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PREFACE

The objective of this report is to assimllate from the
published literature and place in one report the pertinent
information necessary to design a microstrip transmission line.
This report does not contain an analysis of the microstrip line;
for such an analysis see references {1, 2).

A thick film procedure was used to fabricate microstrip
lines for testing. The choice of this method of fabrication
does not imply that this method is superior to other methods.
Rather, this method was chosen since the necessary materials and
equipment were readily available in the Department of Elec-
trical Engineering.

A passive device, in this case a directional coupler,
was selected as a design test device so as to incorporate a
microstrip transmission 1line.

Finally, the microwave microstrip transmission lines and
directional couplers that were fabricated were tested and an

account of the results is given.
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CHAPTER I

MICROSTRIF TRANSMISSION LINE CHARACTERISTICS

1.0. Introduction

The microstrip transmission line is one of several trans-
mission lines available to the microwave engineer (Fig. 1). The
development of miniaturized microwave devices, solid-state micro-
wave electronics, hybrid microwave assemblies, and microwave
integrated circuits has led to the need for a compatible trans-
mission system, namely, the microstrip line. This type of
transmission line permits the interconnection of ministurized
passive and active devices within a single package and reduces
the need for connectors with their associated interfacing
problems. The advances in dielectric material technology, as
well as the need for increased ministurization and improved
compatibility, have thus revived interest in the microstrip
transmission line.

The basic geometry of the microstrip line is shown in
Fig. 2. The microstrip line is an open transmission line in
comparison to the strip line, coaxial and waveguide transmission
lines. That is, coaxial lines and waveguides have a conductor
completely surrounding the transmission line, while the strip
line has a center conductor width small enough in contrast to
the width of the two ground planes that it can be considered a
closed line. In comparison, the microstrip line has a conductor

only on one side of the center conductor. Also it should be



noted that the microstrip line has a nonuniform dielectric sur-
rounding its center conductor, whereas the other three trans-
mission lines make use of a uniform dielectric.

It is this difference in the geometry and dielectric struc-
ture of the microstrip line, as compared with the other three
types of transmission lines, that makes the analysis of the
microstrip line more difficult.

In the microstrip line there is a dielectrie, usually air,
above and on both sides of" the center conductor as well as a
dielectric material having a relative permittivity €, between
the center conductor and the ground plane. The range of values
of €., for different dielectric substrates used with microstrip
lines, has been as low as 2,32 and as high as 100.(3’ h) It is
the application of the particular microstrip device that dic-
tates the particular dielectric substrate types that can be used.

0f principal interest in characterizing a microstrip line
are the line's characteristic impedance, losses, and effective
electrical length., Each of these three parameters will sub-
sequently be discussed. Being able to predict adequately the

characteristic impedance (Z of a microstrip line and then to

o)
fabricate a line having the required characteristic impedance

is the first concern for a microwave engineer using microstrip.

1.1. Characteristic Impedance

The characteristic impedance of miecrostrip lines can be

(1, 2) The charac-

obtained from the analysis by H. A. Wheeler.
teristic impedance predicted by Wheeler's graphs and formulas

have been verified experimentally in this report and by



(2,3’}4'!6’?)

others. In the interest of brevity, only the appro-
priate results of Wheeler's work will be given here.

Wheeler's work was based on a conformal mapping analysis
of a parallel plane wavegulde (Figs. 3, 4). A brief discussion
of the conformal mapping analysis is given in section 1.3. This
work assumes transverse electromagnetic (TEM) propagation and
includes the effects of the dielectric discontinuity. From this
work a set of reliable microstrip design curves is available.(2)
This set of microstrip characteristic impedance curves 1s shown
in Figs. 5 and 6. Note that in Fig. 5 the range of the abscissa
values (w/h) is from 0.50 to 4O and in Fig. 6 from 0.01 to 1.0.

