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INTRODUCTION

Microstrip is one of the family of strip transmission lines that
gained prominance in the late 1940's. The first applications of strip-
type transmission media are believed to have occurred during World War II
(Barrett, 1955). After the war, these types of waveguide were thought to
be a breakthrough in transmission of microwave energy when compared to
conventional rectangular or circular waveguide. The advantages noted were
smaller size, easier manufacture, and lower cost. Inspired by these advan-
tages, researchers actively sought to characterize these transmission
systems. Investigation was quite intense from 1945 to about 1955. However,
in the later 1950's and early 1960's interest waned, only to be revived by
the major advances in solid state active devices in the early 1960's. The
availability of small active devices that could be used with strip trans-
mission lines provided the impetus to then consider preoduction designs
using strip lines.

Microstrip is composed of a conducting strip supported above a ground
plane by a dielectric sheet (Fig. 1). Its significant operating parameters
are impedance, attenuation, guide wavelength, and unloaded Q. Expressions
for these, in terms of width w, height h, and relative dielectric constant By
have been derived by analyzing the mode of transmission, which resembles,
to a certain extent, that of a wire above a ground plane.

0f the many configurations of strip transmission systems, microstrip
is one of the most appealing because it enables construction of hybrid UHF
and microwave circuits in which the active devices are attached to the
passive microstrip circuit pattern. Two other alternatives in fabricating

a microwave circuit are use of stripline (Fig. 2) or total integration of
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Fig. 1 Microstrip transmission line cross section.
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Fig. 2 Stripline transmission line cross section,

active and passive components om a siﬁgla semiconductor substrate. Strip-
line is not as attractive as microstrip because of the physical diffi-
culties encountered when trying to include active devices in the sandwich-
like étructure. Total integration is feasible, but not favored because of
questionable economic advantage and performance compromises (Sobol, 1972).
In order to implement a circuit design using microstrip, it is neces-
sary for a designer to acquire familiarity with the equations that char-
acterize it and to know the limitations of these equations. Since there
has been much information published in many journals over the years, the

process of familiarization is quite lengthy. It would be helpful, then,



to have a digest of this material that cuts straight to the best equations.
The objective of this paper is to present design information distilled

from the publications listed under REFERENCES in a form suited to direct
application. It applies this information to the frequently encountered
case of designing a standard 50-ochm transmission line by providing detailed
design curves for microstrip on dielectrics of teflon, G-10 glass-epoxy,
and alumina. For those cases other than the ones cove;ed by the curves,
the Appendix lists computer programs for a completely general design. In
addition to this information, fabrication considerations to assist in the

transition from a paper design to physical realization are also set forth.



CHAPTER 1

CHARACTERISTIC EQUATIONS OF MICROSTRIP

1.0 Methods of Modeling Microstrip

In the years since microstrip was first modeled mathematically, there
has been an improvement in the accuracy of the model with each attempt,
It may seem that an accurate solution could be easily obtained, considering
its simple shape. However, even though the structure of microstrip appears
simple, it is one of the most difficult to represent in a precise, yet
practical, mathematical manner. The difficulty stems from the fact that
the dielectric interface highly complicates the analysis of a field that
would be TEM, 1like a coaxial transmission line, if the dielectric were
infinitely uniform. There exist, then, the two typical approaches to the
analysis. One simplifies the problem by assuming that the field can be
closely approximated as TEM. The other is completely rigorous mathematically
and ignores any simplifying assumptions so that an exact solution to the
field problem is obtained. Disregarding all of the intermediate intricacies,
the major difference between the two techniques lies in the form of the
answer, The equations from the solution by TEM approximation are often in
terms of common slide-rule functions; whereas, the equations resulting from
the rigorous solution are typically in a form which requires numerical
analysis to supply usable values. All investigators who have undertaken
solution of this problem have recognized the complications and consequently
the ones interested in a useful set of design equations have usually employed
the TEM approximation. |

Some of the most widely-known work in modeling microstrip was done by
Assadourian and Rimai in 1952 aﬂd by Wheeler in 1964 and 1965. Between these

years, other researchers also made contributions to the theoretical analysis -



of microstrip or the experimental measurement of its characteristics
(Black and Higgins, 1955; Dukes, 1956; Kostriza, 1955; Arditi, 1953;
Arditi and Elefant, 1955; Zublin, 1955; Bowness, 1956; Wu, 1957). The
importance of the analysis by Assadourian and Rimai is that it was an
attempt to describe microstrip by conventional well known functions.
They assumed a structure with an infinitely uniform dielectric, thus
allowing them to apply the properties and equations of TEM propagation.

They used the equation for characteristic impedance

(we )’
Z = —_— (}-)
C

and the solved for the capacitance by using conformal mapping for the
cases of w/h >> 1 with t = 0, w/h >> 1 with a correction for t > 0, and
w/h << 1 with t = 0. The resulting eguations for the first and last
cases are shown below.

w/h >> 1, t = 0:

(2)




2, = 7 (2] w2 (3)

These expressions are bouuds for the full range of ratios of w to h.
It is claimed by Black and Higgins (1955) that the iméedance equation
for the wide strip approximation is in error by as much as 25%Z. It
can also be shown by a few calculations that the impedance equation
for narrow strips is also inaccurate since it is in disagreement with
Wheeler's (1965) proven results. This comparison may be unfair in
that Wheeler's equation is intended for w/h < 1 and not necessarily
w/h << 1 and that the strips of w/h << 1 are high impedance lines
where the concern is not so much for absolute accuracy but for
exceeding a minimum value. It should also be noted that these lines
may even be impractical to fabricate because of unrealizably narrow
line widths. Since these equations are for the extremes of w/h,
which are not extensively used in practice, and since they are also
not as accurate as others, they will be dismissed. Nevertheless,
they are still important as examples of the initial attempts to
bring the descriptive expressions for microstrip to the realm of
commen functions.

Wheeler's analyses in 1964 and 1965 were express attempts to
derive a ''very close approximation in terms of ordinary functions
(exponential and hyperbolic) rather than the exact solution in

terms of difficult functions (elliptic)" (Wheeler, 1964:280) for



parallel wide strips of zero thickness. He assumed TEM propagation and,
using careful approximatioms, he applied conformal mapping to solving the
problem for both wide (a/b > 1) and narrow (a/b < 1) parallel strips with
an infinite uniform dielectric (Fig. 3a) and with a dielectric interface

(Fig. 3b). 1In his 1964 work he transformed one quadrant of the parallel

Z2a Za

- .

(a) (b)
Fig. 3 (a) Parallel-strip transmission line with uniform
dielectric (Wheeler, 1964). (b) Parallel-strip

transmission line with mixed dielectric (Wheeler,
1965).

strip structure into the shape of a parallel-plate capacitor (Fig. 4)
which included both the flux lines terminating on the inner face and
those terminating on the outer face of the conductor strip. In his

1965 paper he expanded on this analysis by mapping parallel strips
separated by a dielectric sheet into a capacitor with a compound
dielectric composed of air and the dielectric material (Fig. 5). The
capacitance of this system is between that of one with an air dielectric
and one with arsolid dielectric and it is expressed as a function of an
"effective" relative dielectric constant. The effective dielectric is

a weighted mean of the two dielectric constants and depends on the
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amount of fringe field enclosed in the dielectric sheet, which in turn

depends on w, h, and ¢ In addition to solving the problem for strips

-
of zero thickness, he also derived a correction for finite thickness.
The effect of finite thickness is to increase the capacitance of the
line; therefore, the correction reduces the capacitance by shrinking the
width of the conductoer an.amount Aw. While this derivation was not
precisely for microstrip, it can readily be applied to microstrip by a
simple substitution of variables, as will be shown later. Wheeler
estimated that his equations are accurate to 1% of the desired impedance
value and others (Caulton, et al, 1966; Rosenkranz, 1972) experimentally
verified his results. Thus he had found a simple accurate description
of the strip transmission structure.

After Wheeler's work, Yamashita and Mittra, Stinehelfer, Kaupp, and
Schneider produced analyses of microstrip as a TEM waveguide. Yamashita
and Mittra (1968) corroborated Wheeler's theory and Stinehelfer (1968)
showed the effect of enclosing microstrip in a box, but their treatments
required numerical analysis and therefore were not as convenient as
Wheeler's. Kaupp and Schneider, though, dealt with the problem of
trying to provide useful expressions for engineering applications.

Kaupp (1967) was apparently not aware of Wheeler's derivations
nor some of the other previous papers on microstrip because he employed
both empirical and theoretical information in a manner that appears to be
independent and original. He formulated an expression for effective
dielectric constant by using the ratio of measured propagation delay of
microstrip to that of transmission in free space. This expression

depends only on €, and not on the gecmetrical parameters w and h. However,
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he did acknowledge that w and h influenced the effective dielectric
constant. He then used the equation for a wire above a ground plane
and modified it with a conversion to change the shape of the wire to
a rectangular cross section in order to find an expression for
impedance of a microstrip line with uniform dielectric. Into this
formula he substituted the relation for effective dielectric comnstant
to obtain an equation for microstrip impedance in terms of w, h, t,
and e, for very narrow strip widths. Even though his equation was
derived for lines with w/h << 1, it predicted within 5% the impedance
of his experimental lines with w/h up to 2.

Schneider (1969) pursued a path somewhat like Wheeler's to
derive his equations for microstrip. He used a conformal mapping of
the microstrip structure--as opposed to the parallel-strip structure--—
with a uniform dielectric and t = 0 (Fig. 6). Although he outlined a
completely rigorous solution for impedance, he closely approximated

the results by using truncated semi-infinite series in order to obtain

Z PLANE Z1 PLANE

IMAGINARY
AXIS

.- T,

w/2  AXIS , *1

P

-w/2 >

Fig. 6 Schneider's conformal mapping of microstrip structure.
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expressions useful for engineering applications. His equations modeled
impedance for the regions w/h < 1 and w/h > 1. From his mapping he also
obtained a practical equation for effective dielectric constant to be

used in determining impedance when €. is not equal to 1. The accuracy

r
of his expressions for impedance was stated as 0.257 and it was well
supported by his experimental measurements, Thus Schneider's work
yielded another method for accurately modeling microstrip.

Wheeler, Kaupp, and Schneider independently approached the problem
of modeling microstrip and showed that it is possible to obtain an
accurate model by approximating the propagation as TEM. Therefore it
is not necessary to resort to a rigorous analysis to characterize
microstrip. Their simplifying assumption of TEM propagation alsco

enabled them to express their results in terms of common functions

that lend themselves well to the process of design.

1.1 Presentation, Comparison, and Verification of Equations

Section 1.0 briefly described four analyses of microstrip aimed at
producing practical expressions for its characteristics in terms of
common functions. The three analyses of Wheeler, Kaupp, and Schneider
appear to be accurate and therefore merit comparison. Their analyses
did not derive expressions for all characteristics of microstrip,
though. Therefore in order to obtain equations for those areas not
covered by them, the works of other investigators will be introduced.
Thus at least two equations will be presented for each characteristic.
With a choice of equations for each electrical parameter of microstrip,

it is necessary to know how well they compare with each other and to



determine which is most accurate on an absolute basis if there 1is a
large discrepancy. The comparisons will be based on experimental, as
well as theoretical evidence, so that the most realistic analysis is
made.,

The equations for microstrip impedance as given by Wheeler,
Kaupp, and Schneider are presented below. Wheeler's equations are

adapted to a form for microstrip by the following substitutions:

1y a=w/2
2) b=nh

3) 7, (parallel strip) = 2Z, (microstrip)

All variables used in the equations are defined in DEFINITIONS OF

SYMBOLS at the beginning of the report.

WHEELER (1965):

w/h<2, £t=20

120( x, - %, )
2 = -~ (%)
¥2( ¢ + 1)
T
where x_ = P.néll + —1{3)2
1 w 32 \h

(e -1)(0.226 +0.12/ )
r r

and x, =
z e+ 1
T

12



w/h>2,t=0

60w
- (5)
( Xq + X, )/;;

0.082( €.~ 1)
where x, = - + 0.441 +
3 2h 2
“r

Er + 1 i
and x, = 25 (ﬁ + 0.94) +1.451 |-

KAUPP (1967):

87 5.98h
Zo = —— fIn _— (6)
Ve, + 1.41 0.8w + t

SCHNEIDER (1969):

w/h<1l, t=0

1
_ gh  _w
ZO = [60Qn = * 4h {] (7)

“r,eff

13
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w/h>1,t=0

1 120m
2o = T/ 44h h |6 =
W42 =20 g (1—~)
'/EI,Eff h 4 W w

where e, o¢f is given by (12).

Figures 7 and 8 show plots of Wheeler's, Schneider's, and Kaupp's
equations for €, = 1. There is an amazingly close agreement between
Wheeler's and Schneider's equations; whereas, Kaupp's equation is low
by a nearly constant vélue up to w/h = 1.5. To examine more closely
the agreement between Wheeler's and Schneider's equations, the per
cent difference between them is plotted in Fig. 9. The maximum
difference is 0.5%, less than the 1% tolerance on Wheeler's equations
alone. However, for values of dielectric constant greater than 1,
the per cent difference is larger at all values of w/h. The narrow
strip equations of Wheeler and Schneider differ by 0.4% at w/h = .1
to 3.0% at w/h = 1.85 for dielectric constant values of 2.1, 4.8, and
9.8 and the wide strip equations differ by no more than 0.4% at w/h =
10 and less than 1.1% at w/h = 1.85 for the same range of dielectric
constants. While the characteristic impedance by Kaupp's equation
with €, = 1 is lower than that of Wheeler's narrow strip equation, it
approaches and then exceeds the values predicted by Wheeler's equation
as er varies from 1 through 9.8. In contrast, if the per cent difference
between Wheeler's and Schneider's curves is examined at a given value of

w/h as a function of ¢ it is virtually constant. The results of

r)
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Wheeler's and Schneider's equations differ, but still track as e; varies.
Even though Wheeler's and Schneider's equations do not agree as closely

> 1 as they do for e_ = 1, their agreement with

for values of ¢ -

r

respect to £, is more consistent than the agreement of Kaupp's and

T
Wheeler's equations is with respect to e,.

The accuracy of equ;tions (4) through (8) has been stated by the
authors or implied by measurement, in the case of Kaupp. Wheeler
estimated that his equations yielded values of Z,  with an error less
than 17 of the desired Z, and Schneider stated that his equations were
accurate to 0.25% for w/h < 10. Of course, these accuracies are valid
only in the proper regions on applicability for the equations. It is
reasonable to believe these accuracies because of the virtual identity
of the expressions over the range illustrated in Figures 7 and 8.
Kaupp, in contrast, did not venture to estimate the accuracy of his
equation; however, he did implicitly state by measurement that the
error was less than 5% for w/h < 1.5 and e = 4.8. When compared to
Wheeler's or Schneider's equations for €, = 1 and w/h between 0.1 and
1, Kaupp's equation differs by 8% to 11%, but for e_ = 4.8, it differs
by a maximum of 1.5%. Kaupp's curve crosses Wheeler's narrow strip
curve near the value of €, = 4.8. Thus, assuming that Wheeler's
equation is absoclutely accurate, the experimentally determined 5%
accuracy of Kaupp's expression correlates with the 1.5% deviation from
Wheeler's equation when contributions of experimental uncertainties
are considered. This is not necessarily a true indication of the

accuracy of Kaupp's equation, though, because the experimental

verification was conducted on the dielectric that happens to give the



closest agreement of calculated values with Wheeler's equation. If
Wheeler's equation is accurate, then the experimental values could
disagree from Kaupp's equation by 117Z.

