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Abstract-The high frequency characterization of microstrip meander lines, junc-
tions, and stubs has been performed by the application of the method of moments
to the electric field integral equation. Electromagnetic coupling, radiation, and
substrate effects are inherently included with the use of the space domain Green's
function. Conductor loss is also included by replacing the conductive strips with

appropriate surface impedance boundaries.
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1 Introduction

Fullwave Analysis has been successfully applied to a wide variety of microstrip
discontinuities and components [1]-[6]. These techniques, accounting for electro-
magnetic coupling, radiation, and substrate effects. are important in high frequency
circuit optimization. The analysis applied in this paper[6] has previously shown
excellent accuracy in the high-frequency characterization of a variety of microstrip
structures. Although not a substitute for less intensive approximate techniques (eg.
quasi-static[7]-[11] and dispersive[12]-[15]), this method has proven to be versatile
for microstrip characterization in regions where these techniques fail. The aim ot
this paper is to characterize commonly used microstrip elements in an effort to
establish useful design guidelines. In the following sections. results for microstrip
meander lines, transmission line junctions, and tuning stubs are presented.

The utilization of the meander line as a phase shifter or slow-wave structure in
(M)MIC’s is commonplace. Perhaps less well known is the usefulness of meander
lines as narrowband filters. Examples will be given that demonstrate the effect of
coupling on the slow-wave nature of the line, and quantify return loss. radiation.
and conductor loss for a phase shifting section. Also, a meander line having a
pencil thin passband will be shown.

Transmission line junctions are the most commonly used microstrip structures
in (NI).\«-IICS. Often, their non-ideal effects may be neglected. Nevertheless. radi-
ation loss can become significant in bend and T-junction discontinuities at high

frequencies. Furthermore, tapering or mitering of junctions is often done to reduce

return loss. but the corresponding effect on radiation is not known. Results on



radiation loss will be presented for right-angle and mitered bends, and multi-port

tee and cross junctions.

The last class of structures presented in this paper are tuning stubs, which are
frequently used in matching networks of (M)MIC amplifiers and oscillators. In the
design of input matching stages for amplifiers, there exists a keen interest in the
reduction of radiation loss, which in turn will improve noise performance. Several
stub geometries will be presented, and an evaluation will be conducted of their
respective bandwidths and radiation losses. Furthermore, a matching circuit for a
94 GHz oscillator will be examined to illustrate the effect spurious coupling and

radiation loss have on performance.

2 Theory

Cross-sectional and top-views of the microstrip structure are shown in figure
1. The conductors are lossless and their thickness (t) is much smaller than a
wavelength. The substrate is of thickness h, and is also assumed lossless. The

electric field may be written in terms of an integral equation

Bleyo= [ KT+

with ko and k, being the wave numbers in the free-space and dielectric regions

Qn
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is the current on the microstrip conducting strips. The components of the dvadic

Green's function [17]

Glr.y 2/’ Y &) = Gpit + G 20 + Gy ji + Gy (3)
are expressed in the form of Sommerfeld integrals
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with p = \/(x =)+ (y—y')?% up = /A — k¢, and u = \/A\? — k%. The zeroes of

the functions fi(A.€,,h) and fy(A, €., h), given by
fi(A, €1, h) = ugsinh uh + ucosh uh (3)

f2(A €1, h) = €,ugsinhuh + ucoshuh (9)

represent the excited surface wave modes. In equations (3) and (9). ¢ is the
relative dielectric constant, and h is the thickness of the substrate.

Resistive losses may also be included by the replacement of the conductive strips
with impedance boundaries. The boundary conditions on the strip conductors are

imposed through the following relation

E(z,yz=t)=Z-(Ax3) z1y€S (10)

where £, is the tangential electric field over the surface (S) of the conducting strips

and

Z(f) = 3k + 2,4 (11)



represents the appropriate surface impedance boundaries. The magnetic field is

related to current on the strip conductor by the expression
ixH=Jy) . (12)

[n view of equation (12), equation (1) takes the form

//’ E‘;T V:'Y:7C:1'r oy Y Ty Vs + Z - J(2 ) =0 113

At microwave frequencies, radiation from discontinuities introduces losses which
dominate the conductor losses unless long line lengths are present [19].[20]. In this
work, the formulation will account for conductor loss in the meander delay line

example. In all other examples perfect conductors will be considered (E,(zr.y

t) = 0).

e

The microstrip discontinuity is subdivided into squares, and the method of mo-
ments is applied with roof-top basis functions. The unknown current is expressed

in the form of double summations shown below

N+1 M+1
Z Z Iz () (14)
V+1
Z Z yita(zy) (15)
where
Jam(Z Y = [fal2)gm(y')] (16)
Jam(Z'Y) = lgn(2") fm(y")] (17)

[n equations (14) and (15), Inm is the unknown current amplitude at the (n.m)™
position of the subdivided element. The functions f, and g,, are sub-domain

shaping or basis functions and are consistent with the current boundary conditions.



