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Microstrips, transmission lines of metallic layers deposited on a di-
electric substrate, are very useful for the microwave and millimeter wave
hybrid integrated circuits required for solid-state radio systems because of
their simplicity and planar structure. To design hybrid integrated circuits
with microstrips requires computation or measurement of the impedance, the
attenuation, the guide wavelength, and the unloaded Q of the line. These
paramelers can be obtained from the effective dielectric constant and the
characteristic impedance of the corresponding air line. This paper gives
the exact design data for all line parameters for the most important cases.

We report the impedance and atlenuaiion measurements performed on
microstrips. Satisfactory agreement is obtained with theoretical results
based on conformal mapping with logarithmic derivatives of theta functions
and expressions involving the partial derivatives of the impedance with
respect to independent line parameters.

I. INTRODUCTION

Transmission lines and passive lumped or distributed eircuit ele-
ments, which are manufactured and assembled from planar metal
conductors or conducting stripes on insulating substrates, are es-
sential basic elements in microwave and millimeter wave hybrid
integrated circuits. The metal strips or miecrostrips are deposited by
thin-film or thick-film technology on dielectric substrates; the proc-
essing steps are substantially different compared to conventional
coaxial and waveguide circuit technology. Circuits built with miecro-
strip transmission lines or microstrip components have three important
advantages:

(7)) The complete conductor pattern can be deposited and processed
on a single dielectric substrate which is supported by a single metal
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ground plane. Such a circuit can be fabricated at a substantially lower
cost than waveguide or coaxial circuit configurations.

(77) Beam-leaded active and passive devices can be bonded directly
to metal stripes on the dielectrie substrate.

(#7) Devices and components incorporated into hybrid integrated
circuits are accessible for probing and circuit measurements (with some
limitations imposed by external shielding requirements).

The purpose of this paper is to derive formulas for the electrie pa-
rameters which are the impedance, attenuation, propagation constant,
and unloaded @ of the microstrip transmission line. In addition to the
electrical design data, attenuation measurements at 30 GHz are pre-
sented because:

(2) The attenuation is the most important electrical parameter
of a microstrip because it determines the circuit losses of microwave
and millimeter wave hybrid integrated circuits.

(71) There are many solid-state radio systems for which hybrid in-
tegration looks attractive, such as the radio pole line, high-capacity
domestic-satellite systems, Picturephone® visual telephone distribu-
tion, and mobile telephone systems.™? Hybrid integration of eircuits is
essential for many other applications in order to achieve small overall
size, minimum weight, and low production cost.

II. DEFINITION AND CLASSIFICATION

A strip line or microstrip line is a parallel two-conductor line made
of at least one flat strip of small thickness. For mechanical stability
the strip is deposited on a dielectric substrate which is usually sup-
ported by a metal ground plane. This basic configuration is shown
in Fig. 1a.

A parallel two-conductor line of this type may need modification
because:

(i) A radio frequency shield may be required to eliminate radiation
losses. The shield dimensions or the sheet conductivity of the shield-
ing material have to be chosen in such a way that excitation of trans-
verse electric modes, transverse magnetic modes, and box resonances is
suppressed.

(#z) Proximity of the air-dielectric interface with the strip con-
ductor can lead to excitation of plane-trapped surface waves. This
problem can be solved by using a substrate with a low dielectric con-
stant or by choosing a sufficiently small frequency-thickness product
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Tig. 1 — Basic types of microstrip transmission lines with one strip conductor
supported by a dielectric substrate: (a) standard microstrip, (b) embedded micro-
strip, (c¢) microstrip with overlay, (d) microstrip with hole, (e) standard
inverted microstrip, (f) suspended microstrip, (g) shielded microstrip, (h) slot
transmission line.

for the microstrip. It can also be solved by removing the air-dielectric
interface into the far field region as shown in Fig. 1b.