It is necessary now to support Wheeler's and Schneider's
theories by experimental evidence to determine that they are indeed
as accurate as claimed. In 1966 Caulton, Hughes, and Sobol constructe
transmission lines of various values according to Wheeler's equations
and attempted to measure the impedances in S band. The results were
relatively close to theory (+4% to -10%), but were somewhat incon-
clusive because of the *2.5 ohm (*5%) uncertainty of the measurement
technique. 1In 1972 Rosenkranz performed similar measurements on a
50-ohm transmission line designed by Wheeler's equations. His
measurements in S band showed that the fabricated lines were within
4% of 50 ohms. The accuracy of both the measurement techniques and
the fabrication processes for these experiments is not high enough
to unquestionably prove Wheeler's equations. A technique with an
uncertainty much less than 27 is needed.

Schneider verified his equations in a very careful manner by
constructing oversized microstrip lines to eliminate concern with
dimensional tolerances and also by completely enclosing the conductor
strip with polyfoam (Er = 1.032) to obtain a uniform dielectric. His
measurements were made by time domain reflectometry on lines of
several different thicknesses and the results for the various
thicknesses were used to extrapolate the impedance of a line with

zero thickness. The difference between the extrapolated value and the

19
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impedance predicted by his equations was less than 0.4%. Since his
equations and Wheeler's agree so closely theoretically, the experimental
verification of his equations will be assumed to be verification of
Wheeler's also. Therefore the theoretical accuracies stated by

Wheeler and Schneider are wvalid.

Because of the approximations required to obtain accurate
expressions for impedance, the equations for impedance must be defined
separately as a function of the microstrip cross sectional dimensions.
Microstrips with a ratio of w/h less than 1 or 2 are classified as
narrow strips. Those with a ratio of w/h greater than 1 or 2 are
considered wide strips.- The division between narrow and wide strips
is not the same for all of the derivations, as can be seen from the
restrictions on Wheeler's and Schneider's equations. This is under-
standable. However, there seems to be a confusion about the designation
of wide and narrow strips for Wheeler's equations since some papers
(Sobol, 1972; Rosenkranz, 1972) use 1 as the division instead of 2
(Pucel, Masse, and Hartwig, 1968a). By adhering to the substitutions
for Wheeler's variables a and b when evaluating the limits, the break
between narrow and wide strips is w/h = 2. In his 1964 paper Wheeler
stated that the wide strip equation is wvalid for a/b > 0.9 (w/h > 1.8).
It appears that the value of w/h = 1.8 may be a more precise division
between narrow and wide strips even though straight substitution into
the bound a/b = 1 leads to w/h = 2. The division at w/h = 1.8 is
supported by the graphical comparison in Fig. 9 which shows a
transition region between w/h = 1.5 and 2. It is known that w/h = 1

is the division between narrow strips and wide strips for Schneider's
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equations. Thus it should be possible to use his wide strip equation
as a reference to determine that the division between narrow and wide
strips is indeed near w/h = 2 instead of 1 for Wheeler's equations.
Schneider's narrow strip and wide strip equations are exactly equal at
a point between w/h = 0.95 and w/h = 1.0 and it is assumed that the
wide strip equation is accurate to 0.25% above w/h = 1. When his
wide strip equation and Wheeler's narrow strip equation are compared at
1, the percentage difference is 0.33%. Therefore the upswing of the
per cent difference between the wide strip equations below w/h = 1.5 is
caused by the inaccuracy of Wheeler's equation in the range below which
it was defined, namely w/h > 2. A similar comparison of the curves
above w/h > 2 shows that the narrow strip equation of Wheeler differs
by more than 2% from either of the wide strip equations. It is
evident from direct substitution for the bound a/b = 1 that the
restrictions on Wheeler's equations should be w/h < 2 and w/h > 2 and
it is apparent from the graphs that a more precise division may be
w/h < 1.8 and w/h > 1.8, Nevertheless, the division between Wheeler's
narrow strip equation and wide strip equation should not be w/h = 1.
Equations (4) through (8) are analysis equations which can be
used for design, but are not as direct as synthesis equations. Wheeler

derived two equations specifically for determining w/h in terms of Z,

and €p.



Narrow strips:

8

=g £

exp ( h' ) - 2exp ( -h' )

Z V(e +1)/2
where h' = 2 E + x
60

1

and Zo must satisfy the restriction

Wide strips:

60m2
where Xg = -1
Zosr
120n2
X = -1
Zosr
X, = fn ( X ) + 0.293 - 0.517/5r

(9)

(10)
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and where ZO satisfies the restriction

Z <

30n
(8]
o

When these equations are used within their ranges of definition they are

estimated to yield Z, within 1% of the specified Z,.

Since microstrip is composed of a compound dielectric, it is
necessary to obtain a value for the effective dielectric constant,

€r aff> to be used in computations that normally require a value of e.
t]

Wheeler, Kaupp, and Schneider each derived an expression for er eff-.

WHEELER (1965):

fregg = Ltale = 1) (11)

where q is the filling fraction.

SCHNEIDER (1969):

-1 whs
T r 10h
€r,eff ~ ; + ) [l Lk J (12)
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KAUPP (1967):

€r,eff = O.ﬁ?SEr + 0.567 (13)

Wheeler's equation incorporates the variable, q, the effective filling
fraction. It is the fraction of the area in his parallel plate capacitor
that is filled with the material of dielectric constant Epe The filling
fraction must be evaluated separately for w/h < 2 and w/h > 2. For

w/h < 2 the calculation of q is lengthy but straightforward; however, for

w/h

| v

2, evaluation is tedious without numerical techniques on a computer.
When computer accuracy is not required, a graph of gq published by Presser
(1968) can be used for slide rule calculations of €r,eff"

Schneiders equation is valid for all values of w/h and is very con-
venient when an isolated manual calculation is needed. He states its
maximum error is 27, iwmplying a 1% error for /E;:;;;T This equation (12)
was evaluated and compared to values from Wheeler's equation (11) using
values of q from Presser's curve. The agreement was within 27 for w/h
between .l and 10 with e, = 2.1 and 9.8.

Kaupp's expression is empirical and does not consider the influence

of w and h. For e. = 2.1 his equation agrees with Schneider's equation

r
only at w/h = 0.5, but for higher values of £, such as 4.8 or 9.8, it is
lower than Schneider's by 4.5% to 37% depending on the value of w/h and
Eps

Caulton, Hughes, and Sobol (1966) indirectly measured €r,eff by

performing measurements of Ag on polyguide (ep = 2.32) and sapphire

(e, = 9.35 and 9.9) and comparing them to the values predicted by using
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Wheeler's Cr,eff* Their results bracketed Wheeler's theoretical values
and their conclusion was that "theory predicts measured wavelength
reasonably well”™ (Caulton, Hughes, and Sobol, 1967). Since their
measurements uphold Wheeler's theory and since Schneider's equation
agrees well with Wheeler's, it is reasonable to assume that either
Wheeler's or Schneider's equation could be used to find Er,eff" From
the standpoint of convenience, Schneider's equation is preferred over
Wheeler's.

After an expression for e, off is known, calculation of guide wave-
length, lg, is a simple matter when employing the TEM approximation. It

is

A o= (14)

where A, is the free space wavelength.
0f all the characteristics that were modeled mathematically, atten-
uation is the most elusive. ©Not only is it difficult to describe by
equation, it is also hard to measure accurately and repeatably under
experimental conditions. It is no wonder then that theorists would
develop equations that differ more than those for other characteristics.
In general the total attenuation is the sum of the contributions

from conductor losses and dielectric losses and is approximately equal



to a, since a, is usually much greater than Og-

a= a *+a, =a (15)

The various equations for attenuation are listed below.

CAULTON, HUGHES, AND SOBOL (1966):

1
w u ’igu .
Otd = E‘(E') g, E dB/m (16)
vyofp 1 1
Bl ™= + dB/m (17)
2Z w | ¥Yo o
o} cl c2

where T and o.p are the conductivities of the conductor strip and

ground plane respectively.

PUCEL, MASSE, AND HARTWIG (1968):

qe_ tan ¢
a, = 27.3 . dB/cm (18)

€r,eff Ag

where q is Wheeler's filling fraction.
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w/h < 1/2n

‘ R
9480 Ry anden

¢ 27Z h
(8]

where RS = Vmu(henry/cm) f (Hz) p (ohm-cm)

W
and vy = 1 - eff
4h
h h b t
and Yy = 1+ + in + -
Yeff Yeff ¢ v
1/2n < w/h < 2
8§.68 R y,y
1
a, = it ok dB/cm
anoh

eff

(19)

(20)
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w/h > 2
8.68 R y. vy
ac = __—SB_A dBlcm
2
Zohy5
Weff Varg/Th
where Yy = +
h Veff
+ 0.94
2h
Weaff 2 ¥
and y_ = + — &n{ 2me i + 0.94
3 h - 2h
SCHNEIDER (1969):
w/h < 1/2n
10 Rsy6y7
a, = dB/unit length
Z
th &n (10) Z, exp =2
60
where Yo = §% = ZE

(21)

(22)

28
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1/2m < w/h < 1

10 Rgygyg
a, = dB/unit length (23)
Z
7h 2n(10) Zoexp ot
60
where ¥g = 1+ % + ;% Zn g%
w/h > 1
ZoRsYgY10
a, = B dB/unit length (24)

72072h £n(10)

0.44h2 6h?
where yq = 1+ + 1 - =

|7
. J
o

and Yi0 = 1 +

There are some general variations of attenuation with respect to h, Eps

and t that may not be readily evident from the more complex equations.

For a given impedance, . is inversely proportional to h and t and is

c
directly proportional to ¢,.. The relation for t seems normal, but it

may not be apparent why the thickness of the dielectric should affect

conductor losses. According to the equation for Zys @ particular w/h
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is required for a given ZO. Thus, if h is increased, w also increases,

reducing losses. The dielectric constant also affects the width of the

conductor for a given impedance and h. As e increases, it decreases the

width needed to maintain a constant Z0 for a fixed h. Consequently, as
£, increases, loss increases also.
The values of attenuation from the equations of the three authors

for three w/h values are listed in Table I.

TABLE I

ATTENUATION AS CALCULATED BY VARIOQUS EQUATIONS
2

er = 1.0 h=6.35X10"7 cm
f=10.Ciz _ £ =6.35X 107% cm
p = 2.44 X 10 ohm-cm

Attenuation, dB/cm

w/h = .1 w/h = 1.0 w/h = 10

Z0 = 263 ohms

ZO = 126.5 ohms

20 = 29.2 ohms

Gaulton, et al 1.61 x 107! 3.36 X 1072 | 1.45 x 1072
Pucel, et al 5.38 X 10™2 1.82 X 1072 | 1.16 x 1072
Schneider 6.79 X 1072 2.01 X 1072 | 1.15 x 1072

It can be seen that there is an appreciable spread in these theoretical
predictions. Equation (17) is not claimed to be precise, but those of

Pucel, Masse, and Hartwig and Schneider are rigorous derivations intended
to be close predictions of actual attenuation. Even so, they differ by
26% at w/h = .1. The reason for the variation is that they applied the

thickness correction differently in their derivations.
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Experimental attenuation measurements were made by Pucel, et al.
The measurements were not consistently in close agreement with theory, but
in general they were close enough that they can be said to support theory.
Unsually the experimental values were higher that theory. In their experi-
ments they applied a frequency-dependent correction factor to compensate
for the surface roughness of the alumina and rutile substrates which they
used. Its effect is to increase the calculated attenuation by as much as
100%. This factor does not show up in equations (19), (20), and (21).
If it is needed, it is derived in Morgan's 1949 paper and is plotted in
Sobol's 1972 publication.

There is a subtle understatement in equations (19) through (24).
They are all valid only for €, = 1 as they are presented. If precise
values of attenuation are required for applications with €5 unequal to 1,
the derivation presented by Pucel, Masse, and Hartwig must be repeated
while including €. Schneider provides a more attractive alternative.
His equation for a, can be applied to cases with e_ greater than 1
simply by multiplying (22), (23), or (24) by Er,eff tO obtain the value
of attenuation for the circuit using a dielectric of €

After comparing the results of the three models for attenuation,
it can be said that either Pucel's or Schneider's equations with a
roughness correction will estimate a value within experimental accuracy
of the true attenuation. However, for quick calculations equation (17)
without any further corrections may be about as close with much less
bother. Regardless of how accurate the theoretical equations are,
inaccuracy in the real world of measurements will be the limitation

on predicting attenuatien.
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Attenuation is sometimes not as convenient a parameter as unloaded
Q when designing a microstrip circuit. If unloaded Q is desired, it

can be calculated from the following equations.

SCHNEIDER (1969):

Q = f s _ (25)

where o is approximated by equation (22), (23), or (24) and alg is in dB.

CAULTON, HUGHES, AND SOBOL (1966):

wZo
Q = — Yer,efffGHz0¢ (26)
6

Since Q is a different form of attenuation, it suffers from the same
problems as attenuation when trying to correlate theory and experiment.

Thus only experience can decide which equation medels Q better.

1.2 Limitations of Approximations

It was mentioned previously that the analyses intended to determine

practical design equations assumed the approximation of TEM propagation
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in addition to other approximations within the derivations. Experimental
evidence to this point has shown that the approximations are acceptable,
but what are the limitations of the assumptions?

The assumption of t = 0 is the only significant approximation in
addition to TEM propagation. Thickness of the conductor strip has the
effect of increasing the capacitance of the line, thus decreasing the
impedance. In order to compensate for the effect of thickness, Wheeler

derived two equations that relate nonzero t to a reduction in width Aw.

w/h < 1/2w
Aw = £(1+1n‘”‘—"“) (27)
- r
wih > /27
pe= E{1+ a2 (28)
™ t

He applied the correction in the following equation.