Wheeler's treatment of the microstrip problem was divided
into two cases according to the a/b ratio of the waveguide
(Fig. 3). These two cases were wide strips (a/b > .3) and narrow
strips (a/b < .3). Correspondingly, Wheeler has given two equa-
tions, one for the narrow strip and one for wide strip condi-
tions, these equations applying directly to the parallel plane
waveguide., These equations give the characteristic impedance
(Z,) and shape (a/b) explicitly in terms of the parallel plane
guide geometry and the supporting dielectric relative permit-
tivity. A transformation must be made on these equations so
that they apply to the microstrip line. This transformation is
based on the following considerations:

(a) w=2a, h=1b (Figs. 2, 3)

= Z

(b) 2 2

o microstrip o parallel plane’

For a given dielectric with a relative permittivity (Er)

and a desired characteristic impedance (Z,), the shape ratio



(w/h) for the microstrip line is given as:

Narrow lines (w/h < 1.0)

W by
- = (1s1]
h 1/2 e® - ™€
€.+ 1
r 7,
2 €I,- 1 .120
c = + ) (.226 + )
60 g T I €,
Wide lines (w/h > 1.0)
W 7’{ TN
- = .637 - 1) - fole—e——— - 1)
B L I é.r Zo
[ 1) + .293 '517‘{ (1.2)
+ - + . - .
21/ Z, €r ]
where 71 = free space impedance = 377 _()L .

The distinction between narrow and wide lines 1s not abso-
lute because there is some overlap in the definition of wide and
narrow strips as formulated by Wheeler.\ If the (w/h) ratio is
close to the value (1.0), then both relations should be used and
the results compared., For values of (w/h < .85) and (w/h > 1.1)
only the appropriate equation should be used. This last state-
ment is especially valid for the case where €, 2> 9.0. Also it
is recommended that in the range .85 < w/h < 1.1, the mean value

of the characteristic impedance (ZD) as calculated from Egs. 3

and li be used.



A transformation of Wheeler's equations for the parallel
plane waveguide yields the following relations for the charac-

teristic impedance of the microstrip line.

120 8n 0| €.-1 « 120
7 = e fn(--) + — (E)2 - (=) (.226 -

)i (1.3)
° 4/2(er+1) W 32 h €.+1

r r
(w/h <1.0)

. N /e,

’ % + b1 + (i;z) [/En(:—h + .9L) + 1-45:] + G;; (0.082)
(w/h >1.0). =

It has been verified that the curves given in Figs. 5 and
6 can be generated by using Egs. 1.1, 1.2, 1.3, and 1.L.

The characteristic impedance (ZO) curves shown in Pigs. 5
and & were calculated for a zero thickness conductor and an
infinitely wide ground plane. The center conductor, however,
does have finite thickness, the principal effect of which is to
increase the capacitance of the line. An approximate correction
can be made for this by replacing the actual width by an effec-

Yive widbhe' 2]

Wepp = W + AW _ (1.5)
wheres
t 2h W h
AW = ('fn —_— 1) (—> —_— >t) (1.6)
i t 2 L=

and



i Lmw h W
Aw == (In— + 1) (—>—>t) (1.7)
T t FG1s 2

For precise calculation of (Z_ ) this thickness correction
factor should be considered. However, in Chapter II, which deals
with the design and fabrication of microstrip transmission lines,
it will be shown that the utilization of this thickness correc-
tion factor has little effect on the overall results.

The microstrip work discussed in this report was accom-
plished with an unshielded test fixture. Most industrial appli-
cations will require a metallic enclosure or packaging around
the microstrip line to provide hermetic sealing and stréngth.

The presence of such a metallic enclosure around the microstrip
line changes the value of the characteristic impedance for a
given w/h ratio from that of the unenclosed case. Figure 8 com-
pares the characteristic impedance for both the enclosed (Fig. 7)

(5)

and unenclosed (Fig. 2) microstrip lines for a particular
dielectric constant and microstrip geometry.

For a (w/h) ratio equal to or larger than unity, and with
the relative permittivity equal to or greater than approximately
9,(5) the characteristic impedance of a metallically enclosed
microstrip line differs little from that of an open microstrip
line provided that the (£/h) ratio is 3 or larger. The (£/h)
ratio is the ratio of the spacing LZ) between the ceﬁter con-
ductor and the bottom of the top wall of the metallie enclosure,
and the ground plane spacing (h). With a metallic enclosure,

there is a minimum spacing (s) that the edge of the center

conductor can be from the metallic side wall without influencing



the fringing field (Fig. 7). From empirical strip line and
microstrip work the minimum distance (s) has been determined to
be of the same order of magnitude as the dimension LQ) in Fig. 7.