(#) If the substrate is a semiconductor, surface passivation may be
necessary to protect against atmospheric contaminants. This can be
achieved by a thin dielectric film as shown in Fig. lc.
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(v} Solid-state devices with substantial heat dissipation such as
IMPATT, GUNN, and Lsa diodes as well as high-power varactor diodes
have to be shunt mounted in the microstrip in order to achieve a small
thermal spreading resistance in the ground plane. A hole in the di-
electric is required in Fig. 1d for mounting a solid state device be-
tween the two microstrip conductors.

mMPATT diodes, bulk sources, and high-power varactors are typical
examples of solid-state devices which are usually shunt mounted in
transmission line circuits. Other solid-state devices or materials
which require shunt mounting are ferrites for circulators and isolators
and high-@ dielectric resonators for microwave band-pass filters.
Shunt mounting is facilitated in inverted microstrips and suspended
microstrips shown in Figs. le and 1f. Solid-state devices which
require a dc bias or a de return have to be mounted by means of a
pressure contact or bonded contacts between the ground plane and the
strip conductor shown in Fig. le. Complete shielding of such a line
is essential because fringe field effects are enhanced by increased elec-
trie fleld intensities in the dielectrie support material. An attractive
solution is to suspend the substrate symmetrically between the ground
plane and the top shield. Such lines have been discussed by Brenner
and have been used for balanced transistor amplifiers and ferrite
circulators.®-® A major advantage of all microstrip configurations with
an air gap is that the effective dielectric constant is small. This means
that the effective dielectric loss tangent is substantially reduced; also,
all circuit dimensions ean be increased, which leads to less stringent
mechanical tolerances, better circuit reproducibility, and therefore
lower production cost.

Figure 1g shows a completely shielded standard microstrip and
Fig. 1h is a schematic diagram of a slot line which consists of two
conductors deposited on the same side of a high permittivity sub-
strate.” The slot line ean be tightly coupled to the lines of Figs. la
through g by depositing the slot line metallization on one side of the
substrate and the microstrip econductor on the opposite side of the
same substrate. Standard microstrips supporting transverse electro-
magnetic modes and structures supporting slot modes can thus be
combined on one single substrate for obtaining the widest possible
choice of eircuits to be built with existing hybrid integrated ecircuit

technology.
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II1. IMPEDANCE, ATTENUATION, AND UNLOADED Q

The electrical parameters of the microstrips of Figs. la through
g which are required for cireuit design are impedance, attenuation,
unloaded @, wavelength, and propagation constant. These parameters
are interrelated for all microstrips of Figs. 1a through g assuming
that

() The propagating mode is a transverse electromagnetic mode, or
it ean be approximated by a transverse electromagnetic mode.

(12) Conductor losses in the metal strips are predominant, which
means dielectric losses can be neglected.

(72} The relative magnetic permeability of the substrate material
is Py = 1.

The basic reason for the subsequently explained relationship of
the line parameters is that the inductance per unit length depends only
upon the conductor geometry and is absolutely independent of the
geometry and the dielectric properties of the supporting structure.
The relationship between line parameters is shown in Fig. 2.

Let us assume in Fig. 2a that the conductor geometry is defined
by a stripe width w,, a ground plane spacing h,, and a small stripe
thickness f,. Let us also assume that this is an air line with a char-
acteristic impedance Z,, a wavelength A, an attenuation per unit
length «a,, and an unloaded @,. If the conductor dimensions remain the
same, and if the mierostrip is fully embedded in a dielectric medium
with a relative dielectric constant ¢., one obtains the new line param-
eters given in Fig. 2b. If the line is only partially filled with dielec-
tric support material with a relative dielectrie constant ¢, one obtains
for the line parameters of Fig. 2¢

7 = —g"—; impedance (1
(€ass
A= 2o +  wavelength (2)
(€ors)
a = (e,;)%, attenuation 3)
20r 1 .
Q=@ =195y, oNindB @)

The effective dielectric constant e;; has to be computed or measured
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as discussed in Section 4.3. The following inequalities are valid for
the standard microstrip in Fig. 1a and the inverted microstrip of
Fig. 1e

1 + e

) = €yr Z e standard microstrip (5)

IIA

1+ e
2
If one has to compare the attenuation or the unloaded Q of different

microstrips one has to consider lines which have the same impedance
level. It is also necessary that the electrical length of both or at least
one critical conductor dimension w or h of Fig. 2 is the same. By criti-
cal conductor dimension we mean the dimension which is more critical
with respect to excitation of transverse electric modes or transverse
magnetic modes. Plane-trapped surface waves or hybrid modes are not
considered in this comparison.