Wopp = W + Aw (29)
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where w is the physical dimension of the microstrip and Wegf is the
dimension used in calculations. For analysis, the value of wyff 1s
substituted for w in (4) and (5). 1In the case of synthesis, the "w"
of (9} and (10) is actually wg¢f and must be reduced by Aw to obtain
the physical width. The Aw correction was derived for the case of €.
= 1 and its direct application to cases with €, greater than 1 is not
recommended by Wheeler. He does not reveal an accurate compensation

for the effect of the higher dielectric constant, but suggests that
multiplication of Aw by lfsr might be reasonable,

The shortcomings of the TEM approximation become evident when dis-
persion becomes significant. According to Troughton (1969) and Getsinger
(1973), dispersion takes effect between roughly 2 and © GHz, depending
on the value of w/h. Dispersion only slightly decreases impedance
(Denlinger, 1971), but causes up to 13% change in €r,eff> OF alternately
Ag, for frequencies up to 12 GHz (Troughton, 1969:Fig. 2). If it is felt
that the precision of a given design above 2 GHz requires compensation
for dispersion, the references by Denlinger (1971), Troughton (1969),
Essayag and Sauve (1972), Zysman and Varon (1969), and Getsinger (1973)
should be consulted. Getsinger's paper is particularly clear and presents
a techmique that enables slide rule calculation of microstrip dispersion.

In the analyses of microstrip that have been covered, the line under
consideration has been automatically assumed to be straight, but this is
unrealistic when considering the physical constraints of a design. When

shapes such as bends, steps in width, or T-junctions are incorporated,

they cause discontinuities. The questions then arise: How large is the
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discontinuity? Is it substantial enocugh to cause the design to miss
specification? Tor many designs the effect of a discontinuity in the
pattern will be masked by other imperfections of the physical circuit.
Therefore compensation for bends, steps, and T's will be neglected.

If there is a necessity to determine the magnitude of a discontinuity,
there are three papers avaiiable by Silvester and Benedek (1972a, 1972b,
1973) and one by James and Tse (1972) that will provide insight into

the computations.

1.3 Summary of Selected Design Equations

In Section 1.1 the various equations for the electrical parameters
of microstrip were compared in order to choose the most accurate, practical
model for each parameter. The following list is a summary of the con-
clusions reached in Section l.1. Each equation is identified by the

number which was assigned to it previously.

IMPEDANCE ANALYSIS (WHEELER, 1965):

Narrow strips: w/h <2, t =20
Accuracy: < 1%

) 120¢( Xy = Xy )
fo = V2 e+ 1) e
{ B + 1)
8h 1 fuy’
h = oh — ¥
where xl in v + 32 (h)

(e_ - 1)(0.226 + 0.12/e_ )

and Xy =

B + 1



Wide strips: w/h > 2, t =0
Accuracy: < 1%

60w
z, = = (5)
( | + x4 ) “r
where x., = — + 0.441 + 0. 082 “r ” L
3 2h ) o 2
r

€ + 1 W

and x, = —— | &n (——- + 0.94) + 1.451

4 2h
2ﬂer

MICROSTRIP SYNTHESIS (WHEELER, 1965):

Narrow Strips: w/h <2, t =0
Accuracy: < 1%

8
= (9)

exp ( h' ) - 2exp ( -h' )

ot
h

' Zo¥( e, +1)/2
where h' = + 3
60

Z0 must satisfy the restriction

2
20 > 60 —_— [1.485 - xl-]
Er + 1
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MICROSTRIP SYNTHESIS (WHEELER,

1965):
Wide strips: w/h > 2, t =0
Accuracy: < 1%
e -1
h w9 m 6 7
me
r
602
where x_ = -1
5 Z_ e
or
12072
x6= , -1
0Er

b4 =

7 tn ( Xg ) +0.293 - 0.517/€r

Z must satisfy the restriction
o

Z <
Q

30m
Ve
T

EFFECTIVE DIELECTRIC CONSTANT (SCHNEIDER, 1969):

For all w/h values
Accuracy: < 2%

e. = 1 -l
_ T r 10h
€r,eff ) ¥ 5 I:l ¥ w] (12)



WAVECUIDE WAVELENGTH:

Accuracy: < 1%

ATTENUATION:

Approximate equation (Caulton, Hughes, and Sobol, 1966):

¥ymfu 1 1
a=a, = + dB/m
2Z wi{ vo Yag
o cl c2

ATTENUATION:

Rigorous calculation (Schneider, 1969):

w/h < 1/2n
10 R _y, v
677
oo o = dBfunit length
Z
Th &in (10) Z,EXP 0
60
where y #h . =
6 w 4h
h _h 41w
and ¥y = I + i t+ o Bm t

(14)

(17)

(22)
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1/2n < w/h < 1

10 R y, .y
O = = 5768 dB/unit length
¢ z
th 2n(l0) Z exp =
e 60
h h 2h
—1 + - —_— —_
where Yg 1 . + — 2 n
w/h > 1
Z R_yoy
@ =a = B i 1 dB/unit length

72072h 2n(10)

0.44h?2 6h? a°
where Yg = 1+ — + — |1 - =

w2 o

and Yi0. ™ 1 + %— + %-En ah

UNLOADED Q:

Approximate equation (Caulton, Hughes, and Sobol, 1966):

wZ
Q= -2/
6

f
r,eff GHzcc

where w and 0c are in MKS units.

(23)

(24)

(26)

39
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Rigorous equation using ac from (22), (23), or (24) (Schneider, 1969):

20m 1

Q= : (25)
Zn(10)  a

where akg is in dB.
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CHAPTER 2

DESIGN OF 50-0HM MICROSTRIP

2.0 Introduction

At UHF and microwave frequencies, the most common transmission line
impedance is 50 ohms. Consequently, this chapter will focus on design
information for a 50-ohm line on the common dielectric materials of
teflon, G-10 epoxy glass, and alumina. The intent is to apply the equa-
tions of Chapter 1 and present the results in an accurate, easily used
manner. Use of a slide rule and the graphs will yield values within

1% of the wvalues obtained by computer.

2.1 Design Procedure

In Wheeler's synthesis equations w/h depends on Zo and er. Since
ZO has been specified as 50 ohms, choosing Er will determine w/h. A
value for w/h is then read directly from Fig. 10 for any value of
Er from 1 to 12. 1In the region from w/h = 1.8 to 2.0, both the narrow
strip equations and wide strip equations are estimated to be accurate
to 1% of the desired impedance (Wheeler, 1965). From the restrictions
on Wheeler's equations, it can be said that below w/h = 1.8 the narrow
strip equation should be used and above w/h = 2.0 the wide strip equation
should be used. Between these values, it appears that an average of the
two is reasonable. The width w determined from the value of w/h read

from Fig. 10 is actually w and may require correction by Aw to

eff

compensate for finite conductor thickness.
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If it is felt that the thickness correcticn is necessary to meet
the accuracy of the design, the value of Aw in mils is read from Fig. 11
for the appropriate value of t. These curves can be made general by
normalizing t and w with respect to h. Caution should be observed
when applying Aw in that use of the full value will overcorrect if
e > l. Tt would be advisable to compensate by multiplying Aw by ller
as suggested by Wheeler (1965).

The value of w obtained from Figures 10 and 11 will enable
fabrication of a 50-ohm microstrip transmission line, subject to material
and manufacturing tolerances, Since every design is subject to tolerances,
Figures 12, 13, 14, and 15 show the wvariations of ZO , VSWR, and return
loss as a function of w. The parameter for the family of curves is a
nominal e + 10%Z. These graphs are tailored specifically to the cases
of microstrip on 1/16-inch teflon, 1/16-inch G-10 glass—epoxy and .025-
inch alumina. Although they are presented as special cases, they can
be generalized to other dielectric thicknesses by normalizing w with
respect to h, as is shown for some values of w.

When a design requires the value of lg, the value of /E;?;;; must
be found. If €. is 2.1, 4.8, or 9.8, it may be read from Fig. 16 for
any value of w/h from .1 to 10. For those cases not on Fig. 16, equation

(12) or the computer program in the Appendix can be used.

2.2 Design Examples

Two examples will be shown to point out the capabilities of the
design graphs. One will use .025-inch alumina as the dielectric and

the other will use 1/16-inch G-10 glass-epoxy. It happens that w/h



43

for glass-epoxy falls at the transition region between narrow and wide
strips, and consequently about 3% error in addition to the accuracy of
the synthesis equation can be incurred if the wrong curve is used.

The design values are summarized in Table II.

TABLE II

DESIGN DATA FOR 50-OHM TRANSMISSION
LINE ON G-10 GLASS-EPOXY AND ALUMINA.

Alumina G-10 Glass-Epoxy G-10 Glass Epoxy
Equation w/h<2 | w/h<2 w/h<2
Used
w/h .978 1.79 1.77
w, mils 24,4 112 110.5

The data of Table II are compared in Table III to the values
calculated by computer using the synthesis equations and to the
values read from Figs 13(b) and 1l4(b), which are a product of
Wheeler's analysis equations. The values of w obtained for the
line on alumina are in excellent agreement, less than 0.5% difference.
Thus the accuracy for design on alumina can be assumed to be essentially
the 1% accuracy of the synthesis equations. It can be seen, however,
that the design on G-10 glass-epoxy does not share such low uncer-
tainty. For the narrow and wide strip formulae, the analysis graphs
differ by 4.6% and the synthesis graphs differ by about 2%. The
values obtained by the synthesis equations are bracketed by those
from the analysis equations. If there is no strong reason for

preferring the wide strip equation over the narrow strip equation,



TABLE III

COMPARISON OF DESIGN DATA BY SYNTHESIS

AND ANALYSIS EQUATIONS

44

By Graphs By Computer
Synfhesis Analysis Equations
Equation Equation (9) or (10)
Alumina, 24.4 24.5
Equation For From Fig. 10(d) From Fig. 15(b) 24,4424
w/h<2
G~-10 Glass-Epoxy 112 114
Equation For From Fig. 10(b) From Fig. 13(b) 112.062
w/h<2
G-10 Glass-Epoxy, 110.5 109
Equation For From Fig. 10(b) From Fig. 14(b) 110.78
w/h<2
or conversely, it seems reasonable to average the values. In this

particular example, though, the value of the narrow equation would be
used since w/h is less than 1.8. The final number obtained for w will
include the 1% inaccuracy of the equations plus an interpolation error
that can range up to about 3%.

What are the consequences of a possible 4% error in the design of
a 50-ohm transmission line on G-10 glass-epoxy? Neglectingrall other
tolerances and the thickness correction, some approximations will be
made in using Figures 13(b) and 13(c) to roughly estimate the effect of this
isolated variation. Assuming that 4% error will result in 4 mils error
in w, it is seen that the best VSWR that can be expected is 1.022 or
the best expected return loss is 39 dB.

These deviations are equivalent

to about * 1 ohm for Z0 = 50 ohms.
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This example has shown that the synthesis graphs provided will
produce results within 1% of computer-calculated values using the
synthesis equation. For values of w/h outside the transition region
from 1.8 to 2.0, the accuracy of the results is essentially the 1%
accuracy of the synthesis equation. However, within the transition,
region, the uncertainty is the 1% equation accuracy plus up to 3%
interpolation error. The effects of tolerances in the design

parameters can be estimated from Figures 12, 13, 14, and 15.

2.3 Designs For Arbitrary Zo and €,

When a design requires values of ZO other than 50 ohms or re-
lative dielectric constants other than those graphed, the graphs
of this chapter are inapplicable. To provide a flexible design
capability, the Appendix lists in BASIC language the general computer
programs used to plot the special cases of Figures 10 to 16. 1If
BASIC is not on an available computer, the programs can be translated

to the appropriate language. They will at least serve as a guideline

for program flow.



w/h

— - 7 r Y T
S'Oj-q—{—;— T S Y U 1 Y bav b o pedts g r-—A—i— O e -.—L-LL--I—.—;-T- TLI-L-
ey e O 1 '77+5L4 fbey o S i R L E S Y Q:tb—a—t FU S k
+ - D s alae S O BE R I IR ot I SR P SE I I T i S N 44—t —p—+ +
.HI ‘_‘¢k+44L_'r4_l I 90 . S N S " 4 pt+p4n._#+$_¢‘,7..4_4rk 4t
L I N i 4 i . i
i SEEE FERTE S TE NS B B SRR

RS R | SEESES GS S DN
O e I e T =
i 3 1 i i
CEFRaad S S-S G 1 S S DS WP
- I R

B L b [ Gy e BRSPSy 5 B -
4 P e - e s

. +F4_IL - S e
._.T*.‘_._i. -

P

CALCULATED BY (10), WHEELER'S
EQUATION FOR w/h>2 (1965)
USING Z, = 50 OHMS. t = 0.

ACCURACY: w/h WILL PRODUCE A SYNTHESTZED
7 WITH A TOLERANCE LESS THAN
12 OF 50 OHMS.

PR e = = ; . |
et Bt sl sl el B -_f.a..—-i»—,—»._._f_;_.., ...--—.—}—--u——-—i!.——. ]
SEAVEATOIE [ WeE,, e s Y L R S S

M| B SO IStiss Ot S .ol 08 SRS

F'I'I'ltfﬁ'Tffllt?IT“

i
Al
T
4+

=}
t
!

!
Tt
.
]
i
|
1

e o o s e

e e N e e e e

r
t

i
i
+ - b — i +
4.1 | RERES CRSnE Bos R ERaSe BSOS Y RIS e o l
bl R s b T NS e [P e ; ]
—— Tt foosd IS RGN, S
¢ - N . — o : -

Fig. 10(a) Microstrip synthesis graph for Z_ = 50 ohms, with
conductor thickness t = 0 and g, from 1.0 to 2.4.



w/h

2.5h

2.4

2.3

2.2

2.0

1.9

1.8
1.7

1.6

1.5

syeisdun:
|i=esaziz.
ﬁii:?f"
ananse

T TR -t

Z, WITH A TOLERANCE LESS THAN

1

2

. 1% OF 50 OHMS BY EQUATTION -

(9) FOR w/h<2.0

. 1% OF 50 OHMS BY EQUATION
(10) FOR w/h>1.8.

RGNS S S

£ O (5 ) S H IBREIESESEFROQNEER] HEZIR WA 8 R 3 - R
B T I I R R Rt s
L - -3 !:4.17 i, bt e f.{, PR B L B S BT
I BB e E et ._+,_._l_ b Ijq + 1.1 B S ‘f"‘ I; b ad
i D RN 5 54515 I P a1 8 QR A TS 1 WO -0 N A R NG 1 S0P 100 W 0 1 I 08 g
i O 0 Y ftrl 4 Fr +PFHAT_H.L B 233 e SE AT Ehaw of *T* f_l:jjq,(
--I+1'+- *-.‘}“ == 1 4 bt 4 fr [ o ke SRR & 8 B r—‘- P I —
! I R S8 L*'f*' “F i To R i o _ﬂ A8 8 1 1 D
1. ; , l""tr — + . -
. 771 ACCURACY: w/h WILL PRODUCE A SYNTHESIZED T;T’ o
15 O

¥ P [
— RUBEINS (6 SHINE |
PR I (0 B L T
t
1

R T‘HA_.

