line impedances
either equal to the main line impedance or 1 /Y2 of the
main line impedance are considered. These T-junctions are
used frequently in stubs, SPDT switches, hybrids, power
dividers, couplers, etc.

The magnitudes of the reflection coefficients at the
branch line and at the main line for the 1/ V2 :1:1 T-junc-
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Fig. 6. Main line and branch line reflection coefficients for uncom-
pensated and compensated T-junctions (impedance ratio 1/v2 :1:1).

tion are shown as functions of frequency in Fig. 6.

As in the case of a step discontinuity, the phases of the
reflection coefficients are used to obtain the locations of
the effective junction reference planes where S, S,, be-
come real. The shifts A/, in the effective junction planes are
taken as follows. For the branch port the shift is taken
from the plane where the branch line joins the main line
(plane T in Fig. 7) and for the ports on the main line the
shift is from the plane midway between the two ports on
the main line (plane 7, in Fig. 7). The normalized electri-
cal lengths representing these shifts are plotted in Fig. 7 for
ports 1 and 2. The positive and negative signs for A/, are
taken in the same manner as for the step discontinuity.

For compensation of discontinuity reactances, the re-
moval of isosceles triangles with the angle ¢ equal to 30°,
45°, and 60° has been considered. The sides “a” of the
isosceles triangles removed have been optimized for each of
the three values of 6. In optimization, the deviations of the
magnitudes of the branch line and the main line reflection
coefficients from their ideal values (0.172 and 0.414, re-
spectively) are minimized. The optimum values of “a” are
0.851W, 0.807W, and 0.879W for @ values equal to 30°,
45°, and 60°, respectively. The variations of the magni-
tudes of reflection coefficients at the branch line and the
main line for the optimized junctions are shown in Fig. 6
for different values of §. Normalized electrical lengths
representing the shifts in the junction planes are plotted in
Fig. 7. It is seen that by chopping off an isosceles triangle
with 8 =30° the effects of discontinuity reactances are
minimized.

Equi-impedance T-junctions (1:1:1) have also been
considered for compensation. Sides “a” of the isosceles
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Fig. 7. Normalized shift in the effective junction planes for the uncom-
pensated and compensated T-junctions (impedance ratio 1 /y2 :1: 1).

triangles to be removed have again been optimized for the
same three values of 8. The deviations of magnitudes of S,
and §,, from the ideal value of 1,/3 are minimized. The
optimum values of “a” are 0.601W, 0.569W, and 0.666W
for @ values equal to 30°, 45°, and 60°, respectively. The
variations of the magnitudes of the reflection coefficients
for the uncompensated and compensated junctions are
shown in Fig. 8. Normalized electrical lengths representing
the shift in the junction planes are plotted in Fig. 9 for the
uncompensated and compensated junctions. In this case,
the discontinuity reactances are again minimized by remov-
ing an isosceles triangle with 8 = 30°.

In optimizing the performance of the junctions, the side
of the triangle is chosen such that the magnitudes of the
reflection coefficients at ports 1 and 2 are close to their
ideal values (giving equal weights to both the deviations).
A least-square optimization procedure has been employed.
The side of the triangle chopped off would be different for
different values of relative weightings given to the devia-
tions in the two reflection coefficients.

The side of the triangle to be removed is found to vary
with the frequency at which optimization is carried out.
However, this variation is quite small. In the results dis-
cussed above, optimization is carried out at two spot
frequencies and the mean value is considered for “a”. For
the case of equi-impedance T-junction, optimum values of
a/W (with @ =45°) at 8 GHz and at 15 GHz are 0.544
and 0.594, respectively. Also, it is observed that for a given
Z, and height of the substrate, the ratio of optimum side of
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Fig. 8. Main line and branch line reflection coefficients for uncom-
pensated and compensated T-junctions (impedance ratio 1:1: 1).
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Fig. 9. Normalized shift in the effective junction planes for the uncom-
pensated and compensated T-junctions (impedance ratio 1:1:1).

the triangle to be removed to the width of the line is
independent of the dielectric constant of substrate. Thus if
the frequency dependence of the optimum side “a” is
ignored, the optimum value of the ratio a /W is indepen-
dent of all other parameters.

By considering a plane of symmetry located half way
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through the width of the branch line, the T-junction can be
compared with a right-angled bend on one side of this
plane. The reflection coefficient at the branch line of the
T-junction is equal to that at the corresponding side of the
bend. Thus, if only the branch line reflection coefficient is
to be optimized, only a right-angled bend need be consid-
ered. In such a case, the results discussed in Section I also
correspond to a T-junction with branch line impedance
equal to one half of the main line impedance.

V. CONCLUDING REMARKS

Compensation of discontinuity reactances caused by
steps, right-angled bends, and T-junctions in planar wave-
guides has been discussed. These resuits can be applied
directly to the planar transmission lines for which the
outward extension of the periphery to obtain the equiva-
lent magnetic wall model is known. Thus, the results pre-
sented should find applications in the design of MIC’s
using such planar transmission lines.

The compensation has been carried out by removing
appropriate triangular portions from the discontinuity con-
figurations. This technique can be used for compensation
of other types of discontinuities. The method discussed
herein could also be used for compensation of discontinui-
ties in waveguides.
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Millimeter-Wave Hybrid Coupled Reflection
Amplifiers and Multiplexers

DAVID RUBIN, MEMBER, IEEE

Abstract —Multiple - stage hybrid coupled reflection amplifiers and
frequency multipliers are modeled using two-port analysis. A two-stage (4
diode) microstrip InP Guin amplifier and a four-section suspended sub-
strate multiplexer were fabricated in Ka band. Analysis shows that the
performance of the hybrid coupled amplifier, both for packaged diodes and
pure negative resistance (ideal monolithic) devices, is extremely sensitive to
input and output VSWR’s.

I. INTRODUCTION

HE 3-dB QUADRATURE coupler is one of the most

useful microwave components available to the circuit
designer. The amplifier and multiplexer configurations to
be described both use the equal power split and 90° phase
dlfferences between output terminals of these “hybrids”.
Symmetry makes it possible to reduce the analysis of the
four-port network to that of a two-port. Identical termina-
tions present no problems since they do not upset symme-
try and can be considered part of the coupler for analysis
purposes. Nonidentical terminations, such as two different
diodes, can be handled by signal flow graphs, again reduc-

Mariuscript received March 16, 1982; revised June 18, 1982.
The author is with Millimeter-Wave Technology Branch, Naval Ocean
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ing the circuit to an equivalent two- -port.

This paper describes the analysis of complex microwave
circuits which utilize 3-dB quadrature couplers. Both com-
puter results and measurements will be given for: 1) single
and multistage hybrid coupled small signal reflection
amplifiers, and 2) multichannel hybrid coupled multi-
plexers.

Predicted behavior of ideal negative resistance devices is
also computed for circuits which utilize different practical
hybrid couplers and mismatched input and output imped-
ances. It will be shown that small mismatches can lead to
large amplitude ripple and input VSWR.

II. ANALYSIS OF CASCADED HYBRID COUPLED
REFLECTION AMPLIFIERS

All solid-state amplifiers for use above 40 GHz use
negative resistance one-port devices as amplifying ele-
ments. To separate input and output power, ferrite circula-
tors are normally used. At the higher millimeter-wave
frequencies, circulators. are bandwidth limited; another
technique, that of coupling two identical amplifier stages
through 3-dB quadrature couplers, is sometimes used [1].
This method makes use of the fact that the two output
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