Figure 2d gives the line parameters for partial dielectric filling with
reduced dimensions w = w,/(ey)Y'* and b = h,/ () *'*. This insures
that the electrical dimension of the two basic line parameters is the
same as the electrical dimension of the air line of Fig. 2a. In order
to obtain the same impedance for the partially filled microstrip of
Fig. 2d and the air line one reduces the ground plane spacing h, to
hy as shown in Fig. 2e such that the characteristic impedance of the
air line is reduced to Z,/ (e.;) 2.

We can now state that:

1 = =

€ inverted microstrip. (6)

(1) The microstrip with dielectric material of Fig. 2d and the
microstrip without dielectric material of Fig. 2e have the same im-
pedance.

(#2) If we assume that the current distribution is uniform for the
air line over the width w, on the ground plane and the adjacent bottom
face of the strip we obtain the same unloaded @ for both lines of Fig.
2d and Fig. 2e. The attenuation of the air line is lower by a factor
(eerr)M/* as given in Fig. 2Ze.

IV. COMPUTATION OF LINE PARAMETERS

4.1 Ezact Analytic Solution for Impedance by Conformal Mapping

The charactreistic impedance of the microstrip of Fig. 2a with
thickness ¢ = 0 can be obtained by Schwarz-Christoffel integrals
which transform the upper half of a complex z, plane into a rectangle
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in the complex z plane.>*° More specifically, one has to find an ana-
lytic function which maps the two strip boundaries in the z;-plane on
two opposite sides of the rectangle as shown in Fig. 3. The Schwarz-
Christoffel integral for this specific case can be expressed in terms of
the theta function @, and &, Theta functions are well behaved ana-
lytic functions of a complex variable, their properties are well known,
and rapidly converging series have been published.?>*? These func-
tions and their logarithmic derivatives are essential mathematical
tools for solving the following engineering problems:

(¢} characteristic impedance of conductors with strip geometries,

(1) junction capacitance in semiconductor diodes with strip junec-
tions,

(i) heat flow and thermal resistance from a line source into a
solid, and

() series resistance of bulk devices with stripe contacts.

The conformal transformation z; = 2,(z) expressed in terms of the
logarithmic derivative of the theta function #; and its parameter x =

IMAGINARY
AX

REAL
AXIS

@ PLANE

o| +1

Fig. 3 — Conformal mapping of a microstrip by the logarithmic derivative of
the theta function #.(z, ).

_ UKoz 6) , _ (m)‘_x
_ZhE dndi(z 8) o (me) &

z =
! T dz €] 2
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K’/K is
ohK @

a=—"o In #,(z, «) (M

where K = K(m) and K’ = K’(m) are complete elliptic integrals of
the first kind with modulus m.

The characteristic impedance Z, of the microstrip with width w,
height k, and thickness ¢ = 0 is obtained by solving the following
equations

w 2 9 -
E=;5§—,1nt94(§|ﬂ) )]
dn'2KD) = & ©
_l{w) K
Z, = 2 (eo) K’ (10)

E = E(m) is the complete elliptic integral of the second kind, dn
the Jacobian elliptic function, p, and ¢ the magnetic and dielectric
permeabilities of free space. With (p,/e,)Y? = 120x ohm and x =
K’'/K one obtains

Z, = 607k ohm. (11)

For a very narrow strip w << h and a very wide strip w >> h one
obtains the simple expressions

Z, ~—-601ni—hohm w < h (12)
7z, = 123”" ohm  w>> h. (13)

The exact computation for one important intermediate case by
means of a series expansion for the logarithmie derivative of the
theta function 9, is treated in the appendix.