L0 st
e e

b g e e e

et

BN IO (A SO O i

e e e o e e e e
S N e e e R
e , Sk ER R i Ered ko s S o ‘
T '.:ijSr’ kf"ﬁ~::i:::3§;;———-—— CALCULATED BY (9), 1
RS s % WHEELER'S EQUATION FOR ]
5 e “—— w/h< 2 (1965) USING :
T i 7z o= 50 OMMS. t = 0.
- T aanaiy 3
DEEE - SN -
i IO\ =ws
Seitiie it sl ir?§§§§§- i

T1V11

L E

sid

PSS Y

P e e

50 OHMS

-~ CALCULATED BY (10), WHEELER'S
EQUATION FOR w/h>2 (1965)
USING Z,

Lswe i

.

. —

oy

10(b)

0 and ¢

Microstrip synthesis graph for Z
conductor thickness t

r

4
ase b o+ <4
Vb r
P T
. i X
Iped =tk
b s . H
b ,_L,‘,.,‘.
fd o S -

= 50 ohms,

with

from 2.2 to 5.0.

47



w/h

T e I T T e I T -t
iLfmif:tﬁ':tmr!,;ti +‘11fi.-f{,t ot !,i;-ﬁ:::_i
b pbrda e bl e 144 I {—)—rq_;j;Lh,_._._-_‘_._.__

: *fkr*%r+lr**4i1 PrlRr b ey h e + L
i Pttt e s R b4 b p b A i 1
it - ————
1.9 ——=+—1 ACCURACY: w/h WILL PRODUCE A SYNTHESIZED  j—————|
£ o s Z_ WITH A TOLERANCE LESS THAN ——
o 1. 1% OF 50 OHMS BY EQUATION [II:i5i7
BRas ST
5;3:!_ n BB (9) FOR w/h<2.0. bty martbind
/. fuseaass 2. 1% OF S0 OHMS BY EQUATION f=ui:-:
LENE EBEaA (10) FOR w/h>1.8. e

1.

FOR 2

T

CALCULATED BY (9), WHEELER'S
EQUATION FOR w/h<2 (1965)

50 OHMS.

(PREFERRED FOR w/h<l1.8)

bt -

..7‘ i + - -
o) 2 1 B A T e ]
Mg T SRR I P .
. H } 3 dE! . . ] ‘ —_— 4
; = : N i i -
; s S g

\ Ve R =0 (i
: B o RS H : - o S I | i

i A NN : o AT
[ ! ~ SR L I MR
e SUNPETE B \%4_.1_._-# H H i et e e
Lo DR v I s B IR N ]
1.4 2 i \\ . B DERPaEEER

. 4 + -
¥ - : } " ;ﬁﬁm_ S E—\ ; : —t L -—::

| 4 peilell T G U : —
v H + e Pk | 1 5 :
2 —F SN P s
7 1 S __ e S i
_/( 1 B, ., G s 5 i i R
; S 1 P O N ; i I i ;
v & - . T . — ‘

ol ; o i G B PG e e ]

i, P oy 154 S i e :
NS E § SR R N 1 DD
[ A I HIR 3 i ]

— .la.._.,'th;r
e O SEREP e Soay A
Ll S W

— CALCULATED BY (10), WHEELER'S
EQUATION FOR w/h>2 (1965)
USING Z, = 50 OHMS,

N

1.1}

1.0

"“‘r’;"".‘"" ......... & Ve 7+[;l-..‘ ..... . -k
+

SO p— — S 3 b - S —— " v 1w
PP SV SN SN SR O o PO R S —
Faah 3 e 4 e R I S B ST S A S S T I S SRR O

[ S S — e DRI IR R R I IR s -

R B . . [ R P I T T i b - - —
L T I S I Y T T e T T I I Uy e —+-
- . _— ¢ 4=t T I T S T S S S S o o S PR S S
B T T I I Ty .'Ff;‘,k147,+.,'+.4‘++lp,fl. STV TN
SR S A PRI N T I S A §++s.l CEETE B N T S

- i : i s £ S See ;
5.0 5.5 6.0 6.5 7.0

Fig.

10(c)

0 and ¢

r

Microstrip synthesis graph for Z, = 50 ohms, with
conductor thickness t

from 5.0 to 8.5.

48



w/h

1.15

1.10

1.00

0.95

0.90

0.85

0.80

. - r r T +
EREAESERN i }. O I T P S S SRR O O SU S 4—.-+ +r-. PO UE Sy l++4--+¢ [ O e i)
TS I O R T I O SN SN S IR T I N O e L belagell poils el Dol
4 HO I O S 797' boe s ,i.i:[p; PR [ R S a-.;-*-lu—{—l4_,_._+.-¢_.ﬁ_+_4_*._1
+ s + t_t;..;‘J. }Lr—cq‘.;ny s [ P R S RV G S A W O GO AP G O S
R S S . Pl ol } "-—.i§4,|-+ R R R e +-‘-+—+i—}!+——r‘—'—-‘—0—°-‘—
i1l 4 -} n;.i_,.;+ T S SRS R BT SUS AR RIS S B vt b b e da s
deb bt D S e i PU—
._.4_1_;. Y _+.f_L.;....+.,b.;_._+. T S e A S R e AU I
+ I I s_'._-ruk.,f f,;”,u,fp,H_._quL aL.+.._.+._¢u._¢_,._._,.._q_k,+Hu__-._.
it dip g e e I N i

o)
1% OF 50 OHMS.

wfh WILL PRODUCE A SYNTHESIZED
Z WITH A TOLERANCE LESS THAN

—i TR U L) —+ + + ! g
— : R s
HE B R ; ; Vur A SN S
* i—.—A—,, - e e b e b + — + b 4 + — e e
+ . S —— —— e —
4
|
i N ;
i i
t ! 1
+— F——t
o Gl H
— - H

i e A AT A A2
cARNRNNE .4 S

—

e

b

Y

e

CALCULATED BY (9),
EQUATION FOR w/h<2 (1965)
USING Z

50

WHE

OHMS, ¢t

ELER'S

0.

: : ’.1 FSi \ ORIy SN S
) \ ]

L B ; ERB R B I S R S SRR
— il N ! ; o i
; N : : et ]

i i e ik
: s N — ey M

N

N N ; i .
bt 1 =
GE ,_,_,_IA S D RE &1 B 3

i

e R S LI,

PGP D P SIS SRS G § ‘
i __._q‘h‘Aﬁ*-hmﬂﬁ)‘f_*”*ﬁd4~_iH

T

B i S,
Lt—‘fi—ﬁvl-dr-i—l—‘

— by Rl o th

4l¢.._¢.-|-._4.
-

.
bk bt b+
H
+

D e T

N T

RN
FAPDN
Lwvdaidilieg

Fig.

conductor thickness t

10(d) Microstrip synthesis graph for Z

0 and Eiy

from 8.5

50 ohms,

with
12.0

to

49



50

‘3 ‘SSaudTY3 2ITUTF 103 93jesuadwod 0] ‘My ‘U0TIDIII0D YIPpTM dFIISOIDTK

1T 312

(1

YATITHM) T3/1 g QATTJIL

-

INA

0- 1°0
| M . Hr1 10
L reerk
HTH fassagy
RERR: HHH

.1..ﬁl_H.w‘.,lT,o

d L fm

29 QTNOHS M7 1 < e

oy 4 e -

o e R _.A Ceep P I e o

- ol g Pﬂ+%_w.1¢m
f .ﬁwih [4

e

| T

W WW ww&,w%!

_ ¢+ L 1

. TRy
: T e

+

A

—~—t g

-t = ==~
bt e by

-t

s

STTu ‘my



ohms

Z.s
(o]

—— - v T -
B0 i o T L] [ e T | B e e ey
*—LJ'-?—L‘—*—L—L——L&—L-ILLIA|+-l;[—‘] [ R R e i 4__._4,_‘__“_._‘_4[:,__.,.._.1-_
e e S i A ol B S e 4}4', N e L = e ‘_:kr P | R
Lid s mpdbagp i d e I'i--f—f‘t- 0 R U Y S [ (PO () S SO 1 ) G e R
J 4 .7,¢JJ4_¢..+L¢,LL+,F_; -JL_I S SR MLL D T I T L e e e
.+L_-.__;_¢+. e g b i_f_l_tw_gul.i.u' e —t . .t -
e e e e I I B B el E e i e e T T T T B B o e e
o o o T & = =TEN SR S »—L-} bt S A O B e o B el S s
b bbb bpand e e Snwindapd 4 .J#-L; bk e e b s sdvad bl Lo s brtv b e s a e |
b 4 H — -tk P | i L b " i
75 SRR | PO ERNAICH G CHPISH O ) A5 Ll; 44_‘._. NS O S i e b _L._hH_*LT M6 i
e P&—hrl%—{ e o e AE ST S EE PISD RS L—L-Q_%-)-A--.— e i
. B el o S |

B i Hit e S S SP B T B S L 4
.—{-_J—-?——J_——.—d-_o— SR e e ) T DR & k:.-n,_L{-IJA;,LI.:_*-L L L o T T e o e e
e B o Jo IS NGRS S S A .

—

+ S W iy S S PRPENEDASS H DS
1 1 1 i i ! i : !
i T S e S — B R e e S s B S S e S S RSN
ﬁl_‘.‘r,_k._,ﬁﬁ. e .,rn_f_...‘._,_fH—t—l..‘_z.. '..¢_,_..----;—1 B e e S LL.r.. B e e e e
e S e e e e  ETGC I =F S B S I8 S ep ey S S S R R o = S Spe e f 4 bt e
s SN S g I IBnES!

70 5 + , + 1—‘&—-4-1.4,4._‘._. R ST B .4—';: fded SRR EIEL
5 S ‘4_' P SB  i ‘—f-j4-¢—tt1—j—l -;—9-4--—-—:-_ X e - 1 + ]

SN I & SR T MR R AT N (DU o ; FS

e e ——— '_‘_._,r«4_4‘,_.'_.__;_1_.r_. B i I T i EE e e B
b s SR S R L S S S S T S I T SRR e S B S e B I SR

T j e e S o S B +—;—Jf+—i——.—-——-—m:|

e S R R . e

e e e B e e P
O S S .
B .—TJ».LH 4ot e

e e e e
IRNE SO I T A ._,_.1 B R S N
; i ; ; i S

+ PRSI S

- et
e L L T

B AP

fa o ——— —

RSN R

—— e

HINE TR
N (i
ettt e
—

bt

: A N TG ! A r B I T
= i ¢ : 1

40 S S S I R LW S ) i s 3 P 0 RL O N
et s S el TSNP S S B o B ke b mean HENES U S VI S T R D S i Y
= oy P i S : S T eSO S B
R e e T IR SEE S B S0 S T e e e B e e ol o & SRR S PRI
+4+ T e S S o A o D + R = = = R S I
- e o T o ST S S PSS [ SRS R - *I_'H‘_...+ I I =
i e S e - aparti g I R I TP,

»—fka—q-_i_'-—.r_.._..l.._i._-.,.g',.l-t- N t —a L_._E‘-lvt.L. O R
e o U B O U S S S i S S R (A AR TS S IR G T

35

H
B FR T S S 72 R L L
L 'S TR SUUY [ [y GO B SRR A S o SIS S e
IR R IR SN SUIPRTER SUREES SR i ) PR JJTY‘;.' +|.‘4%;‘..
eteba i b e Pas w B at i thet AR IR
e bbb e ndd Feot g e e d by da gy
P NI IR IR B e I I A .4.‘_,‘].4_.-.&’._544.;4.-4La
s by S S R T Laae --,F;T.~,F‘,_‘;4 I
[ s BRI o IR E beoe s [T SE G P I R )
i sbeig ”*’_I b e L o o l-t|1'wl|I»
i i O I - . i i A < H

200 220 240 260  w, mils
2.88 3.20 3.52 3.84 4,16 w/h

Fig. 12(a) Microstrip characteristic impedance versus conductor
width on teflon dielectric, calculated by Wheeler's
wide strip analysis equation.



VSWR

52

1.20

1.18

S r-‘ B
-&._.l_r

it

e N  mae

R SO N IR
S (RS SR S
§ B i €
P G S
[P s tp
JOE S R

0 S O SR W
Y Lo

B S
4 4+ r e

£, =
r

14 * 4 t
b it b s

F4-+ » 4= v+ 1

B L = 5 Fap .

D e T B

B
PRSP WV S U5 0 CTA SN S B SEFES S

L e s
S S
S bt

S e b

— e S UEEPEE S S EES S S
JEVUES S SR PPV P U S ISP AP S S
- — e o P R S T e

T
—r e .

S .

et v aw

B
T T -

i

N T S

. |
s SRR [P T

e e T

e e e
2 e i

LB Sl S |

IDENEINURE NS DU ) S-S + IO & - ’
e - + + . . 1
PRRUREA OGN 108 g8 D WO N G | .- .

[P

it

1s12

1.10

1.08

1.06

1.04

1.02

e

HEENEDEDENE SN
3 B EEREE b e
BoaRRE s B

DGR Y
R Lo o

S DI D B g

1.00

v b= -\
NS B

2.24

Fig.

2.56

12(b)

P T SR QN

VSWR = 1 AT
Z, = 50 OHMS

e
e
o
i
i
i
by
it

180

2.88 3.20

220
3.52

260
4.16

3.84

w, mils
w/h

Microstrip VSWR versus conductor width for teflon

dielectric.



