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Abstract —The high-frequency characterization of microstrip meander
lines, junctions, and stubs has been performed by the application of the
method of moments to the electric field integral equation. Electromag-
netic 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 sur-
face impedance boundaries.

I. INTRODUCTION

ULL-WAVE analysis has been successfully applied to a

wide variety of microstrip discontinuities and compo-
nents [1]-[7]. These techniques are important in high-
frequency circuit optimization, because they account for
electromagnetic coupling, radiation, and substrate effects.
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 (e.g. quasi-static
[8]-[12} and dispersive [13]-[16]), this method has proven to
be versatile for microstrip characterization in regions where
these techniques fail. The aim of 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
narrow-band filters. Examples will be given that demonstrate
the effect of electromagnetic coupling on the properties of
the line and that quantify yeturn, radiation, and conductor
losses 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 (M)MIC’s. Often, their nonideal
effects may be neglected. Nevertheless, radiation loss can
become significant in bend and T-junction discontinuities at
high frequencies. Furthermore, tapering or mitering of junc-
tions is often done to reduce return loss, but the correspond-
ing effect on radiation is not known. Results on radiation
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loss will be presented for right-angle and mitered bends, and
multiport tee and cross junctions.

The last class of structures presented in this paper com-
prise 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
bandwidths and radiation losses. Furthermore, a matching
circuit for a 94 GHz oscillator will be examined to illustrate
the effect that electromagnetic coupling and radiation loss
have on performance.

1I. THEORY

The microstrip structure is shown in Fig. 1(a). The conduc-
tors are lossless and their thickness (¢) is much smaller than
a wavelength. The substrate is of thickness A4 and is also
assumed lossless. The electric field may be written in terms
of an integral equation,

E(x,y,z)=ffsr[k,-21:+VV] G(x,9,2/%,y', 7))
i=0,1 (1)

J(x',y") ds',

with k, and k, being the wavenumbers in the free-space and
dielectric regions, respectively, and where

J(x',y) =T (x',y) 2+ T (x',y)9 (2)

is the current on the microstrip conducting strips. The com-
ponents of the dyadic Green’s function

G(x,y,2/x,y,2") =G+ G, 28+ G, ) +G, % (3)
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Fig. 1. Geometry of microstrip meander line feeding dipoles. (a)
Cross-sectional view. (b) Top view. (¢) Meander line parameters.

are expressed in the form of Sommerfeld integrals:
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with p:\/(x—x’)2+(y—y’)2, uy=yA—k§, and u
—y/A*—k?. The zeros of the functions f(A,e,;,k) and
(A, €., ), given by :

Fi(A, €,1,h) = uysinh uh + u cosh uh

(8)
9

represent the excited surface wave modes. In (8) and (9), e,
is the relative dielectric constant, and £ is the thickness of
the substrate. o i

Resistive losses may also be included by replacing the
conductive strips. with the appropriate surface impedance
boundaries {18], [19]. The boundary conditions on the strip
conductors are imposed through the following relation:

f2(A, 6,0, h) = €,uycosh uh + usinh uh

Et(x,y,z=t)=§-(H><2), (10)

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

x,yES§

Z(f) =z R+ 2,59

(11)

represents the appropriate surface impedance boundaries.
The magnetic field is related to current on the strip conduc-
tor by the expression

EXH=J(x',y".

(12)

‘In view of (12), (1) takes the form

[ [KT+99]-Gx3,2/20 5.2

J(x,y)ds'+ Z-J(x',y) =0. (13)

These frequency-dependent impedance boundaries are
evaluated by a quasi-TEM analysis in such a way that they
provide the overall effect of the penetration of the fields and
the resulting current distributions within the strips [21]. This
technique has provided very accurate results for conductor
loss at millimeter-wave frequencies [22].

For open microstrip structures at microwave frequencies,
radiation losses from discontinuities dominate conductor
losses unless long line lengths are present. In this work, the
formulation will account for conductor loss in a long mean-
der delay line example. In all other examples perfect conduc-
tors will be considered (E(x,y,z =¢)="0).