4.2 I'mpedance Design Formulas

The rigorous solution for computing Z, from equations (8), (9), and
(10) is not recommended for most engineering applications, Useful
expressions in terms of rational functions or series expansions can be
obtained by generalization of equations (12) and (13) as follows

Z,=60In Y a, (3) ohm w=h (14)

n=1
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ﬂw___n ohm w = h. (15)

Z, = —

w

. ()

2 G

The number of terms after which the series is terminated determines

the accuracy of the approximations. The following formulas obtained

by rational funetion approximation give an accuracy of 0.25 per cent

for 0 < w/h = 10 which is the range of importance for most engineering
applications

8h  w w
- o, W Z <
Z, = 601In (w + -Ih) ohm E = 1 (16)
9
7. - 1207 ohm % > 1. ar

wo, o h ( h)ﬁ
—+ 242 — 044 —+ {1 — —
h w w

The accuracy obtained for strips with w/k > 10 from equation (17)
is =1 per cent.

Table I compares the impedance obtained with theta functions, the
impedance calculated from the rational function approximations, and
the measured value, with a time domain reflectometer for w/h = 1.
The physical dimensions of the line used for the time domain reflec-
tometer measurement are listed in Table IT.

The estimated maximum error for Z, is 0.7 percent. Measure-
ments for different ratios w/h by the same procedure have also given
excellent agreement with data obtained by means of the logarithmic
derivative of the theta function &4 (¢, «).

Figure 4 is a plot of Z, as a function of w/h. The impedance for the
important ease of the standard microstrip of Fig. la is also plotted
for two materials which look attractive for hybrid integrated circuits
in the microwave and the millimeter wave range. These materials are

TaBLE I — CHARACTERISTIC IMPEDANCE FOR w/h = 1

Method Z, Ohm
Rigorous solution with theta functions egs. (8), (9), (10) 126.553
Measured impedance with time domain reflectometer
(Table IT) 126.60
Approximation with narrow strip rational function equation (16) | 126.613
Approximation with wide strip rational funetion equation (17) 126.507
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TABLE II — IMPEDANCE MEASUREMENT DATA WITH TIME
DoMAIN REFLECTOMETER

Impedance standard, General Radio GR 900-L
coaxial precision air line 0 Q
Time domain reflectometer, hp
Hewlett Packard 1415A
Mierostrip ground plane spacing h, 0.750 inch
width w, 0.750 inch
thickness ¢ 0.001 inch
Dielectric constant of polyfoam support and polyfoam
cover e = 1.032
Measured impedance for thickness { = 0.001 inches, 124,42 @
dielectric constant e, = 1.032
Extrapolated impedance Z for thickness { = 0 from 124.62 Q
measurements for £ = 0.001 inch, 0.0115 inch,
0.0265 inch, 0.0525 inch and 0.0625 inch
Microstrip air line impedance Z, = (e)Z 126.60 @
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fused quartz (Si0,) with ¢, = 3.78 and 99.5 percent alumina (AlxO3)
with ¢ = 9.5 whose impedance curves are based on computed effective
dielectric constants treated in Section 4.3.

4.3 Computation and Measurement of Effective Dielectric Constant

The electrical parameters of any microstrip can be computed if the
characteristic impedance Z, of the corresponding air line and the di-
electric constant (ey;)¥? are known. The basic equations required for
this computation are listed in Fig. 2.

The effective dielectric constant e, is a function of the ratio w/h,
the relative dielectric constant ¢, and the geometrical shape of the
boundary between air and the dielectric support material. The effective
dielectric constant can be obtained by starting from the transformation
given by equation (7), by mapping the boundaries between air and
dielectric into the rectangle in the z-plane of Fig. 3, and by treating
the new geometrical configuration obtained inside the rectangle of the
z-plane as a parallel plate capacitor which is partially filled with di-
electric.