Return Loss, dB

T T ~ —
15 BN E B EREE pngEESEnhion NEREEmnnG . 4.15,17..,__
ﬁL_L_L_;. 74..|«.1’>,.. g T O A Y LL
i > g P L —.-¢-g-L—¢Lt 38 QU SOFEN ST
Il H T o 20 IST O SRR T CHB I B
ik b bl o »._o;aflIA,»'.l;‘-I;,ku
;_.4I_ ‘_I.L.l bpptombapddpig p e bata by
VPR G (R O A A S S LL_[I,.47L+,
T [ BN ARy e
; —t F O +t-:I
1 1 R
‘lj bt b
gk g preisitadat

SRS S Sien I A §
+ k= D S
DA I T A | Y

1 i
- S R oy at

DA

BB
amtd e b —d

e
I

R

S .

| pandsge %

afg

25 N ———

S S

DR N,

RETURN LOSS = o« [1:I!7]

AT Z, = 50 OHMS il
&k I

i " R (SO I 1Y

60 r e

. - R I IR P S o -1‘4—01—"-—;?7&{7 bhodie o

I S0 IR (N A (Y e e ._:‘...‘_u.a_-]. [

fdd i vad i s bow beaide s P wbed e d R

e e e e T B R -a ebed e b e e e

R = b e Frley B - R T I I

| A A ek ey .{.‘ R E e o LR o SR S Sy =

e I IS I SR B .F*Tﬁ}i 1{_.4:44.1

R I I L I IE I ....‘.+o_ql-.--{-l-+a-.+-,-4

65 -v|tr+’rdl baa ﬁ{l—-‘l.. -..,f¢44l—nli..4:--'ul
1 1 ] . H

140 160 180
2.24 2.56 2.88

Fig. 12(c) Microstrip return loss versus conductor width for
teflon dielectric.



chms

Zo,

54

80 T

—-—L+L—.—a—+—- +
JIB N IR SN ENERES b SPi Ry A !
e e e e B it Thand t
Ll b o e J F‘,;.4..A i
75 L .
4 EENENSEPD L S P T R ) i S I R P R e e e
LEEEcy ; e e e N B et S LR TR IR ) S I B ) =
[ gt g L.—l—.-—4-+--.--i-.-.—l-+év-i»-, T SR e e U I R HE 4 '
K e bbb dd g b ,.+_;_?_4_,_.‘_.,_._F1_F'._L4 T R
N T - 44;}#.477F>+F+;+l_k._r4_.4._,44‘ —_—
o O O W 1 O SO + 15 R o R O (SO S
R0 0 U U G U D (5 N IS (M (5 0 SN S (SR

T I o = e e o I e e e o e
bl S ;

}din Bk e oe tn 5 e =
S bt } 4 I ek 4
»—5—*—.—.—*——0—-.—.—-_.._--...—-. —— -+ i
$ = s s=e 4 4 . +- + ~ .
N N
4| . — T s it PO
N H . i ! L4 ;
e — P L ——— — i} B
l"—‘T‘PQ T b _._E_,.I b ‘.
4 . e SN S
: T
pf—-.-u—‘g—,_ Cee e 4 —— ]

i + } 4 4
H s ; B pepd :
. s Rk >
+ e —t — P -—-
! e s ; Loy ;
j -— i 4 I 5 g
60 : e ‘ ot
h H ; N borrt ]
=~ ! N N -,

-
i et
' + ~—
. 3 ]
i1 -
5 e 1=k Jrse
e, = 4.3 A
r -
-
.
4.8 1
€pr = 4. e
: r "
1 -
2 Ly S E B S AR i [ = 5,3
b H B P i} RIS i . ! Er = - e
I A e R _.—._._._,...* bt o e : ! — v
40 ‘ i H H +— . T
R e .._‘_.._._‘_3_.._4.4_._...1_4_..__4_._1.a_..._L.-_._H__._._._,_4_ - | AN ISR
S R S ST 2% —+ 1_.._4,L,L.4.;.. g et e -S—LJ—.-x-q-«o—.-x
B e St I e o e o et B
; I [ e T e e me e B e e e s et ar o B B + P T T
| A . Ljs hl_i-;‘q.»maﬁTH B TR G5 P W O 0 Ol B B e
T S S S5 0 i SIS PO = L by -*—--»—‘]—_»" S R
G e R e D e R IS e ...-+‘-¢4_441¢.1_L§.__ g by
._L,.h.j.—.t_.._.r..‘ e g SR »—Loo:—-'—t- SO PRSI G M | }L ..J,‘..‘.-
g S Ll B R T P esellena] ey 5 & aeea bundiraldl s 1 bee d—im e
35 ' ; byl L — ﬁf .
PSS SN S = = ST AP S SN S A I R R R e
k¢44_‘_.ﬂ.41—.7...4.-.,.- B 4h A e .l-.-,‘i-&l-;;.‘ T R
B e e e B B Il NI 4....ﬁ.+»+1.;.1'1£4.; ' 4“*-«'o-'..
R B et et bas s e . .,4:+,',‘.4t dofpabaeas
L e sl & & PRSI I EE e SR | ,p..f‘f.‘u..‘_.';..I_.q..;. e )
sk it - F RSN AL AR i kins HH G
T T R S I I S I R e ] 47.*’,;,;‘,‘4;;—4-14‘4
e B 4+.4*a=..,+;“,;+¢.' DO A D . ol ++r.+xat+r44{
3047,7.;.;.‘.. ces e d e P RS R B I T gy ey e B IR IR B
K A il ol Ve H 1 d i i i -

130 140 150 w, mils
2 2.08 2,24 2.40 w/h

90 100 110
1.44 1.60 1.76 1.

Fig. 13(a) Microstrip characteristic impedance versus conductor
width for G-10 glass-epoxy dielectric, calculated by
Wheeler's narrow strip analysis equation.



VSWR

55

1.20,

1.181

1.16

A I SN
| UV S5 SENV

AR A D= W i o

1.14

Lyl -

1.10+

1.08

1.06

1.04

e

T

VSWR = 1 AT i

1.02 e
syt o b Z, = 50 OHMS. |
PR S 4
HRTES TrisrrH
i- Bt . I kel e -t
1,00ttt b o TE T
80 9 130 140 w, mils
1.28 1.44 1.60 1.76 1.92 2.08 2.24 w/h
Fig. 13(b) Microstrip VSWR versus conductor width for G-10

glass—-epoxy dielectric.



e

1

.

.
N e T I I ST T
e T T e e
o e e T B e B S B
e - "T"_T b e 4.4.._3_._4_,;,_, ———
R e

I SR
PO
3 b

t

t

Pl i S

SR RN mEEN
RS

g i e
T S,

TEETL

B N S SRR N BN IR |
D e e S B S +

Atk

|

} e T e e e o —_—
g e S T S R
A — i

RIS TN N
f vt .,.,.F&—a—f-—»

R N R
D .
B -
e e b
[ I I |

Ty e i i
it >

g = e

S P R S S EI'

+
R

PP U S S TP

T _?_;44_1_._,
B N ) S A B O I

e T e

=

B

Return Loss, dB

5 R
PEREDERTE SRS IS B ! ‘
L ig B 1 NEEE
2 IRERERRREE R
i
¢+I
RETURN LOSS = w=
—- AT Z_ = 50 OHMS
- fe)
Rt TR e Bt oo o s SUBRL B e |
i i
- I C ey B | T I O T
7 i W St PR O N T i O T I
o Lol P e [ PR SN R IR
b - vhe [ 1 S R “rd r o iad e .
‘ P At . .1._..;._4._..11134;--._1””.1..3
. ey . N | NS () A O QA 00 ST S
i 4+ i S | EE TR 1 IR EPEY SFSPR S5 SRS T r ST NS P Y
e PEF | R SRRTUSN | CE I P S S ) T YR I R
5 b t..“ P B SCIRICIE | SESPEPEN SRR S ;_.‘_L;‘i,,“-.l.
i ) 2 BRI i |

I1
.60 1.76

120 130 140 w, mils
1.92 2.08 2.24  w/h

Microstrip return loss versus conductor width for
G-10 glass-epoxy dielectric.




Z,, ohms

57

T - —~ — - — ~—
LL. BRERE F SR PR TV T v% Vb g T [POessEERRPECEEEaE naeSeRSERE
ESSEe LR EEE st dbegl danansi Ul prsns iousoiacas
e e = = JX B SRR R T B e O L TR .',_...._i..+,.1_‘._..~._._.ﬁa_._.._ﬁ
e i i SRl ol SR SRS SR ~r1».F.-.~»4_.{I...F',<t-L+ -_fl;-;ﬁ‘"yL;.k.»._F,_._.——
L—ti—’—l—dT—bt—il‘-r—th + Irl>-nn‘s4n-»4-+ B & L ...l._..f..g_:]__..s.t._h._1
L1 tk...fLVJL;.} vk ¢|+L....¢_.-_.j_rx,.;.¢k,.. P L) PR | . SR
j;¢—.—L.L.---l—¢<l‘4 bagodda iy by g TL.—a-i—l--—+ -
44—;¢—..-0.Li T T e S S N OB U P S L Y ENPURNR /Y S ) e | [P QP
A——&—‘-—G—‘—Alﬁ- B T S e O T T e o T T S S S S S .y 1} P S -
R S ! I : |t i i ;
S S A GRS O A O [ P S G U (A SPAs e S (S P SN S (-3
e b 4 T o T UGyas DU SR S-S RPN -_._:L__,_, DU S i byt ) ==
& I T SN I P S b-l—r¢—1+L4—L-“~Llyc§--—4:|4~—- " U S S
S S TS SNV (P! EEPN N ORI PO e Abebn b bov g -_ti_a_ P O S Y - S SRS O TRE
— + i T T . R e e o S PRSI SOV SR S S .,k4_r$_I -t PR P S P
TG i T I DR o N i S GRS O B S N I bk =
e i i T DT e e IL T T S S e ~—ft—&—- L b P T S
S S SN S S .-_._,.T._..l...,L‘,._..._._:,_._....._;_,_,_. P SR I S Y
SO0 S PSS URONS ) S0 S (RS S O S G S ..i44 e ek ...»L,‘_u_t,_j.L‘;F._j_‘_.._rH.. SO,
i L } ; ; L
I S S S DN U P T Y S S QI s T 1,' . s ——
e e T T H e b witag B Pl el s

B E = VUl AP

OISR O G S

4—.—4—1'11'-_:-1. +‘—..--I.c4$0

g [ e T

..._.iac—4——1—o P N R

S R T — SUDGy S B SRS

...... - i e SRt B — .
I T o e I e

.,..+a-«-| 4+
4...-.4#,4* -
R
oq—?td—L«a»Q»‘—.di—-J
PO S5 ST 2 B
el e
P 1—-1
" 1

90 100 110 120 130 140 150w, mils
1.44 1.60 1.76 1.92 2.08 2.24 2.40  w/h

1
]
.
1

Fig. 14(a) Microstrip characteristic impedance versus conductor
width for G-10 glass-epoxy dielectric, calculated by
Wheeler's wide strip analysis equation.



VSWR

1.20

-4

ey
S8 S PR I B
H

— - e~ - -
R LL_L-E- «T,ok ¢t1¢ bas ~4¢-T¢h1—-~ s rdab b bad bgampor forop 4o I—lik#-#k$$+-4—
—o—-—v+—| Ly ‘ﬁﬁu—L-l—ﬂ—fr L T S T SO T T = ) Sy T NP S T Tt i S OO BFUA I N SO A S
- , l_.r. e SRR SR =+ P NP 4 el L e R o e e H;}aﬂ‘-._p._*—--
i . i —ptt 4 1 bk e e an e S O e S -“_*Jf'-‘_‘f'

: ! , o T

. 4 : . £ = 5.3 [ R L L & = o e ep e

3 e T ettt ST S

o+ ———

& ;
Jo RS

b - ——p

[UBPRENI

1.18F

t

e T e

1.12

DD S
e

——

R ) SRR

1.10;

R RIS (e

e S { e s ~
yx s T
= o e

7 00
o

I

1
I N
——

1.02

1.00 -

90
1.44

Fig.

VSWR = 1 AT

L

1.60

14(b)

110
1.76

120

1.92

i i
Z, = 50 OHMS =
et
- - T _—’T" 7 T-‘A;‘;,H
| Y M L B
> reebee b T e
S A B e o e e o s R
SRS ESESESHE BB AERER
I 1
+
L Y T e SOy S
P P -.-I-.. SR i }
N 1y ks +._,h_‘.?';_,_;_.;__._

Setet

o T

[

2.08

glass—-epoxy dielectric.

140
2.24

150
2.40

Wy

w/h

Microstrip VSWR versus conductor width for G-10

58

mils



Return Loss, dB

59

S (R R N 7 {44‘..‘;.;.7 ‘r{—|fl—f!fi]*r—itsu—l—-‘n;_—: b 4_.4bt4;4::_‘f4ﬁa444
I_;-i PRNEESE S AR JE TR T h R e ,L--l e = T T T O e S B A =
b o pa by e it lH;, e 'H:—i' . ..J;;.._;i.__r¢44_, T
= o e B e o +41l—0-i§kl— MM T (I ;

Fed e 11+4 1¢fr+.¢,i~}« B S RS B o B T

bborbq 4 b d |+ E—T—*-I S ) e R R

et bbb e bl b b I S Y 1 PR SRS T S S

B i ks + -5-?‘.—44‘*-’rkfi*’r‘:"f**"’*""-“l"‘"

e "v*'»rw}i}- L T E = U SR

; N R A
B TS I R O N G IS

e RIS SOIE I I S
e L e oot S S
O e I .,,‘4_.4,;4'7LF;,

“Y“*"‘L + i P W Y

i BB IR DS PRGN D B S
Ef SEGRESCIREDR Bl EgE
GRS LM SRECER IR DA
S EERAREE DY S

I S e e

e .

111

50

——t
H .
Al

-

" il

e
S5
SR S S

P R PO
. T ey

- AU S
% FErs
b—s i e - -
et mwmm AT Z_ = 50 OHMS (37:!
b e e o i}-pi-l
L T T - . i
I [ B TP - Cdaema s i pdeadarcdd bbb s ados od b
s g sRpnet | EPReTE [REE IR i SRRy 5 'S
3 S e S s I e e . +
YRS E s N e TR R {..4:: . 4
B e e .. R ey . 1.
§ secilysamine IR SR I i N R . i
Lo oo T.H ih.‘.‘ . TS
SR | ST I Soewems 4 P S N -
RS SR RS | A & IR A boa bl ' 3
65 P e S| o W L l.;.;;.;, ; &0 e 5 [
i 1 dad A - e i b

140 150
1.44  1.60 1.76 1.92 2.08 2.24  2.40

90 100 110 120

Fig. 14(c) Microstrip return loss versus conductor width for
G-10 glass-epoxy dielectric.



ZO, chms

'izrl T T T 3 T T TEL T &0 :. I' v
Fad it b b ppd b pd r—lu—ébf~‘4{——r¢'<’-70ll4—l f H k- PO
[ R e R R EE = R R bdd e s ;I_ . e
[ 8 O B S S +1 H‘?FH*I* T [s v RO R i
ESVESEDESS RS SREEE R DEEHBE R s J ‘_;t g H_l ;HL_‘.H_.__._..,_
i ) ,_4,4_1._}_§_+ I ! +_1_+_; $oba ~+- ..1 L O U ?.1 ++ gk L e e
SNSRI bt vt s bt b g t thi' L'-'"""m AR T A ) RY  CH A S ,
abdba de —L—L.L&a‘f bbb bbb T o T B B = = i EREDEEEE
§ s l—ll bboe g v oagd 4ot &—I bbby e LAI‘;. e ba I;44 B L It ADNDEPSRSSE
L—_-’—.—.A_1 B I -4 — 44 3 bk 4 d-eed L_l_A e
75 e Pl e | il s e e
S S S Y -4——&—4—}—¢—L,i—‘¢—-i—+—1—4 [N S S U S O S —.—~—+oiu s " : _._..J
T I ¢,,._;L-¢_-_+_.. P S i . -1
t b4 44
O i 3
bbbt -t e da e o o B o e e P
e B L St e Laddaio FERSR W I S SPENETL ) M PN NS
e --»—44.,>+ 4-,-1—.—; — N + bt B T e T i e
A A A S I i i S SR U IS P PR I G
U }id s ¢—~—,+F R I e e R e B e L L
i + H 4 :
GSbaiiw g ey oy J,a_qﬁ_ i 3 ' _.._a‘_{.-_ ; b e “
e i e i e o e o - - " -
_-;.4++—u—+<-»+é*¢*_+. e by s . ———
4 S T e T e i e |
T H ? S i Tk
-—.—4_1:-—1—; + ,a.-l—i-—w T T o B N - ——
B e R S o B e o o A S Lt
L o e e e . T T T S .
i i G 0 S Sy S o et ) M i s S
B SO B ; N e Sty
-
i
-4
|
: HF-_i
— =
et
—d

. ]

: e
1 47»F1Llli
I

e fa-f»—b—y e

ig ¢_x _4_1..;._4.—._..