The microstrip discontinuity is subdivided into squares,
and the method of moments is applied with rooftop basis
functions. The unknown current is expressed in the form of
double summations shown below:

N+I M+1

L= X X Ladidx,v) (14)
n=1m=1
N+1M+1

Jy=2 X Lnin(x,y) (15)
n=1m=1

where .
(X9 = [ £u(x) 8,,(¥")] (16)
(X9 =802 fu(y)]. (17)

In (14) and (15), I,,, is the unknown current amplitude at
the (n,m)th position of the subdivided element. The func-

_tions f, and g,, are subdomain shaping or basis functions

and are consistent with the current boundary conditions. The
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‘rooftop subdomain basis functions have piecewise-sinusoidal
variation in the longitudinal direction and constant variation
in the transverse direction according to

sin Ky(Xp 1= %) ,
snkl 0 TnSTSFne
stx
f”(x')= Sinks(x’_xn—l) ' (18)
snkl, 0 TamiSYTSTEn
sTx
0, else
and
]-7 ymgylgym-}-l
N= 19
gn(¥) {0, else. (19)

In the above, I, = x,,,— x,, and k, is a scaling parameter
chosen to vary between k, (free-space wavenumber) and k,
(wavenumber in the dielectric).

Substitution of the above into the electric field integral
equation, (1), and application of Galerkin’s method result in
the matrix equation

[z][1]=[V]

- where Z is the impedance matrix, and I is the vector of
unknown x and y current amplitudes. The vector 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 pres-
ence of the infinitesimally small gap is reflected in the
excitation vector where

T _
V;ﬂ={ i = (20)
0 else
and
, 1 ify, =y
VIR = Bo7E 21
Y {0 else. (1)

When a single microstrip mode is excited along the feed-
ing 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

Vne(1,N). (22)

Dividing each voltage 1, by the corresponding current I,
results in the following expression for the input impedance

Z;,, at port n:
N I,
Zm,,= Z an I_ .
m=1

n

The input impedances Z;, and reflection coefficients T,
(n —1, N), are determined for each port at a given reference
plane from the microstrip current solution. An N-port dis-

continuity has N? unknown network parameters. This num-

ber can be reduced with reciprocity and symmetry, as done’

in previously [6], but in general N? independent equations
are reqmred These may be obtained from (23) after exciting
the N-port microstrip element by N 1ndependent excitations.

(23)‘
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Fig. 2. Transmission parameter magnitude of meander line as a func-
tion of length (f =20 GHz, ¢, =22, h= 20 mil, W =10 mil, §=40 mil,
d=50mil, t=12 um, o = 4><107S/m)

III. MEANDER LINES

Meander lines are often used in (M)MIC’s as delay or
slow-wave lines and in monolithic antéenna arrays for the
phasing of the radiating elements as shown in Fig. 1. 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 (), 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 [25]. Successful design of such
structures requires accurate models, which include the pres-
ence of bend discontinuities and the €ffect of electomagnetic
coupling. Radiation and conductor 1osses may also have
significant effects.

Fig. 2 presents the transmission parameter as a functlon of
line length for a meander line on a 20'mi] Duroid substrate
(e,=22) at 20 GHz. Two cases are’ shown: 1) with both
resistive and radiation loss and 2) wl‘;h radiation loss only. In
this example, the substrate is electrlcally thin and radiation
loss is not large. Conductor loss is essermally the difference
between the two curves, and 1ncreasc “steadily with line
length. This example illustrates an interesting point con-
cerning the relative importance of radiation:and re31st1ve
losses. Radiation losses in microstrip circuits are associated
with fringing fields present at discontinpitigs, and are mini-
mized through the reduction of the humber of discontinu-
ities, through the use of electrically thm 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 lerigth. For
the following examples, where discontinuities are considered
with relatively short lengths of lme 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 Fig. 3, the unit
phase delay is shown as a function of frequency for cascades
of one, two, and three periods, respectively. The simulation
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Fig. 3. Phase of transmission parameter for meander line as a function
of frequency (e, = 9.978, A = 25 mil, W= 0.305 mm, § = 4W, d = 5W).
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Fig. 4. Magnitude of transmission parameter for meander line as a
function of frequency (e, = 9.978, A =25 mil, W=0.305 mm, § =4W,
d=5W). .

for the cascade of three periods was performed with 120
basis functions (including both current components), and it
required 392 s (elapsed time) per frequency point on a DEC
3100 workstation. As shown, the unit phase delay is indepen-
dent of the length of the line from 5 to 12 GHz. Thus, it can
be used to accurately determine the phase for a line having
many cascaded sections (pdy = N X pd,). Deviations in the
linear phase characteristic at the high-frequency end result
from high radiation and return losses. Shown in Fig. 4 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 perfor-
mance 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 applica-
tions. This is true because the spacing and number of periods
control the passband corner frequencies and slopes, respec-
tively. This is a well-known characteristic of periodic struc-
tures in general [26]-[29].