The roof-top sub-domain basis functions have piecewise sinusoidal variation in the

longitudinal direction and constant variation in the transverse direction according

to
sinky(znyy~r') '
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0 Else
In the above, [, = 2,41 — 2., and k, is a scaling parameter chosen to varv between
ko (free space wavenumber) and k; (wavenumber in the dielectric).

Substitution of the above into the electric field integral equation (equation 1)

and application of Galerkin's method results in the matrix equation

2][r]=[v]

where Z is the impedance matrix, [ is the vector of unknown x and y current
amplitudes, and V is the excitation vector, which is identically zero everywhere
except at points where sources are located. In order to excite the discontinuity.
voltage gap generators are utilized. The presence of the infinitesimally small gap

is reflected in the excitation vector where

l of z, =1
you = 4 ! (20)

0 Else



and

Loaf y=y
V= S (21

0 Else
When a single microstrip mode is excited along the feeding line. the current
forms TEM-like standing waves. Under this assumption, the microstrip element

may be represented as an N-port network with the port voltages and currents

related according to

Va=Y Zumln Vn € (1..V) (;

o
[8N]

Dividing each voltage V, by the corresponding current I, results in the following

expression for the input impedance Zin, at port n.

(S

‘ N Im .
Zin, = Z an(T) {

m=1 n

The input impedances Zin,, and reflection coeflicients ', (n=1.N) are determined
at a given reference plane from the method of moments current solution. An N-
port discontinuity has V? unknown network parameters. This number can be
reduced with reciprocity and symmetry as done in previous work, but in general.
V? independent equations are required. These may be obtained from (22) after

exciting the N-port microstrip element by N independent excitations.

3 Meander Lines

Meander lines are often used in (M)MICS as delay or slow wave lines, and also
in monolithic antenna arrays for the phasing of the radiating elements as shown

in Figure 2. In this application. a two layer structure is shown with an embedded



meander line feeding the antenna elements on the top of the substrate. Such a feed
structure is also capable of exciting a slot array. The ability to adjust the spacing
(S). the depth (d). the period length (L,). and the number of periods(N) provides
flexibility in the phasing of the radiating elements. Therefore. meander lines are
particularly suited for use in beam forming and steering[23]. Successful design of
such structures requires accurate models, which include the presence of bend dis-
continuities and the effect of electromagnetic coupling. Radiation and conductor
loss may also have significant effects. Figure 3 presents the transmission param-
eter as a function of line length for a meander line on a 20 mil duroid substrate
(e, = 2.2) at 20 GHz. Two cases are shown: 1) with both resistive and radiation
loss. and 2) radiation loss only. In this example, the substrate is electrically thin
and radiation loss is not large. Conductor loss is essentially the difference between
the two curves. and increases steadily with line length. This example illustrates
an interesting point concerning the relative importance of radiation and resistive
losses. Radiation losses in microstrip circuits are associated with fringing fields
present at discontinuities, and are minimized through the reduction of the num-
ber of discontinuites, the use of electrically thin substrates, and through creative
designs to be discussed further in the following sections. Resistive loss depends
on the composition and shape of conductors, and increases with line length. For
the following examples, where discontinuites are considered with relatively short
lengths of line, only radiation loss will be included.

The unit phase delay (Pd,) can be defined as the phase shift (Pd) of the line

divided by the number of periods (N). To demonstrate the effect that the cascading



of several sections has on the phase, a meander delay line on a 25 mil alumina
substrate has been analyzed. In Figure 4, the unit phase delay is shown as a
function of frequency for cascades of 1, 2 and 3 periods. respectively. As shown.
the unit phase delay is independent of the length of the line from 3-12 GHz. Thus.
it can be used to accurately determine the phase for a line having many cascaded
sections (pdy = .V x pdy). Deviations in the linear phase characteristic at the
high frequency end result from high radiation and return loss. Shown in figure 3 is
the transmission parameter of the line for the same cases. Also given in the inset
are the radiation losses. In this example, the line has good transmission below 13
GHz, but the performance deteriorates rapidly after that. Furthermore. at high
frequencies. the transmission through the line decreases while the radiation loss
increases with line length. From these observations, in addition to acting as a
delay line, the meander line is particularly well suited for filtering applications.
This is true because the spacing and number of periods control the pass-band
corner frequencies and slopes, respectively. This is a well known characteristic of
periodic structures in general[24],[25).