A
Iy M

i boaid 3 P R e .
- + DN SO S DR 0 U S B S 4 ; -,_,--_s-¢-+‘kf-;._4‘..f1pk++k.‘- Elr =10-8
o T B I B B e TR SERE SN S IR St snan # -Li
e T o R e I I o I R e O e ,
: i \ T
foiost g dtigin Lo e b 3o b H-1—+hi{-+—l--vA—]»-»l.ft...i-c6¢+7.-d+-*-'—'.-..¢—i—'.;.514«*-—1-
35 . , e
e T T T T T S L o o T S e e I RS B S et e R TR
B e e s L e R e s eI b IR SR S IR
i ‘:.;g‘..‘,i!....‘.,.{l .;.“_ugk,s.n..‘.;qg...u_.a_u‘ ,.H'....
- .;,..;!34L.....¢; """*‘*141' I e L e 1 B S I RS
F T T T S T B A I R Rt R
Chad b raebeegd oy fadeeqd ol -&-.'-‘u‘.qJ-—4—-Llfi—-~t—r—t4»rj;4-‘»-
1!.‘.‘(.. .,.J.}..{.;..'f. .4441;_;_.4_5774.§+¢-.i. .4—;—‘_‘:;4.1—4_4..4 foi oy
T S i A S R LT = = IR B L us S A B
Pooier] 45 bl s N 0 e S DS R 4 DM |
i i b g Lo s h i i .30. i 51 H 14 i 1

W,
) 1.6 w/h

0.8

Fig. 15(a) Microstrip characteristic 1mpedance versus conductor
width for alumina dielectric, calculated by Wheeler's
narrow strip analysis equation.



61

T

e m b
e ]

1

T T T T i

T _h 1

s2aeaaassl LR ALRASRINNG

nTair e T «

SEseansaty FAIR AR ARRE

+.~H.,4,.m # ] n H 4 0

5 1 D t - I

SIbbaatadn AN EROLARASE ] M e

mpaknmnan i vt}

S S I N I

_ u _ [11]

PRl e i SO R Ea R |

o temaganciteR g AR I AT

Piopuie ) j_ i

shpe = P R TR

it T e g

R e 1\ A ¢\m _, H. . 2 .

! A AR R EY SERE!
N 1 I (G G i e i I . N s
T3l i1l s Sk
e b

Pidaliig el it ‘
_.,,b::;r; H ]
O N ‘,lrJ‘“k _ 1 ﬂ... ._...-.“.. mtﬂm."
150 T_a VA,_LT.._.T‘ i
.mQM‘HH_M‘,%“H Ll HHHM_WWU
2 ST TRECT IR AR ERERS ERRES IR RE:
inpsserct i I i Snnn b
S B e T
P f E 1 + + i ot et
p.,f.‘“,.f.&;f_.., Priifrim
N dRans N AR saattsasdRRRIRAQET
" mAR N _:,T AERSawes
ERRRRSSRRRERRRSARARENAE IRR20SS

P

— —1
HRTES
|

4+
T

\
l
b gt

p‘_feikg_.".k#
t

m v H
8 28
i - xr%
.wﬁli. M o ”.TH.
ELTT .JﬁL_. T ¥ D T
11 S o B LS008 Dot
1/!_.u+ _. JM %LJWL WZO “Lhﬂliln
S @ quﬁf el biEn Jow il
! _ , i e
i§ ffwﬂfvbuy*i‘. N
P iR
il
ARLESRRRRERRRRERR
i [ _w [T
S RSERRERRRA R RN
qfwﬁﬂ.@JJM‘mwt £
s I 4 Evae & 0 g o
T T
LU A bt
T T ;f. bt e
Mﬁﬁﬁxt_ :ﬂ f P+rx$w4ﬂiuw+anq.“:“ p S e o
ALt S it e L b v T
L\ﬂf\\_ | ‘“M\Aw\_.nmwwwﬁ I e
(A L HIGIHAR 1 R
BREERARS DM ey
'y L b e b b e
T .ﬁ# ;ﬂ:ﬁwrﬁ*wﬁﬂ S8 oy it
{ 4 H $irop o 4 ke boe L
_ ﬁL _ i iRt bt e ooe =1
29 3 3 2 8 8 8 8 8
i I S B

mils

W,

40

35

20

15

10
0.4

.6 w/h

1

b

1

0.8

0.6

Microstrip VSWR versus conductor width for

15(b)

Fig.

alumina dielectric.



62

idth for

) B Al o e o T B A 7 e - T b T ¥ =
1 ERTRRRRERRRE A RE il IS FERRERRER] REERSTTERE QRS
e = 00 [ e ,.._,._ _h i i * b 1m. bs dpre e 24 mn pmpegr
= SRS RIS RER S RN SRR NN AR P F L pames shiemmey Soon
o 11 _:: ISARARRAS 4:» : R uaRahtde bamachos
4 F“*Ak i 5 H ¢ A L4t Jg AH o B
L R L IR R R AR R R R AR AR D i : Tils Srintle 2
t & W ;mw“_ ,ﬂw ! ; i w. . . 4ﬁ\ﬁ t yRma ) 8« .HMfﬁ. e
—oWw - < - ! ; ) . e e N i
44 gl f:; k;“ . * +4- ; ﬁ L. ] N .;Uﬁ-.% y = 1y b L
F...*.. 4 Jr._..uw F4‘ | . m ' . . i - o .__¢
e 444 i ~.F* N } H . " 4
[t =t H#vv + 4 ATI,_’. - - * ﬁ < N o HM
- 4 4+ . - —
1] ettt _ g 4
M;« NJ 1 ry_. .._+ - . 1t . h L
E | I |
AN i%ﬂt THTT _ 03 , i R
I P B e L. g ; 111 - e
AW e e Nt 111 A‘,: , _ EARk 1B >
e s s La i b 4 . 4
rrtiah : 1 _ Fitrii) H RECE: o
SRy R . " ' L o .“. ol
cAREaidats Rabh i H e
bgd ded dogotispen thea s L1 *+.... _b‘. o -
i . 141 2] 440061} St O HBe
aufaky gty chigioh, : i 13
R e T S i ol 5 a e | ik S 1
i 4.A,F‘,1 1l i _1 .n.lw.:
H S s T:x H _.h_i PR § . .
A R AL et o H R I IR woia | -
EeT panaey: ﬁﬁ%ﬁ. I N -
SemoeRy s e R
gepnamadys EEESEORRE »
e i
b dpd g e b pm s i
L.‘.L..kT b 35 T_ “
B et 4#...,.,.‘.
i iRt
N 0 1. Iodgedodiadt o Lo
DR | R 1 S B
Dbt s Homay oy
Sfdu cEigan 2 ct]
NG e
hw.,,.,..r‘_., sk vives wasew -t )
IRERR IS MASDOSBIOE
*¢% MM_#M.%n4J. i
f RE S eA ] §e i balban
“ | .Hu o e e B o
[ # H:Z S ool e . g
I 1 . —_ O

gl
S

uinjay

50
55
60

5

Microstrip return loss versus conductor w

alumina dielectric.

15(c)

-

Fig



63

*1930oueled v se

13 yarm ‘y/m 3o uoriduny ® se pallold Juelsuod DTAIDATSTP IATIR[SI DATIDATJ2 JO 1001 aiaenbg g1 *I1g

u/n

9°0

G TS T

J3° 13



64

CHAPTER 3

MICROSTRIP FABRICATION CONSIDERATIONS

3.0 Introduction

The design theory discussed in the previous chapters has been an
idealization of the physical world. Since real circuits are non-ideal,
their performance departs from that of the theoretical models. 1In some
cases, the difference between theory and the real world may be small, but
in others there may be a surprisingly large discrepancy. Although theory
usually includes compensation for some physical effects, it is unable to
predict all effects thét will be encountered in fabrication. A designer
must be aware of the phenomena not forecast by theory and adjust it so
that he creates a realizable design and a physical product that agrees
well with his calculations. The guidelines discussed in the following
sections reveal some imperfections in manufacturing processes and
materials that are peculiar to their applications at UHF and microwave
frequencies.

Manufacturing tolerances and imperfect material combine to degrade
the performance of physical circuits below theoretical operation. 1In
general the manufacturing process and materials are not independent.
Choice of one will determine or influence choice of the other. The prop-

erties of each category are listed below.

Manufacturing process variables:
1. Adequate conductor thickness
2. Dimensional tolerances of circult pattern

3. Conductivity
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Material imperfections:
1. Finite conductivity
2. Tolerance of ar value
3. Dielectric losses

4. Non-uniform thickness of dielectric

5. Surface roughness of dielectric

It is assmued for this discussion that tolerances such as thickness of
the dielectric are material variations even though at some point they

were manufacturing tolerances.

3.1 Available Fabrication Processes

When selecting a fabrication process, a designer has three from

which to choose.

1. Printed circuit techniques with copper-clad dielectrics
2. Thin film

3. Thick film

Printed circuit techniques for microstrip will not be developed in

this paper since thin film and thick film processes are more attractive
for fabrication of microstrip for the high UHF range through microwave
frequencies.

The thin film process is a method by which a metal film a few hun-
dred angstroms thick is vapor deposited or sputtered onto a dielectrie
substrate. To increase the thickness of the metalization, the initial
deposition is usually plated up to the desired thickness. Then the

metalized substrate is coated with photoresist, exposed with the con-
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ductor pattern, and developed. Chemical milling is used to remove the
unwanted conductor areas.

The thick film technique uses a conductor paste, or "ink," composed
of a finely powdered metal and a glass frit. The process itself consists
of applying the paste to a substrate through a silk screen pattern, drying
the paste for a few minutes, and firing the printed substrate at 750-950°¢
to form a bond between the glass frit and the substrate.

There are some generally accepted criteria about the suitability of
each of the processes for various operating frequencies or types of
circuits, The upper frequency at which thick film should be used is 4 GHz
(Digionomenico and Foster, 1973), whereas thin film can be used from DC
through 30 GHz. One reason for the applicability of thin film to higher
frequencies is that it is capable of better line definition than thick
film. Line resolution also determines the bandwidth and the type of the
circuits that can be produced by thick film., For circuits with bandwidths
less than 20%, thick or thin film can be applied. However, for bandwidths
between 20% and one octave (67%Z), only thin film is able to produce workable
circuits. Certain types of circuits, such as filters, for instance, require
much closer control of conductor spacing than is realizable with thick film.
Even though the mentioned areas are closed to the thick film technique, there
are many circuits, such as a radar receiver in S-band, a power divider/
combiner, and a high-performance amplifier (Digiondomenico and Foster, 1973),
that are suitable for thick film production. Historically thin film was
better for making microwave circuits than thick film (Keister, 1968), but
the thick film process has been improving (Waugh, et al, 1973). Some cir-

cuits perform equally well when made by either process.
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Nearly all of the shortcomings of physical circuits, when compared to
theory, can be assigned to the physical tolerances or non-ideal electrical
properties of either the conductor or the dielectric substrate. Some of
the differences may stem from manufacturing processes, while others may be

caused by material deficiencies.

3.2 Effects of Characteristics of Conductors

Conductors primarily affect attenuation because of their finite con-
ductivity although their physical tolerances can affect impedance. The
first consideration for conductors when designing microstrip is that the
metal is at least 4 skin aepths thick at the lowest operating frequency
(Keister, 1968). For example, the skin depth of gold is 98 uinch

3 cm) at 10 GHz.

(2.48 x 107 cm) at 1 GHz and 31 pinch (7.86 x 107
Four skin depths then is about 0.4 mil (= 1073 cm) at 1 GHz and about
0.12 mil (3.1 x 10-4 cm) at 10 GHz. Thick film conductors are normally
0.3 to 0.6 mil thick as processed. This thickness is adequate to carry
at least 3 skin depths, 957 of the current, at 1 GHz and more than I0
skin depths at 10 GHz. Thin film conductors, however, must be plated
after the initial metal deposition to achieve the necessary 4 skin-depth
thickness even at high frequencies.

Finite conductivity naturally affects the attenuation or Q of micro-
strip and conductivity is, of course, determined by the metal selected.
The preferred metals are gold, copper, and silver - the choice depending

partly on the fabrication process. The performance of a given metal is

not the same when it is fabricated by thick film and thin film techniques.
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Nor is it necessarily consistent when fabricated by thick film under differ-
ent process conditions. With all of these variations possible, it is
necessary to set forth some data to show their relative importance.

Regardless of which metal is used for thin film fabrication, a
thin layer of chromium must be deposited on the substrate since none of
the metals will bond well directly to alumina, the typical substrate
material. The chromium acts as a glue between alumina and the conductor
since it does form a chemical bond with alumina. 1Its contribution to
attenuation is negligible because the layer is less than 1000 R thick.
Opinions vary about which metal is the best. Schilling in 1968 stated
that chrome-copper caused less attenuation than chrome-gold. His figures
were 0.110 dB/inch for chrome-copper and 0.120 dB/inch for chrome-gold.
Keister, alsoc in 1968, showed that a chrome-gold film with gold plating
produced a circuit with a Q of 251, as compared to a Q of 195 for a chrome-
gold film with copper plating. From this data it seems that either chrome-
copper or chrome-gold should work well for thin film circuits.

When the thick film process is used, the best conductors are either
gold or silver. Keister (1968) measured the Q of a silver thick film
circuit as 151 and the Q of a gold thick film circuit as 138, while
Waugh, et al, (1973) measured Q's of 175 for silver and 179 for gold. It
is possible that Waugh's readings are better than Keister's because of
improvements of the thick film materials in the intervening years. Gold
is preferred over silver by most designers for the same reasons as outlined
by Waugh. It is compatible with wire bonding, has excellent environmental

characteristics, and exhibits about the same loss as silver.
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When the thin film and thick film processes are used to fabricate
microstrip with the same metal, the relative performances can be compared
in terms eof attenuation or Q. Waugh, et al (1973) measured the attenu-
ation of transmission lines produced by both processes. Their data are
listed in Table IV and show that thin film transmission lines consistently

have lower loss than thick film lines.

TABLE IV

PERFORMANCE OF THICK FILM AND
THIN FILM CONDUCTORS
(WAUGH, et al, 1973)

Thin Thick

Film Film

S-Band .25 40

Loss, dB/inch C-Band .37 .52
X-Band 46 .60

These microwave measurements correlate rather well with the DC
resistivities of the metals. For thin film gold the resistivity is
typically near 3 x 10_6 ohm-cm (Schneider, 1969) and for thick film
gold it is about 5 x 10—6 ohm-cm as calculated from manufacturer's
data. Although these values are not necessarily the same resistivities
as those used by Waugh, et al, the square root of their ratio is in the
range of the ratio of the attenuations in Table IV. Thus there is a
correlation befween the DC resistivity and microwave attenuation.