Notice that the fringe field problem is eliminated in the z-plane
because the complete upper half of the plane is transformed into one
rectangle. The procedure is rigorous since conformal mapping pre-
serves the angle of refraction of electric field lines at the boundary
between dielectric and air. If the capacitance of the parallel plate con-
figuration in the z-plane of Fig. 3 is C, without dielectric and C with
partial dielectric filling one obtains

C
Eff = a (18)

The method which is outlined above has been used by Wheeler for
the standard microstrip of Fig. 1a by starting from an approximate
conformal mapping transformation and by using an approximation for
the transformed parallel plate capacitance.*® The square root of the
effective dielectric constant (eg;)*2 obtained by this method is shown
in Fig. 5 as a function of w/h and «,.

In order to find a function which approximates the set of curves of
Fig. 5 over the total range 0 < w/h < «© and 1 = ¢, < « we define a
function F(e, , w/h) by

e = €, -2|- 1 + 5'_2__113(6,,%)_ (19)
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Fig. 5—Square root of the effective dielectric constant, for the standard micro-
stnp (e,”)  plotted as a function of w/h with e, as parameter.

From equation (5) we find for the standard microstrip of Fig. 1(a)

0< F(e,, 3;-) <1. (20)

One class of functions which fulfills this requirement is the class of
irrational functions

fo)-[e 20T

with ¢, being functions of e, and m = 0. The set of curves of Fig. 5

can be approximated with m = —0.5 and one single term of the series by
w 102\
p(es) = (e ) 22

The final result with an accuracy of =42 per cent for ¢,,, and an
accuracy of =1 per cent for (e,,)} is
e + 1

= e 1) 007 (23)
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Effective dielectric constants can also be obtained by static capaci-
tance measurements or time domain reflectometer measurements. If
the static capacitance per unit length is C' with partial dielectric
filling and C, with the dielectric removed, one obtains ¢y = C/C, and
fromZ = (L/C)¥* with L = Z,/v,

Z 1
Z = 5 I =
(ern?  0,(CC)

where v, is the velocity of light in vacuum, v, = 3.10'° ¢em per second.

Accurate measurements of e with a time domain reflectometer re-
quire a precision coaxial connector standard and a good transition
from coaxial transmission line into the mierostrip. Baseband transi-
tions up to a few GHz can be made by building an oversize model
of the partially filled microstrip as shown in Fig. 6. The in-
verted microstrip of Fig. 1{e) used for this measurement is sup-
ported by clear fused and polished quartz plates with a dielectric
constant ¢ = 3.78. The effective dielectric constant e;; plotted as a
funetion of w/h is mueh lower than e because only a small fraction
of field lines passes through the quartz. Similar results are obtained
if the line shown in Fig. 6 is completely shielded provided that the
major part of the radio frequency energy remains concentrated in the

(24)
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Fig. 6 —Square root of the effective dielectric constant for an inverted
microstrip with quartz substrate. Oversize measurement with strip conduector
thickness ¢ = 0.010 inch.
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air gap between the ground plane and the strip conductor. One con-
cludes from this measurement that all of the electrical parameters of
inverted microstrips are close to the electrical parameters of the air
line. One also concludes that dielectric losses are substantially re-
duced because all the dielectric support material is removed into the
low field region of the mierostrip.

4.4 Computation of Conduclor Atlenuation

The attenuation of any lumped or distributed circuit element is
known if its inductance as a funection of the geometrical conductor
parameters can be caleulated. Inductance and conductor attenuation
are related because the inductance is the normalized magnetic field
energy of the circuit element and attenuation is proportional to the
magnetic field energy stored in the metal conductor.!* In order to
calculate the attenuation one has to recede the metal surface by one
skin depth or more generally by a small length 8n normal to the con-
ductor surface. If the corresponding increase in inductance is 8L and
if the skin resistance of the metal is R,, then the radio frequency re-
sistance R of the circuit or line element is

R, oL
R = . on (25)
with the skin resistance R, given by
R, = (wu.fp)’ ohm (26)

where f is the frequency in Hz, p the conductor resistivity in ohm-em,
and p, = 47-10" henry per em. The skin resistance in ohms as a
function of frequency is plotted in Fig. 7 with p in ohm-em as a
parameter.