Shown in Figures 6 and 7, our theoretical results are compared to theoretical
results and experimental data derived by Jansen [21],[22] for shielded and open
meander lines, respectively. There is good agreement between the open experi-
mental results and our simulation. This structure has two pass-bands over the
frequency range shown. Radiation losses are quite severe and result in degradation
of the transmitted power in the 13-20 GHz stopband, and the pencil-thin passband

centered at 22.5 GHz. In particular, notice the difference at 22.5 GHz between the



open and shielded simulations. This example illustrates that meander lines may be
useful for narrowband applications in monolithic arrays, but they must be designed

carefully to avoid unacceptable radiation losses.
4 Junctions

Transmission line junctions are found in virtually every type of microstrip lay-
out and are integral parts of power splitters, matching networks. and couplers.
Consequently, a thorough understanding of their parasitic behavior is crucial in
high frequency (M)MIC design.

Figure 8 displays the network parameters for mitered and right-angle bend dis-
contiuities. The mitered case has superior behavior as illustrated by its improved
return loss. Nonetheless, it is interesting to note that the two structures exhibit
almost identical radiation properties (as shown in the inset). It was found that
the mitering, in this case, sharply lowers the return loss by decreasing the ex-
cess capacitance of the bend, but has little effect on radiation losses. For further
improvement in performance, a multiple layer substrate may be utilized to lower
radiation loss(6].

Following the method described previously, network parameters have been ex-
tracted for three-port T-junction and four-port cross junction discontinuities. with
interesting results. As shown in Figure 9, the magnitude of the S-parameters of a
T-junction on a 25 mil duroid (€, = 2.2) substrate agree well with available CAD
results[26]. On the the other hand, as shown in figures 10 and 11 for cross and

T-junctions respectively, the phase can disagree appreciably with those predicted



by commercial CAD, particularly between ports at right angles. The disagreement
arises because of the radiation loss shown in Figure 12 which. although not severe.
can have a large effect on the phase of the transmission parameters.

Also shown in Figure 12 are the radiation losses of a right-angle bend having the
same strip width and printed on the same substrate. The three types (right-angle
bend, cross, and tee) of junctions exhibit similar radiation losses. The lowest loss
corresponds to the cross junction which is the only one of the three not having a

port current terminate at an edge.

5 Stubs

Open circuit stubs are often used in microstrip matching networks, particu-
larly in (M)MIC amplifiers. Radiation loss and spurious coupling from a matching
network have a direct impact on the noise performance of an amplifier and must
therefore be minimized. Several stub geometries have been proposed for enhancing
various circuit characteristics including reduced loss. The fullwave analysis pre-
sented has been employed to evaluate three types of stubs: a)rectangular, b)radial.
and c) triangular in terms of their bandwidth, resonance characteristics, and radi-
ation properties. The stubs are printed on a 25 mil GaAs substrate (e, = 12). and
have dimensions shown in Figure 14. For comparison purposes, all of the stubs are
designed to have first resonance at about 24 GHz. Two-port scattering parameters
have bee:l obtained by positioning the stubs shuntly across a transmission line.

as shown. At resonance, the magnitude of the transmission parameter reaches a

minimum. Due to radiation loss, which may be viewed as a radiation resistance at

10



the junction, this minimum is not zero as it would be in the lossless case. Figure
13 shows the transmission parameters for the three cases from 15 to 28 GHz. As
shown, the radial stub has the broadest bandwidth. and the triangular stub has the
narrowest. These results indicate that the bandwidth may be adjusted by varying
the angle of the radial stub. However, it should be noted that such a modification
will also shift the resonant frequency.

As previously mentioned, radiation from matching networks has a direct and
derogatory effect on noise performance in (M)MIC amplifiers. Figure 14 shows
quite clearly that the triangular shape radiates more than the other two types.
Additionally, the radial stub shows moderate improvement over the rectangular
type. The loss peaks for all three cases at 27 GHz (about 3-4 GHz beyond reso-
nance), indicating that the radiation properties are heavily influenced by the char-
acteristics of the substrate. For the given substrate at this operating frequency.
the loss is primarily due to the T Mj substrate mode. We conclude that since the
triangular stub has the smallest bandwidth, and radiates most severely. it is only
recommended for narrowband, low loss applications. The rectangular and radial
stubs have similar radiation properties, with the radial stub having a broader band

response.