Shown in Figs. 5 and 6, our theoretical resuits are com-
pared with theoretical results and experimental data derived
by Jansen [23], [24] for shielded and open meander lines,
respectively. The simulation was done with 364 basis func-
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Fig. 6. Magnitude of transmission parameter for meander line filter as
a function of frequency (¢, = 9.978, A =25 mil, W = 0.61 mm, S =1/2W,
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tions and required 671 s of elapsed time per frequency point
on a DEc 3100 workstation. There is good agreement be-
tween the open experimental results and our simulation.
This structure has two passbands over the frequency range
shown. Radiation losses are quite severe and result in degra-
dation of the transmitted power in the 13-20 GHz stopband
and the pencil-thin passband centered at 22.5 GHz. In par-
ticular, notice the difference at 22.5 GHz between the open
and shielded simulations. This example illustrates that mean-
der lines may be useful for narrow-band applications in
monolithic arrays, although radiation losses can be severe.

IV. JuncTioNs

Transmission line junctions are found in virtually every
type of microstrip layout 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.

Fig. 7 displays the network parameters for mitered and
right-angle-bend discontinuities. The mitered case has supe-
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rior behavior, as illustrated by its improved return loss. The |

two ‘structures exhibit almost identical radiation properties
(as shown in Fig. 7(b)) below 22 GHz; however, the mitering
results in lower radiation loss above 22 GHz. It is concluded
that the mitering sharply lowers the return loss by decreasing
the excess capacitance of the bend, and also decreases radia-
tion losses at higher frequencies. For further improvement in
performance, a multiple-layer substrate may be. utilized to
lower radiation loss [6]. ‘

Following the method described previously, network pa-
rameters have been extracted for three-port T-junction and
four-port cross junction discontinuities, with interesting re-
sults. As shown in Fig. 8, the magnitude of the § parameters
of a T junction on a 25 mil Duroid (e, = 2.2) substrate agree
well with available CAD results [30]. On the other hand, as
shown in Figs. 9 and 10 for cross and T junctions respec-
tively, the phase can disagree appreciably with those pre-
dicted by commercial CAD, particularly between ports at
right angles. The disagreement arises from the parasitic
reactance and radiation loss (Fig. 11) at the junction.

Also shown in Fig. 11 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
T) of junctions exhibit simiiar 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.
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Fig. 9. Scattering parameters (phase) for microstrip T junction as a

function.of frequency (e, = 2.2, h = 25 mil, W = 25 mil).
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a function of frequency (e, = 2.2, h = 25 mil, W = 25 mil).

V. StuBs

Open circuit stubs are often used in microstrip matching
networks, particularly 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
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Fig. 12. Transmission parameter of microstrip stubs (e, =12, A =25
mil),

therefore be minimized. Several stub geometries have been
proposed for enhancing various circuit characteristics includ-
ing reduced loss. The full-wave analysis presented has been
employed to evaluate three types of stubs: a) rectangular, b)
radial, and c) triangular in terms of their bandwidth, reso-
nance characteristics, and radiation properties. The stubs are
printed on a 25 mil GaAs substrate (e, =12) and have the
dimensions shown in Fig. 13. For compatison purposes, all of
the stubs are designed to have first resonance at about 24
GHz. Two-port scattering parameters have been obtained by
positioning the stubs in shunt fashion across a transmission
line, as shown. At resonance, the magnitude of the transmis-
sion parameter reaches a minimum. Fig. 12 shows the trans-
mission parameters for the three cases from 15 to 28 GHz.
As shown, the radial stub has the broadest bandwidth, and
the triarigular 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 mertidhed, radiation from matching net-
works has a direct 4nd:derogatory effect on noise perfor-
mance in (M)MIC amplifiers. Fig. 13 shows quite clearly that
the triangular shape radiates more than the other two types,
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Fig. 13. Radiation loss of microstrip stubs (e, = 12, A = 25 mil).

which have similar radiation properties (the radial stub show-
ing moderate improvement over the rectangular type). The
loss peaks for all three cases at 27 GHz (about 3-4 GHz
beyond resonance), indicating that the radiation properties
are heavily influenced by the characteristics of the substrate.
For the given substrate at this operating frequénty, the loss
is primarily due to the TM,, substrate mode. We conclude
that since the triangular stub has the smallest bandwidth,
and radiates most severely, it is recommended only for
natrow-band applications, where higher losses can be toler-
ated. The rectangular and radial stubs have similar radiation
properties, with the radial stub having a broader band re-
sponse.