The inductance L and the attenuation e, in neper per unit length of
a microstrip which supports a transverse electromagnetic mode are
given by

L = (e.n)iZ, (27)
R
W = oy (28)

From equations (25), (27), and (28) one obtains

e\ R, 97,
@ = (#) 27, on (29)
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for silver, 2.3 wohm-em for gold, and 2.8 wohm-cm for aluminum.

The geometrical conductor parameters of the microstrip are width w,
height % and thickness t. Let us assume first that the skin resistance
of the ground plane is different from the skin resistance of the strip,
for example, the two conductor materials are not the same. The at-
tenuation &, owing to the ground plane with a skin resistance Ry is
obtained by receding the metal surface by &n = 8h

€ ! R-I aZo
o = (:) 27, oh (30)

The strip attenuation «» with a skin resistance R, is obtained by re-
duecing the strip dimensions by 28w and 28t as well as increasing the
ground plane spacing by 8k

&\ R.. [az,, aZ, azo]
% = (u) 27 L on  Zow 2% | (1)

The total attenuation «, is

@ =a + as. (32)

If the conductor materials for the ground plane and the strip are
the same we obtain with By; = Ry = R,
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e\ R, (azﬂ 9z, az.,)
o = (;T) Z.\Noh ~ ow  at) (33)

It is useful to write the partial derivatives:

0z, 1 oz,
o + h (w) (34)
a —_—
h
Z, _w dZ,
oh K a(y) (35)
h
0Z, 9%, ow
‘ ol = Tow ot (36)

with dw/dt being the derivative of w with respect to ¢ for constant Z,.
The attenuation e, in dB per unit length is finally

w ow
R oz, Tatar
% = T brin 10 a(‘”) hZ,

(37)

h

The partial derivative dw/dt can be derived from approximate
expressions published by Wheeler, Caulton, Hughes, and Sobol.'*'*®
They define an effective width w,;; = w + Aw by considering two
different microstrips with the same characteristic impedance Z, and
different dimensions given by w, h, { # 0 and w,;;, b, ¢ = 0. The ap-
proximations are

Aw=w,”—w=1—f(1+1ni”’t—) %g% (38)
Aw = W,y — W =;{(l + ln%) %g 21—_” (39)

Additional restrictions for applying equations (38) and (39) are
t << h, t < w/2, and t/Aw < 0.75. Notice also that the ratio Aw/t
obtained from equations (38) or (39) is divergent for ¢ — 0. This does
not present a problem since equations (29) to (37) are only applicable
if the conductor thickness exceeds several skin depths.

Being aware of these limitations, we obtain the partial derivatives
dw/dt by computing dw,.,/d¢t from equations (38) and (39)

1

w
<
h = 2r (40)

dJw

¢

drw
t

1
T
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dw _ 1, 2h  w

at ™ i h =

It is convenient for design purposes to define the normalized at-
tenuation A in dB per ohm as follows

(41)

w Jw
L he 1 az, 't ar 2
=R = 6rlni0 (w) 7 )
&z ¢

A is plotted in Fig. 8 as a function of w/h with dw/dt as a parameter.
The normalized attenuation A based on the assumption of uniform
current, distribution over the width w of the bottom conductor and the
adjacent bottom side of the strip conductor is also shown in Fig. 8 for
comparison. The formula valid for uniform current distribution is

4= In 10 wZ, ohm (43)
One can show that equations (42) and (43) give the same result for
w/h 3> 1 since Z, = 120xh/w and 9Z,/d(w/h) = —1207h*/w’. This is
expected because fringe fields can be neglected for wide strips. One
obtains a lower attenuation from equation (42) for narrow strips be-
cause currents are flowing on the top and bottom side of the strip and
also because of the beneficial effect of wider current distribution in the
ground plane because of fringe fields. For narrow strips the result is
with Z, = 60 In (8h/w -+ w/4h) ohm