It may be wondered why the thick film conductors are not as con-

ductive as thin film conductors. The answer appears to be that the
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glass frit prevents formation of a conductor with a density equal to
that of pure metal. In addition to lowering the concentration of metal,
the glass tends to contribute its own loss at microwave frequencies
because it has a high dissipation factor.

The conductivity of thick film conductors exhibits another peculi-
arity in that the end product varies widely with the process variables,
This is 0ld information to anyone who is familiar with thick film. Both
Patel (1970) and Corkhill and O'Donnell (1972) observed wvariaticns with
different process conditions. Corkhill and O'Donnell noted that firing
profile affected Q and that the best Q was obtained with the highest
permissible firing temperafure. Variables such as this should not deter
use of thick film, however, since they can be controlled once an opti-~
mum is determined. Thin film apparently does not have similar effects
dependent on the process.

The last conductor effect to be examined is dimensional tolerance.
It has already been said that thin film is capable of better dimensional
control than thick film and that some circuits are realizable only by
thin film because of the better resolution. Assuming that a circuit can
be fabricated by either technique, dimensional tolerance will affect
characteristic impedance and attenuation. Thick film lines can be pro-
duced with less than a * 0.5 mil width tolerance, which corresponds to
50 * 0.5 ohm (VSWR = 1.0l or return loss = 45 dB) by Figure 15. Since
thin film line definition is about an order of magnitude better, it
can be assumed to have no effect on characteristic impedance. The effect
of thick film dimensional tolerance was demeonstrated by Keister (1968)

when he compared the Q's of circuits that were screened and fired only and
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circuits that were screened, fired, and etched. For two of three different
silver inks, he saw no improvement by etching, but for one ink he did

note an improvement from a Q of 93 to 138 by etching. Apparently the Q
was increased because the rough conductor edges were removed. It is
obvious that etching is not an automatic guarantee of lower loss, but it

is possible to reduce the 1655 of some types of pastes by etching. Since
the thin film technique already requires etching, it can not benefit from
use of etching as the thick film process can. The loss of a thin film
circuit would be altered only insignificantly by changing the conductor
width the full amount of the width tolerance, as born out by calculation

with Schneider's attenuation equatiomn.

3.3 Effects of Characteristics of Dielectric Materials

Alumina (A1203) is the most widely used substrate material for the
dielectric of microstrip because it is nearest to ideal. Circuits pro-
duced with it perform better than those on other substrates (Keister, 1968).
It is also a good compromise with respect to other available materials from
the standpoint of considerations such as size reduction and thermal con-

ductivity. Its significant properties are:

Purity

Dielectric constant
Dissipation factor
Surface smoothness

Thickness

Purity is a dominant characteristic in that the dielectric constant, dis-
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sipation factor, and smoothness are linked to it. It also influences the
repeatability of manufactured circuits. A brief discussion of the pro-
perties and their normal range of values will be given before proceeding
with their effects on microstrip.

Alumina purity is the per cent by weight of the material that is

actually AIZO The other constituents are inherent impurities in its

3"
manufacture or are introduced impurities to enable improvement of other
specifications such as smoothness. Usually these impurities are categori-
cally called the "glassy phase" since some of them form glasses during the
sintering operation. The most popular values of purity are 967 and 99.57%
The dielectric comnstant, er, is related to the density, or grain
size, (Bosnell, 1971) and the grain orientation (van Heuven and Vlek,
1972) of the alumina. Generally the dielectric constant is higher for
higher purity substrates since the grain size is smaller. Typical
values of ¢ range from 8.8 (Reference Data For Radio Engineers) to

T
10.15 (Bosnell, 1971).

The dissipation factor, or loss tangent is defined as

cIl

tan & =

SI

where € = €' + j ¢". It describes the loss of the substrate. For alumina

the losses are caused by its impurities. Ideally the dissipation factor
should be zero, but it is typically .0001 to .0006 in reality.

Surface smoothness is a function of grain size, or purity, of as-fired
substrates. Thoée with higher purity have smoother surfaces., Grinding

and polishing can be used to improve surface smoothness, with the
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ultimate smoothness being better for higher purity substrates. Sub-
strates can be purchased with surface finishes from 2 microinch to 40
microinch RMS.

The thickness of alumina substrates ranges from 0.020 to 0.050 inch,
with common thicknesses being 0.025 inch and 0.040 inch. The tolerance on
this dimension is given as iloz by one manufacturer.

When selecting substrates for thin film and thick film fabrication,
99.5% purity is preferred over 967% because it is the smoother and because
it provides the most repeatable results. It does cause some difficulties
with thick film circuits, though, by reducing the conductor adhesion.
Thick film conductors depend on the glassy phase of the substrate to bond
with the glass frit in the conductor, as well as a certain amount of
mechanical bonding resulting from the substrate roughness. Since 99.5%
pure alumina contains less glass and is smoother than 967 alumina, the
conductor adhesion is reduced. In the case of thin film circuits, the
smoothness is required for the process and adhesion is not impaired be-
cause the bonding mechanism is chemical.

According to Schilling and Lehrfeld (1969) and Bosnell (1971), the
repeatability of 99.5% alumina is superior to that of 967 alumina.
Schilling and Lehrfeld noted that the dielectric constant, dissipation
factor, surface finish, and grain structure of 96% alumina were inconsis-
tent from lot to lot; whereas the properties of 99.5% alumina were
constant from one batch to the next. Not only is 99.5% alumina more
consistent as a product, it is also more constant after undergoing thick

film processing conditions. Bosnell found that the dielectric constant
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of 96% alumina decreased by as much as 20% after cycling it through a belt
furnace with a peak temperature of 900°C. He also found that the dis-
sipation factor increased by a factor of at least 2. In contrast, he
observed that 99.5% alumina remained virtually unchanged when subjected
to the same process. The impact of these two investigations is that
thick film circuits fabricated on 99.5% alumina will have a narrower
distribution than those on 96% alumina for two reasons: 1) better
product consistency of the 99.5% alumina and 2) better stability of the
99.5% alumina under process conditions. Since thin film circuits require
a smoother surface than that of the 96% alumina, they are immune to the
repeatability problems with 96% alumina because it can not be used.

It is evident that thick film circuit fabrication is caught in a
conflict between adhesion and repeatability. Consequently a compromise
is necessitated if it is to be used for production of a circuit.

Now that the deficiencies and wvariations of alumina have been pre-
sented, it is necessary to examine their effect on the performance of
microstrip. Yot one of the electrical parameters of microstrip escapes
change when the properties of alumina vary. Impedance, lg, and
attenuation all depend on the choice of purity or the tolerances of a
particular purity. Since the dielectric constant and thickness
determine the impedance, any changes in them from one substrate to the
next will cause fluctuations in it. The trend for impedance variations
as a function of some typical material variations can be found by using
Fig. 15 of Chapter 2 or by the microstrip analysis computer program.

A specific experimental analysis of the effects of kﬁown changes in

alumina on characteristic impedance has not been performed since
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studies on alumina changes, such as Bosnell's, implicity state the
corresponding changes in impedance.

The guide wavelength lg of microstrip also depends on dielectric
constant and h; however, it is primarily dependent on dielectric con-
stant. Thus for applications such as filters or resonators where Ag
is an important parameter it is necessary to know the value of the
dielectric constant and maintain it.

Thickness, dissipation factor, and surface smoothmness, all affect
attenuation of the completed microstrip. Schilling (1968) performed
an experimental comparison of their effects using thin film fabrication
of 50-ohm lines on 99.52.alumina. He held constant all other variables

except the one under test. The results of his study are shown in Table V.

TABLE V

LOSS DATA
(Schilling, 1968: Table 3)

Loss, dB/inch

Effect Substrate
Under Test Properties 3 GHz 6 GHz | 9 GHz
0.0006 0.176 0.217 0.345
Dissipation (967% Alumina)
Factor
0.0001 0.166 0.221 0.332
(99.5% Alumina)
.025 inch 0.139 0.185 0.244
Substrate
Thickness .050 inch 0.091 0.106 0.144
24 uinch 0.166 0.221 0.332
Surface 10 pinch 0.139 0.185 0.244
Finish

2 pinch 0.110 0.140 0.179




76

The influence of dissipation factor of different purities of alumiﬁa

is normally assumed to be negligible in designs and this assumption is
upheld by Schilling's data. It seems obvious that his findings would
show less attenuation for lines on thicker substrates since w increases
as h increases for a constant impedance. His data on attenuation as

a function of surface finish shows two relationships. For a constant
frequency, the smoothest substrate will yield the circuit with the
lowest attenuation and for a constant surface finish, the lowest
frequency will suffer the least attenuation. Thus it has been shown
that attenuation is affected by the properties of thickness, dissipation
factor, and surface finish and that it is affected to different degrees

by each.

3.4 Summary of Fabrication Considerations

From this discussion of material and process characteristics, it
is evident that there can be a wide variation in the performance of the
finished circuit depending on which process is used and the quality of
the materials used. The operating frequency and dimensional requirements
of a circuit are the primary factors that determine the choice of thick
film or thin film fabrication. Secondary considerations after a manufac-
turing process has been selected are the substrate surface smoothness and
conductor losses. The dissipation factor is a rather insignificant
property when alumina of either 96% or 99.5% purity is used. Even though
no microstrip circuit will match theoretical performance, optimum per-
formance can be attained by observing the process and material behaviors
mentioned in this chapter or, similarly, a known compromise in performance

can be realized by observing them.
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APPENDIX

COMPUTER PROGRAMS
FOR GENERAL MICROSTRIP DESIGN OR ANALYSIS

This appendix lists four BASIC language programs that were used to
generate the data for the graphs of Figures 10 through 16:
I. Microstrip Synthesis
IT. Microstrip Analysis
ITI. Microstrip Effective Dielectric Constant
IV, Microstrip Attenuation
A summary of the capabilities of each program is presented and a sample

run of each program is included after the listing.

I. Microstrip Synthesis

Purpose: To calculate the conductor width w of a microstrip for an
arbitrary set of values of Zo’ h, and €. to meet a specified
return loss.

Input: Z h, e, (K), and return loss, R.

0)

Output: zZ, ZO, h, K, R, w, and w/h.

Features: 1. Any value of Z may be specified.
o}

2. Microstrip impedance may be chosen equal to ZO or unequal to
Zo'
3. If the impedance is unequal to Zo, the return loss is used

as the input that determines the impedance of the line. VSWR

must be converted to return loss for input.
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4. 1t offers the optlon of using either Wheeler's narrow strip
) equation or his wide strip equation or both to calculate the
o . ostrip width w. - N
5. After an initial set of calculations is completed, the option
is glven to repeat the calculations for dlfferent values of
_ _ “h, R, 0or 2. o
"7 718D PRINT MMICRGSTRIP SYNTHESIS®
181 PRINT "CALCULATION OF W & #H/H AS A FUNCTION OF 93
182 DPRINT "K AND RETURN LOSS."™ S
777133 TPRINT MIT USFES WHEELER'S EQUATIONS (19565),."
134 PRINT
185 PRINT "Z IS MICROSTRIP ITHPEDANCE" o
77 186 PRINT MZI0 IS MICROSTRIP CHARACTERISTIC IMPEDANCE"™
187 PRINT "H IS THICKNESS OFf DIELECTRICY
188 PRINT "W [S WIDTH OF CONDUCTOR®™ L
T 7189 T PRINT "K IS RELATIVE DIELECTRIC CONSTANT®
193 PRINT
_____ 200 PRINT "ENTER 20, IN OHMS"; .
210 INPUT 20
211 PRINT
212 PRINT “DOES Z = 70?7 YES{1) OR NO(O)"i o I
213 INPUT QO
214 PRINT
215 PRINT ®ENTER M, IN SILS™; - -
220 INPUT H
225 PRINT
230 PRINT "FNTER PANGE OF K — LOWEST VALUE,";
T 7231 PRINT "HIGHEST VALUR, I[NCREMENT."
235 INPUT El1,E2,4E3
260 PRINT_
245 IF Q0=1 GATO 400
250 PRINT "ENTER RETURN LISS IN DB"™;
255 INPUT R i -
267  PRINT
265 IF R>121 GOTO 400
2646  GOSUB 280 i e
267 GOTN 500
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270 RFM CALCULATE REFLFCTION COEFFICIFNT, GAMMA,
275 REHM LET G=GAMMA i
280 LET G= EXP {(-R/8.68588) - S B
285 LET Z1=20=(1-G)/{1+G)
293 LET 72=Z0%(1+G)/(1-G) S S
300 LET N1=22-71
391 RETURN
400 LET Z=2o - e S
410 LET I1=10
4210 LET ZI2=10
433 LET Nl=1 B - - o B - -
440 LET R=1F+38 T T/ 7 o T
500 PRINT "IF YOU WANT CALCULATIONS USING EQUATIONS FORY
_ 501 PRINT "w/H <= 2, TYPE I® . B
502 PRIMT "w/H => 2, TYZFE Q"
503 PRINT “gR BOTH, TYPE 2. ";
523 INPUT Q1 e L
53) PRINT
1075 PRINT
__10lo  PRINY — _
1015 PRINT
1920 FDR 2=71 TO 72 STEP N1
1922 PRINT ®[Q = "379:® OHMs®»
1025 PRINT YRETLRN LNSS = m;R;;" DApw
1026 [F Z1=22 GNTO 1047
1930 IF z=22 GOTQ 104 L o
1035 PRINT "Z=L0 = ";Z13;% OHMS™
1040 G0Ta 1050
1045 PRINT MZ—H] = ®;7223% gH4s*
1046 GOTO 1050 '
1947 PRINT "Z = m;7;" NHYS®
_ 1050 PRINT "H = "3H;" MILS"™ _ _ S
1055 PRINT
1760 [F Q1=0 G3TQ 1485
. 1130 ~ PRINT "CALCULATION OF W USING EQUATION FOR™; _
1131 PRINT "W/H <= 2,."
1185 PRINT
1186  PRINT TA3 33"K"; TAB 193"W"; TA8 323"W/H" .
1187 PRINT
1190 FNR K=E1 TQ F2 STEP E3
1220 LET Al=(K#l)/f2 e - o o
12Ln LET A2= SQKk (Al)
1229 LET A3=(K-1)/(K+1)
1230 LFET A4=(.226+.12/K) . L B
1240 LET C=A2*2/60+A3%A4
1250 RFM Bl = W/H
1280  LET Bl=4/({.5% EXP {C)- EXP (-C)} e
1270 LET W=B1=H
1300 PRINT K,W,R1
1320 | NEXT x L .
1324 PRINT
1325 PRINT
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1339 IF Ql=2 AOTO 1435
1335 GOTO 1663 _ , - -
1435  PRINT “CALCULATION OF W USING EQUATION FORY;
1436 PRINT "wW/H => 2n