In essence, it is the center conductor width to ground plane
spacing ratio (w/h) and the relative permittivity of the support-
ing dielectric substrate that determines the characteristic

impedance of a microstrip line.

1.2. Microstrip Line Effective Wavelength

A knowledge of the effective wavelength in a microstrip
transmission system is a necessity when designing directional
couplers, impedance transformers, etc. Because the microstrip
line is not a symmetrical transmission line, the calculation of
the effective wavelength is not straightforward. The results
of H. A. Wheeler's work(l’ 2) have cleared the way for the deter-
mination of the effective wavelength (Km) in a microwave trans-
mission line. Figure 9 shows graphically the free space wave-
length to microstrip wavelength ratio (Ro/hm) for various center
conductor width to ground plane spacing ratios (w/h) and dif-

ferent dielectric relative permittivities (Er).(S)

1.3. Effective Dielectric Constant and Filling Fraction

There are two quantities, effective dielectric constant
(Eeff) and filling fraction (g), which now need to be defined
and made available for calculation because of their widespread
usage in the literature pertaining to microstrip and microstrip

devices. Wheeler(z) has defined the filling fraction as



Dielectric area containing flux lines

Total area in the rectangle of field mapping

The simplest way to intuitively understand what is meant by fill-
ing fraction and effective dielectric constant is to examine pic-
torially what Wheeler has done in his mapping procedure.(l’ 2)

A portion of the parallel plane waveguide (Fig. 3) has been
mapped into the Z'-plane of flux and potential coordinates
(Fig. 4). This mapping reduces the problem of two finite con-
ductors and a mixed dielectric to a problem of two infinite con-
ductors enclosing a space containing a mixed dielectric (Fig. L).

The dielectric substrate has a permittivity €,. The curved
line between points 3 and 7 (Fig. 3) represents a free space flux
line that would terminate on the edge of the conductors if the
dielectric substrate were not present (€, = 1). It is the
presence of the dielectric sheet that complicates the analysis
because of the distortion of the flux lines between the two
conductors.

The dielectric region is composed of two areas. These two
areas are indicated by crosshatched and horizontal lines. The
crosshatched area represents the region that would contain most
of the flux lines between the two conductors if the relative
permittivity were unity. This area is always more than half of
the total area in the rectangle of field mapping.(2) The totel
area in the rectangle of field mapping is the area enclosed by
the points 1-2-j-6-8. The horizontally lined area represents
the dielectric area (denoted by f, the fringe area) through which

the distorted fringe flux lines pass. The a/b ratio (w/h for



microstrip) essentially determines the filling fraction (q)
since the relative permittivity of the dielectric substrate
would normally be equal to or greater than 9 in actual practice.
From Wheeler(2)
€err - 1
qQ = —mm — , 0<qg<l (1.8)

oy = 1

r
€rrZ 1 .

If the center conductor of the microstrip line were widened,
say to the width of the ground plane as in a parallel plate wave-
guide, then g would approach unity and €_pp would approach the
relative permittivity (ér) of the substrate. For this condition
all the flux lines would essentially be contained between the
conducting plates., If the center conductor width were decreased
to almost zero, the filling fraction (q) would approach a value
of 0.5.

In essence, the filling factor and effective permittivity
indicate the ratio of flux lines passing fraﬁ the bottom portion
of the center conductor to the ground plane as compared to the
flux lines passing from the top portion of the center conductor
to the ground plane.

From the work of Wheeler(l’ 2) and Seckelmann,(T) Figs. 10
and 11 give curves for calculating the filling fraction and
effective permittivity. The filling fraction can be found from

Pig. 11 and is essentially a function of only the (w/h) ratio.
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1.y, Microstrip Losses

The loss per unit length of a microstrip transmission line
Wwill be approximated using the parallel plane guide as a model.
The total loss (<) will be considered as a summation of the
losses in the two conductors («,) and the supporting dielectric

substrate («g).
4= &t Ly {1.9)

If the spacing between the center conductor and the ground
plane 1s less than one-half wavelength, then substantially all
the energy is in the TEM mode and the operating frequency is
below the cutoff frequency for higher order modes.