8h w h dw
10 (; )(1+ +aa7)

w
—_ —_<
A= . (Z) Rl @
P \60
For wide strips one obtains from equations (17) and (42)
_ Z, 0.44h° | 6 ( ﬁ)a] ( w a_w)
A_7207r21n10[1+ v T\ 7w [T T
w
Z>
For design purposes it is recommended to read R, and A from Figs.
7 and 8 and to obtain «, in dB per unit length from
_R,A (46)

@, = h
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Fig. 8— Normalized conductor attenuation 4 = ah/R,; in dB per ohm

for a standard microstrip with - = 1. The partial derivative dw/d¢ is a function
of the conductor thickness ¢ and given by equations (40) and (41). The con-
ductor attenuation for partial dielectric filling is & = (eers)"* @ as given by
equation (3).

The conductor attenuation for partial dieleetric filling is obtained
from equation (3).

4.5 Measurement of Microstrip Altenuation

Measurements of the microstrip attenuation in the 1 to 6 GHz fre-
quency range have been performed by Caulton, Hughes, Sobol,
Pucel, Massé, and Hartwig.*>*® Good agreement between theory and
experiment has been obtained in Ref. 15 based on the assumption of
uniform current distribution. Good agreement is also obtained in Ref.
16 based on the assumption of the correct nonuniform current distri-
bution. This ean be explained in part because the skin resistance R,
used for the calculations in Ref. 16 is based on the de resistivity of
the copper conductor plus a sizable correction in order to aceount
for surface roughness. This correction increases B, by 13 percent at
1 GHz and 33 percent at 6 GHz. From recent work by L. U. Kibler
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one concludes that this correction may be too large even if one takes
into account the fact that the data obtained by Kibler in Ref. 17 are
based on electroformed oxygen free copper without any additional
treatment for improving the surface finish.

The measurement of attenuation at 30 GHz requires a low loss
transition from waveguide into microstrip. Such a transition has been
developed by W. F. Bodtmann.'® Clear fused and polished quartz
substrates are used for the substrate material in order to obtain a low
effective dielectric constant. Evaporated and photoetched nichrome-
gold layers with a thickness of 2 ym are used for the conductor ma-
terials on both substrate surfaces. Table ITI summarizes the proper-
ties of the microstrip.

Table IV gives the attenuation measured for a 3-inch long micro-
strip line by means of a transmission measurement with two-wave-
guide to microstrip transition at both ends of the microstrip. The
theoretical loss based on the assumption of uniform current distribu-
tion and the theoretically computed current distribution is given in
Table V.

The agreement between measured and calculated data does not
necessarily support the uniform current theory. It indicates as ex-
pected that the radio frequency film resistivity p at 30 GHz is higher
than the de resistance of Table V. The de resistivity is calculated
from a measurement of the composite nichrome-gold resistance and a
thickness measurement with a Tolansky interferometer.

The attenuation « per guide wavelength is 0.0609 dB. A value from
0.060 to 0.068 dB has been measured in the 26.5 to 30.5 GHz frequency
range. The unloaded @ is given by

_Br L _ 273y, (47)

Tarre 11T — Microstrir DaTa

Type of microstrip standard of Fig. 1a
Substrate material* clear fused quartz
Substrate thickness & 0.030 inch

Conductor width w 0.030 inch

Conductor thickness ¢ 2 pm Nichrone-gold
Metal deposition evaporated

Thickness of Nichrome base layer 100 to 150 A

Line fabrication photoetching
Conductor resistivity p = 3.0-107% Ohm-cm

* 99.8 percent SiO;, Amersil Inc., Hillside, New Jersey.
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TaBLE IV—MEasureEDp MicrosTrIP Loss AT 30 GHz

Measured total loss of waveguide to microstrip transitions and

3-inch long microstrip at 30 GHz 0.88 dB
Measured insertion loss for both transitions

(two transitions back to back) 0.10dB
Attenuation for line length I = 3 inches 0.78 dB

This is believed to be the highest @ obtained for a microstrip in this
frequency range.