Matching Circuit for 94 GHz Oscillator

Fig. 15(a) shows a matching circuit for a submillimeter-
wave oscillator designed to operate at 94 GHz. The network
is printed on 100 um GaAs (e, =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 section. The results presented in
this section are normalized to 50 Q. Of interest in this
analysis are the radiation losses experienced as the stubs
pass through a quarter-wave resonance, and the coupling
between the 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.

Shown in parts (a) and (b) of Fig. 14 are the scattering
parameters for the cross junction and the T-junction stub,
respectively. The quarter-wave resonances of the stubs are
145 GHz for stub A and 160 GHz for stub B, as determined
by the minima in the magnitude of §,,. There is appreciable
radiation loss beyond the resonances of the two stubs. This
radiation causes a degradation in the magnitude of §,, at the
high-frequency end of the simulations for both stubs. The
T-junction stub radiates more power than the cross junction
stub. In fact, as shown in Fig. 16, at 200 GHz it is radiating
almost half of its input power. The lower radiation from the
cross junction stub is due to phase cancellation in the radi-
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Fig. 14. Scattering parameters of individual stubs found in oscillator
matching circuit (¢, =12.8, £ =100 pm, W=15.38 wm). (a) Scattering
parameters of stub A. (b) Scattering parameters of stub B.

ated fields from the equal and oppositely directed currents
on its two arms. '

The scattering parameters for the entire matching network
are shown in Fig. 15(b). At the lower frequency ranges
(below 140 GHz), the radiation losses are not significant.
Thus, the network should function adequately at the oscilla-
tion frequency. In this example, although the 100 pum sub-
strate is physically thin for present technology, it becomes
electrically thick at higher frequencies (one fifth of a wave-
length in the dielectric at 170 GHz), and high radiation
losses are encountered, as shown in Fig. 16. This result
illustrates the difficulty with using microstrip circuits at sub-
millimeter-wave frequencies.

The entire matching network radiates less than stub B
alone. At first glance this appears anomalous, but it is a
result of the higher return loss of the entire matching net-
work and additional phase cancellation between the stubs.
The spacing of the stubs is approximately one half wave-
leagth at the upper frequencies.

V1. CONCLUSION

The high-frequency behavior of a wide range of open
microstrip elements has been presented. Results were ob-
tained by the space-domain integral equation approach which
includes all electromagnetic coupling and radiation effects.
In addition, resistive loss was included through the replace-
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Fig. 15. Scattering parameters of microstrip matching network (e, =
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Fig. 16. Radiation loss in microstrip matching network (e,=128, h=
100 pm, W =15.38 um).

ment of the microstrip conducting strips by surface
impedance boundaries. This results in an analysis of irregu-
lar microstrip discontinuities which accounts for both resis-
tive and radiation losses. The previous sections included
examples of microstrip meander lines, bends, multiport junc-
tions, and tuning stubs.
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Two applications of meander lines were shown. First, the
effects of radiation and conductor losses on meander line
phase shifting sections were presented. These loss ‘mecha-
‘nisms were shown to reduce the transmission through the
line at higher frequencies and longer lengths. Also, an exam-
ple was given which demonstrated that a long meander line
can be accurately characterized by just one of its periods.
The second application demonstrates the meander line’s

filter properties, with an example exhibiting a very narrow

passband.

Scattering parameters and radiation losses for several mi-
crostrip junctions were presented. The favorable effect of
mitering on the return and radiation losses for a .bend
discontinuity was demonstrated. Furthermore, it was shown
that bend, cross, and T junctions printed on a common
substrate with the same line width 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
radiation properties comparable to those of the rectangular
stub. The triangular stub had the narrowest bandwidth and
the severest radiation loss.

The final example is a matching circuit for a submillime-
ter-wave oscillator. This example demonstrated that a stub in
a cross configuration (two tuning stubs and a cross junction)
may have lower radiation loss than a single T-junction stub.
Also, the example demonstrates that radiation loss and elec-
tromagnetic interactions between stubs in close proximity
can have a significant influence on circuit performance.
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