5.1 Matching Circuit for 94 GHz Oscillator

Figure 16a shows a matching circuit for a submillimeter wave oscillator de-
signed to operate at 94 GHz. The network is printed on 100 um GaAds (¢, = 12.8).
The analysis was applied to obtain scattering parameters individually for the cross

junction stub (stub A), the T-junction stub (Stub B), and the entire matching

11



section. The results presented in this section are normalized to fifty ohms. Of in-
terest in this analysis are the radiation losses experienced as the stubs pass through
a quarter wave resonance, and the coupling between the two stubs. Frequently.
such a design would be done with available CAD by individually modeling the two
stubs, and then chaining together the S-parameters. Therefore. electromagnetic
interactions between the stubs would not be included. For this case, the coupling
will be shown to be significant, because the stubs are in close proximity and have
approximately the same resonant frequency.

Shown in Figures 15(a) and (b) are the scattering parameters for the cross
junction and the T-junction stub, respectively. The quarter wave resonance of
the stubs are 145 GHz for stub A and 160 GHz for stub B as determined by the
minima in the magnitude of S12. There is appreciable radiation loss beyond the
resonances of the two stubs. This radiation causes a degradation in the magnitude
of S11 at the high frequency end of the simulations for both stubs. The T-junction
stub, having twice the thickness of the cross-junction stub. radiates more power.
[n fact. as shown in Figure 17, at 200 GHz it is radiating almost half of its input
power.

The scattering parameters for the entire matching network are shown in Figure
16 (b). At the lower frequency ranges (below 140 GHz). the radiation losses are
not significant. Thus, the network should function adequately at the oscillation
frequency. In this example, although the 100um substrate is physically thin for
present technology, it becomes electrically thick at higher frequencies (one-fifth of a

wavelength in the dielectric at 170 GHz), and high radiation losses are encountered.



as shown in Figure 17. This result illustrates the difficulty with using microstrip
circuits at sub-millimeterwave frequencies.

The entire matching network radiates less than Stub B alone. At first glance
this appears anomalous, but it is a result of electromagnetic coupling between the
stubs. The spacing of the stubs is approximately one half wavelength at the upper
frequencies. Therefore, the stubs are radiating 180 degrees out of phase. and phase
cancellation is occurring in the radiated fields. This example indicates that. under
the right conditions, electromagnetic coupling between adjacent stubs can impact

performance.

6 Conclusion

The high frequency behavior of a wide range of open microstrip elements has
been presented. Results were obtained by the space domain integral equation
approach which includes all electromagnetic coupling and radiation effects. In
addition, resistive loss was included through the replacement of the microstrip
conducting strips by the appropriate surface impedance boundary. This results
in. for the first time, a unified analysis accounting for both resistive and radiation
loss. The previous sections included examples of microstrip meander lines, bends.
multi-port junctions, and tuning stubs.

Two applications of meander lines were shown. First, the effect of radiation and
conduct(;r losses on meander line phase shifting sections were presented. These

loss mechanisms were shown to reduce the transmission through the line at higher

[requencies and longer lengths. Also, an example was given which demonstrated

13



that a long meander line can be accurately characterized by a single one of its
periods. The second application demonstrates the meander line’s filter properties
with an example exhibiting a very narrow pass-band.

Scattering parameters and radiation losses for several microstrip junctions were
presented. The favorable effect of mitering on the return loss for a bend discon-
tinuity was demonstrated. Furthermore, it was shown that bend. cross, and tee
junctions printed on a common substrate with the same linewidth exhibited similar
radiation properties.

In the final section, three stub geometries, rectangular, radial, and triangular.
were investigated. The radial stub was shown to have the broadest bandwidth
of the three with comparable radiation properties to the rectangular stub. The
triangular stub had the most narrow bandwidth, and the most severe radiation
loss.

The final example given was a matching circuit for a submillimeter wave HEMT
oscillator. This example demonstrated that electromagnetic coupling between

stubs in close proximity can have a significant influence on circuit performance.
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Figure 15: Scattering parameters of individual stubs found in oscillator matching circuit (e, =
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