V. MODE PROPAGATION IN MICROSTRIPS

Miecrostrip transmission lines which are fully shielded and com-
pletely filled with dielectric material can propagate transverse elec-
tromagnetic, transverse electrie, and transverse magnetic modes. Par-
tially filled and fully shielded lines cannot support these modes
because the boundary conditions at the interface between air and di-
electric cannot be rigorously fulfilled. Zysman and Varon have shown
that a hybrid mode can be found which satisfies all boundary condi-
tions and which can be decomposed into sums of transverse electric
and transverse magnetic space harmonics.?®* From their results one
concludes that the hybrid mode propagates at all frequencies and that
it approaches the transverse electromagnetic mode at low frequencies
or for sufficiently small line dimensions,

The problem of hybrid mode propagation has also been treated by
Pregla, Schlosser, Hartwig, Massé, and Pucel.?** One concludes from
the results that the frequency dependent behavior or the dispersion
of the propagation constant and the effective dielectric constant is

TaBLeE V—THEORETICAL MIcrosTRIP Loss AT 30 GHz

Square root of effective dielectric constant for

e = 3.78 and w/h = 1, equation (23) (eerr)? = 1.68
Conductor skin resistance for f = 30 GHz

and p = 3.0 X 10~% ohm-cm, Fig. 7 R, = 0.060 ohm
Normalized attenuation, uniform current

distribution, w/h = 1, Fig. 8 A = 0.0685 dB per ohm
Normalized attenuation, nonuniform current

distribution, dw/at = 2.1, Fig. 8 A = 0.0420 dB per ohm

Attenuation, line length I = 3", (et R,Al/h,

uniform eurrent 0.690 dB
Attenuation, line length I = 3"
Nonuniform current distribution 0.423 dB
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particularly pronounced for lines with substrates which have a high
dielectric constant, such as alumina with ¢, = 9.6 and rutile with ¢ =
104. It is also shown that the frequency of operation has to be lower
than the cutoff frequency f, of the lowest order transverse electric

surface wave which is given by

75

fc - h(E,— _ 1); GHZ (48)
where & is the substrate thickness in millimeter.?* The cutoff frequency
obtained for the line of Table III with 2 = 0.75 mm and ¢, = 3.78 is f,
= 60 GHz. For high density alumina with . = 9.6 the cutoff is con-
siderably lower with f, = 34 GHz.

VI. CONCLUSIONS

The electrical properties of microstrips can be derived from the
characteristic impedance of the air line and the effective dielectric
constant if the propagating mode can be approximated by a transverse
electromagnetic mode. Substrates with a low dielectric constant are
useful for cireuit applications because dispersion of the line parameters
is less pronounced. Structures with an air gap are recommended if
circuit losses have to be minimized. Complete shielding is essential
for most applications in order to reduce radiation loss and to reduce
the coupling between different circuits.
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APPENDIX

Computing Microstrip Impedance with Theta Functions

The following example gives the numerical procedure for comput-
ing the characteristic impedance of a microstrip. It is convenient to
calculate w/h and Z, as a function of the modulus m of the complete
elliptic integrals K, K’, and E. We assume m = 0.86 for this example
and use equations (8), (9), and (10)

(i) m = 0.86 modulus of complete elliptic integrals
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(77) K = 2.42093
K’ = 1.63058 From tables, Ref. 22.
E = 1.13600 "
« = K'/K = 0.673532.
(#77) Characteristic impedance from equation (10) with (no/e)t =
1207 ohm
K’ -
Z, = 60r K= 126.958 ohm. (49)

(7v) From equation (9) and tables of the Jacobian elliptic functions
we obtain®®

dn’2Ke) = % — 0.469240 (50)
E i

2Kt = arcdn (E) = 1.02806 (51)

— 0.212328. (52)

(v) We use the rapidly converging series expansion*

a _ < exp (—nwk) o
T: In d(¢, k) = 4x 21 ~exp (—2nme) 510 (2nm}) (53)

and obtain for the sum S of the first 10 terms S = 0.124095.
(vi) From equation (10) we obtain

w_ 29
h wadr
The result listed in Table I is based on quadratic interpolation from

a table made with closely spaced moduli m.

Ind,(¢, k) = 0.992762. (54)
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