Assuming that the two conducting planes represent good con-
ductors and that the only mode that is propagating is the TEM

mode, then the conductor loss can be represented by

‘Vﬂfpm 1 1
Ay = ( +
2Zow YT T2

where T ., J,, represent the conductivity of the two con-

) nepers/meter (1.10)

ducting plates

Hom is permeability of the conducting plates (presumably
the same for both plates)

w is the respective width of the plates, assumed here

to be equal.

The dielectric loss for the microstrip line modeled by the

parallel plane guide and assuming a good dielectric, is given by



1l

"
4g = g@ (ir‘) E." = ? nepers/meter (1.11)
r r
where
€, =€,' - je," , complex dielectric constant
by = characteristic impedance of microstrip line
g = the conductivity of the dielectric
pg = relative permeability of the dielectric.

The total loss is approximated as

1 Y B AT 82

= ( —— + —) db/meter (1.12)
8.68 zwVa, 2

&

where
0"01 = Jpn = O"c , 8ince both conductors are of the

same material.

A typical range of values for « is 12< « < 20 db/meter.
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CHAPTER II1

DESIGN AND FABRICATION OF MICROSTRIP
TRANSMISSION LINES

2,1. Design of Microstrip Transmission Lines

The design of a microstrip transmission line will depend-
upon the application, which in turn dictates the type and dimen-
sions of the supporting dielectric substrate. In particular,
the relative permittivity, loss tangent, and surface finish of
the substrate will be the major factors in selecting a sub-
strate materisal.

The length and width of the substrate will be determined by
the type and number of both passive and active devices that are
to be mounted on a single substrate. Typically, one- and two-
inch squares are readily available commercially. Other sizes
are available upon specilal order. However, the time lag in
receiving such special orders, because of the new tooling
required and the greatly increased cost of obtaining especially
shaped substrates, limits small scale prototype microstrip work
to standard size substrates. The thickness of "off the shelf"
commercially available substrates is also determined by the
manufacturer.

The substrates used in conjunction with this report were
one inch square and ,025 inch thick. The relative permittivity
was 8.9. The substrates, Alumina AD-96, were manufactured by

the Coors Porcelain Company.
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2.2. A Microstrip Design

With the substrate thickness (h = .025 inch) and relative
permittivity (€, = 8.9) determined, the selection of the desired
characteristic impedance for the microstrip line will determine
the width (w) of the center conductor. A characteristic imped-
ance of 50 ohms was selected and from Fig. 5 a (w/h) ratio of 1
was determined.

A thick film process was used to form the center conductor
and ground plane. Unfortunately, the thickness of the center
conductor was not constant along the line of each substrate and
varied from substrate to substrate. Of more than 30 thickness
measurements that were made on three substrates, the following

variation in center conductor thickness was observed:

tpax = -0009) inch
Vit i = .00057 inch
tyye = 00071 inch.
Using t = t_ ., the width correction factor (Aw) (BEq. 1.7)

was calculated to be approximately 10~3 inch. Considering the
observed tolerance on the width of the center conductor, i.e.,

w = .025 +.001 inch, the effective width correctibn factor was
not incorporated in this design. However, with a more refined
thick film procedure (or with a refined thin film procedure),
where a strip width tolerance of .5 mil or better could be main-
tained, the strip width correction factor should be employed.
With & +.001-inch width variation around the desired .025-inch

width, the VSWR of the line would be less than 1.03, providing
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other impedance mismatches do not occur along the line or at

the connections to the 1line,

2.3. Microstrip Bends

In any microwave system bends in the transmission line will
occur because of physical layout design constraints. Being able
to design bends in microstrip lines is a necessity since system
requirements may require that the transmission lines emanating
from a device mounted on a dielectric substrate may not follow
straight lines. Because of the nature of the symmetry between
strip transmission line and microstrip transmission line, the
type of bends used in strip transmission lines have been applied
to microstrip transmission lines. Three types of bends to accom-
plish a 90-degree bend have been developed and are shown in
Fig. 12. However, 90-degree bends are not always required and

an appropriate modification of these bends may be necessary.

2.4, Coupling to Microstrip Transmission Lines

After the center conductor and ground plane have been
deposited on the dielectric substrate, some means of connecting
to the center conductor is needed. This connection must also be
matched to the characteristic impedance of the microstrip lins.
Usually, standard microwave connectors are designed for 50-ohm
characteristic impedance. If the particular microwave device on
the substrate does not have a 50-ohm input impedance, then the
microstrip transmission line must perform the necessary impedance

transformation between the device and the connector.
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In Fig. 13 an Omni-Spectra substrate holder and four con-
nectors are shown. This substrate holder and connectors com-
prised the test fixture used to mount the substrate and to
provide the interface between the microstrip line and peripheral
test equipment. The substrate holder 1is necessary not only for
the mounting of the connectors but also to give mechanical sup-
port to the dielectric substrate.

The connector uses a center tab which can be either butt-
jointed or overlapped with the microstrip center conductor. It
is desirable that the width of the center conductor tab be the
same as the center conductor strip width, If the connector 1is
to be permanently attached to the substrate, then the center tab
of the connector should be tapered to matech the microstrip con-
ductor width before it is soldered to the microstrip center
conductor. The soldering operation will keep the center tap
centered with respect toc the microstrip center conductor.

If there is a limitation on the number of connectors and
substrate holders available, or if only one test fixture is to
be used in conjunction with the testing of many microstrip
devices, then the center tab of the connector should not be
extensively altered nor soldered because of its fragile con-
struction.

On the peripheral side of the connector is an OSM connector
to which an OSM to type N adaptor was placed to complete the

connector transition.
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2.5. Fabrication of Microstrip Circuits

Two basic methods of fabricating microstrip circuits have
received general interest. These two methods involve thick film
and thin film techniques. Two other methods, seldom used, are
fabrication by electroplating the conductor material on a sub-
strate or etching the desired conductor pattern from one side
of a di-clad copper-covered teflon board.
Principally, thick film techniques were used to fabricate
the microstrip lines investigated in this report.
The materials used in the thick film procedure were:
(a) Dielectric substrate--Coors ceramic AD-96
(b) Conductor paste--Silver palladium.

The dielectric substrate characteristics were:
Dielectric constant (relative)® €. = 8.9
Loss tangent% tan & = 0,0001
Surface finish (ground typical) ave. 50 u in.

Resistivity® >10% ohm-cm.

Because the average thickness of both the center conductor
and ground plane was more than 10 times'the nominal figure given
for the surface finish, there was no problem encountered in
forming a continuous uninterrupted center conductor, even though
the surface of these substrates was 'rough'. In contrast, center
conductors deposited on such a surface using thin film tech-
niques would not be satisfactory, for whenever the center con-

ductor is thin a noncontinuous line is highly probable after

*Measured at 25 degrees C. and 1 GH,.
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the etching process has been completed, i.e., the etchant has
etched through the line forming a discontinuity.

Once the conductor width, dielectric substrate, and con-
ductor material have been selected, the fabrication process
basically follows the following format.

(a) Art work: Construct a pattern that is scaled N:1
with respect to the desired end product, N > 1.

(b) Photography: Photograph the art work and reduce it
to desired size.

(¢c) Mask and screen preparation: Use the developed
negative to develop a light sensitive mask and
transfer the mask to a screen.

(d) Printing: Use the screen with its imprinted mask
to form a pattern on the substrate; a squeegee 1is
moved across this screen to deposit the conductor
paste on the substrate.

(e} Firing the substrate: After depositing the con-
ductor paste, fire the substrate in an appropriate
oven.

Explicit details of the thick film procedure are given in
the Appendix. Upon completion of these steps the microstrip
device is ready for testing.

The devices fabricated and tested here have been a result
of the thick film procedure. A thin film procedure was tried

but the etching process required negated any results.