B 1430 PRINT ) - e
1500 PRINT  TAB 3;3;MmK¥; TAB 192:;"dv; TAB 32;"W/H"
1510 FOR K=F1 TD E2 STEP €3

1529 LET D1=3,14159%377/( SQR _(K)1*x7) B -
1530 LET D2=Nn1/2
15490 LET D3=02-1

1557 LET D4= LOG (D1-1) B B S

1560  LET DS={K-11/2/K
1572 LET Dé&= LOG (D2-1})

1530 LET DT=L.S1T/K
1590 REM Bl = W/H
1630 LET Bl=e637*{D3-24+D5%{D6+.293-D7})

1610  LET W=Rl* 3 L L
1650 PRINT K,WyBR1
1660 NEXT K

. leel  ORINT o _
1652 PRINT o
1663 PRINT

B 1665 NEXT 7 - S
16566 PRINT -
1667 PRINT

1670 PRINT "00 YOU WANT T3 REPEAT CALCULATIONS FOR®;
1671 PPINT "A DIFFERENT H?"
1630 PRINT "YES = TYPE l; MR NO — TYPE 0."3

1690 [NPUT Q2 o
1700 PRINT
1710 [F Q2= 0 GOTO 1730

.. 1729 PRINT MENTER H, IN MILS"; o
1721 INPUT H
1722 PRINT

1723 @otoQ 1ot0 o
1730 PRINT "D0 YJIU WANT TO REPEAT CALCULATIONS FOR A"
1731 PRINT "DIFFERENT RETURN LOSS OR 2?7 YES(1) OR NO(O)";

1750 INPUT Q3 - - o
1760 PRINT
1772 IF Q3= 2 GOTO 9999

1730 PRINT "WHICH ONE? RETURN LOSS(1) OR Z(0)"; -
1790 INPUT Q& om0 T T
1800 PRINT

1810 IF Q4=0 6OTN 1900
1820 PRINT "ENTFR RETURN LOSS IN D3v; - o
1830 INPUT R

1831  PRINT L

1840 GNsws 2890 T T B T
1850 G60TN 1005

_ 1900  PRINY "ENTER Z TN OHMS"; L _
1910 INPUT Z - T N T T T
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1920 PRINT
1930 LET 21=21 - S B
1940 LET 22=1
1950 LET Ni=1
1960 IF Z=7G GNTO 2000 S S
1970 LET G= ABS ((Z=-20)/12+10))
1930 LET R=-3.68588% LOG {G)
1990 0T Sop e
2000 LET R=1E+38
2010 GOTO 500
C9999 END



PUN o
MICRASTRIP SYNTHESIS
CALCULATION OF W & W/H AS A4 FUNCTIDN OF K AND RETURN LOSS.

CIT USES WHEFLER'S FQUATIONS (1965).
Z 1S “1C20STRIP IMPEDANCE
~Z0 IS MICROSTRIP CHAPACTERISTIC IMPEDANCE S o
H IS THICKNESS OF DIFLECTRIC
W IS WIDTH DF CONDUCTOR
K 1S RELATIVE NIFLECTRIC CINSTANT e
ENTER Z0, IN NH4S? 50
~DPES Z = 70?7 YES(1) NR NO{O)?2 0
ENTER H, IN MILS? 25
ENTFR RANGE OF X - LNWEST VALUE, HIGHEST VALUE, INCREMENT.
28482 12.82 1
ENTER RETURN LOSS IN DB? 20
IF YOU WANT CALCULATIANS USING EQUATIONS FOR
O W/H K= 2, TYPE L
W/H => 2, TYPE O
OR BNTH, TYPE 2. 2 1
10 = SO OHMS o
RETURN LOSS = 30 DB
Z-L0 = 46,9347 OHMS
W= 25 MILS i
CALCULATION OF ¥ USING EQUATION FOR W/H <= 2.
T K T
8.8 39,5617 l.22247 .
9.3 27.7392 1.10957
17.8 25.3295 1.01318
_100= SO OWMS -
RETURN LOSS = 30 08
Z-HI = 53,2655 3HMS
W= 25 MILS B -
CALCULATION OF W USING EQUATION FOR W/H <= 2.
o o e
8.8 23,7988  ,951953 S
9.8 21.3997 . 955988
19.8 19.3613 . T7445




DO YD) WANT T REPEAT CALCJLATIONS FDR A DIFFERENT H?
YES = TYPE 13 OR NO - TYPE 02 9

DO YOU WANT TO RFPEAT CALCULATIONS FOR A
NDIFFERENT RETYRM LSS OR Z?  YFS({1) NR NO(0)? 1
WHICH DNE?  RITURN LOSS(1) OR Z{0)? O

T OFEMTER 2 IN OHMS? 50 T
IF YOU WANT CALCJLATIONS USING SQUATIONS FOR
_ W/l4 <= 2, TYPE 1 e
Ww/H => 2, TYPE O
OR BOTH, TYPE 2. 2?2 1
20 = 50 gHMS
RETYRM LISS = 1E+38 DB
I = 50 (0OHMS
__ H = 25 MILS e
CALCULATION OF W USING EQUATION FOR W/H <= 2,
e o e e e e e e e
8.8 21.049  1.0819%6 oo
9.8 24,4423 .977694
1.3 22.2215 . 888859
DO ¥YNU WANT T REPEAT CALCULATIONS FOR A DIFFERENT H? ) .
YES = TyoE 1 OR NO - TYPE Q0?2 O
DD YNJ WANT TO REPEAT CALCULATIONS FOR A
_DIFFFRENT RETURN LOSS NR 7? YES(1l) OR NO(O)? O ) m_
T T spEADY T . e o
=
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Microstrip Analysis
o Purpdéef " To calculate fﬂé7ﬁicfostfiﬁ_£ﬁﬁeddgéé7££d'itsrég;;éi;fé&"régufﬁwi.
o  loss and VSWR as a function of h, e, (K}, and wo ____ . =
Input: Zys h, range and increment of K, range and increment of w.
"~ output:  h, K, Z_, w, Z, return loss, VSWR, and w/h.
o Features: 1. Selection of any real value of characteristic impedance,ZO.Afﬂ
2. Any value of h may be used.
T 77777773, calculations are performed for incremental series of K and w.
4. A choice is given to use either Wheeler's narrow strip equa-____
tion or his wide strip equation or both.
7T 5. After computation is complete, an option is given to repeat
.. .. ... the calculations for_a different h.__
. 499 PRINTY ®"MICROSTRIP ANALYSIS® .
500 DPRINT "CALCULATING Z, RETURN LGSSy VSWR, AND W/H"
502 PRINT "AS A FUNCTION JF Wy Hy ARD K.7
_ 595 DORINT "IT USES WHEELER'S EQUATIONS (1965)." - e
5072 PRINT
510 PRINT "7 IS MICROSTRIP TYMPZ=DANCE"™
___ 523 PRINT "Z0 IS MICROSTRIP CHARACTERISTIC IMPEDANCE™ o
537 REM R IS RETURN L1SS
540 PRINT "H IS THICKNESS OF DIELECTRIC™
550 PRINT "W IS WIDTH NF CONDUCTCOR®™
5560 PRINT "K IS RELATIVE DIELECTRIC CONSTANTY
56% PRINT
.. 579 PRINT "ENTER 20 IN 0OH4S. "i = _ _ e
583 [HNPUT 20
593 PRINT
S 603 PRINT "ENTER W IN MILS"S o
620 INPUT H
650  PRINT
_6T) PRINT "ENTER RANGE NF K - LOWEST VALUE,";
75 PRINT "HIGHEST VALUE, INCREMENT,"
690 TNPUT BLl, B2, B3
__ 120 PRINT_ e




1540
1550

1500

1561

1580

. NEXT K

PRINT
PRINT
NPT
pPRIMT
REM  CALCULATION NF Z.
PRINT DN YIU WANT TO
PRINT "W/H <= 2, TYPE 1"
CPRINT ™W/H => 2, TYPE on
PAIMNT "OR HOTH, TYPE 2., "3
INPUT 91
PRINT :
IF Ql= 0 G0T0 1530
FOR K=31 TQ 82 STEP 83
PRINT

MENTER W IY MILS - LIJEST VALUE, ";
"IHIGHEST VALUE, INCREMENT.™
Cly €2, C3

CALCULATE Z FOR =%

PRINT
PRINT "CALCULATION OF Z USING
CPRINT "W/H <= 2.0"

EQUATION FOR %3

PRIMT "H = ";7 ;" quS’r‘ e
PRINT MK =

n K
PRINT "Z0 = ";3Z203" OHMSM

PRINT o o

PRINT "W, MILS"™; TA8 1632, OQHMS"; TAB 303

PRINT "RET, LOSS, J8"; TAB 4T7;"VSAR™; TAB 62;"A/H"
e = le 1 :

FOR W=C1 TO €2 STEP C3
LET Dl= SAR (2%(<+1))
LET D2= LNG (B=*H/W)
LET D3= WkwW/H/H/32
LET D4= (K-1)/{K¢1)

LET 75z .226+,12/K
LET 2=12C*{N2+D3-D4%D5)/D1
CLET Wl=W/H

REM CALCULATE RETURN LOSS
IF 7=20 GITO 13567

LET G=(Z-20)/{2+20)
LET P= ABS (G} '
LET R=-3,58538% L1G

REM V=VSWR

(")

LET V=(1+P)/(1-P)
GATO 1370
CLET R=1%+38

LET v=]
PRINT WyZ4RsVyWL
NEXT W

IF Ql=2 60T0
GOTO 1970

1530

FOR K=G1 T3 82 STEP 33
PRINT
PRINT

TPRINT “CALCULATION OF Z USING EQUATION FOR *;
PRINT "W/H => 2,0"
_PRINT "H = ®"{HJ" MILS"
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1590 PRINT MK = w3k
1595 PRINT “Z20 = ";70;" OHUS
1600 PRINMT , B S
1799 PRINT "4, MILS"; TAAR 16;3"Z, OHMS"; TAA8 30;
1701 PRINT "RET. LDSSy NDAM; TAB 47;"VSWR"; TAR 62;"4/HY
B 1710 POINT - e
1720 FIR W=C1l TO C2 STEP C3
1739 LFT E1=377/2/5Q7% (K}
- 1740  LET F2=.5%W/H+.441 e
1750 LET E3=(K+1)/2/3.14159/%
1769 LET E4= LOG [.5%4/H+.94)+1.45
1770 LET £5=.082%(K-1)/K/K
1739 LET Z=F1/[E2+E3%Z44+F5)
1735 LET Wl=W/H
17920 RE4 CALCULATE RETYRN LOSS o
1890 IF Z=22 GOTO 1939
1920 LET G=(Z-22)/{2+10)
1905  LEY P= ABS (G»
1519 LET R=-8.68588% LOG {(P)
1912 REM  V=VSHWR
1914 CLET v=(1+P)/(1-P) e
1920 GOTD 1940
1930 LET R=1E+38
1932 LET v=L e
1940 PRINT WeZsR VWl
1950 NEXT W
1950 NEXT K .
1973 PRINT "DO YOU WANT T3 REPEAT CALCULATTONS®
1920 PRINT "FO® A DIFFERENT H?"
S 1931 _PRINT "YES, TYPE 1 OR NO, TYPE O. "3
1990 INPUT Q2
2120  PRINT
_________ 2110 _PRINT B 3 B _
2120 IF Q2=1 GOTO 600
$999 END
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RIJY
MICROSTRIP ANALYSIS -
CALCULATING Z, RETU2N LOSS, VSWR, AND W/H - -
AS A FUNCTION NF Wy H, AND K,
~ IT USES WHEELER'S FQUATIDNS (1955)., B B
Z 1S MICRUSTRIP TMPEDANCE
10 IS MICRPOSTRIP CHARACTERISTIC [MPEDANCE - B
H IS THICKNLSS OF DIELECTRIC
W IS AIDTH OF CONDUCTOR
K IS RELATIVE DIFLECTRIC CovsTANT - L

ENTER ZO IN NH4MS? 50
CENTER H IN MILS? 25 B o S o
FNTER RANGE OF K — LOWEST VALUE, HIGHEST VALUE, ITNCREMENT.

? 8.8? 9.87 1

ENTER W IN MILS - LOWSEST VALUE, HIGHEST VALUE, IMCRFEMENT,

? 23457 25,57 5

N YO WANT TO CALCULATE Z FOR -

W/H <= 2, TYPE 1

T wW/H o=> 2, TYPE O
OR BATH, TYPE 2. 2 1
CALCULATION OF Z USING EJUATION FOR W/H <= 2.0
. H=_25 MILS __ R o
K = 8,8

10 = 50 OHMS

T Wy MILS 1, DHYMS RET, LOSS, DB VSWR W /H
o .23.5 53.6195 0 29.1359 _ 1.07239 @ .9%
24 53.081 30,4897 1.06162 .96
24,5 52.555 32.0712 1.0511 .98
25 52,941 33,978  l1.24082 .1
25.5 51.5384 36.3914 1.03077 1.02
 CALCULATION OF Z USING EQUATION FOR W/H <= 2.0 7/~
H = 25 M™MILS
K = 9.8 - ) - e
I0 = 50 OHMS
Wy MILS L, OHMS ~ RET. LOSS, DB VSWR e
23.5 52.9892 49.1801 1.01978 . 9%
24 50,4762 46,4849  1.00952 .96
2445 49.9752 72.0996 1.0005 .98
25 49,4855 45,728 1.0104 1
25.5 43,2067 39,972 1.02027 1.02

~ DO YU WANT TO REPEAT CALCULATIONS FOR A DIFFEPENT H?
YES, TYPE 1 OR NO, TYPE 0. 2?0

__ *RFaAapDY_
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Microstrip Effective Dielectric Constant

Purpose: To calculdﬁékef;eff;_K(EFF); and Vep off, SQR( K(EFF)), for

" Output: K, w/h, K(EFF), SQR( K(EFF)).

~ Features: 1. Itiallowsiinpuﬁﬁdf any relative dielectric constant.

arbitrary values of w/h and €, K.

K, range and incremental multiplier of w/h.

2. The independent variable w/h is varied logarithmically by

T 77777777 incrementing it by a multiplier for each step. - ' -

’ 4S9  PRINT "MICRASTRIP FFFECTIVE DIFLECTRIC CONSTANT®
503 PRINT "CALCULATING KIEFF) AND SQRUK{EFF)) AS A"

511 PRINT "FUNCTION OF W/H BASED ON SCHNEIDER'S EON.
527 PRINT "K IS RELATIVE DIELECTRIC CONSTANT."
524 PRINT "K{EFF) IS EFFECTIVE RELATIVE ";

525 PRINT "DIELECTRIC CONSTANT," L -
526 PRINT MENTER K";
527 INPUT K

828 PRINT o
530 PRINT "W/H, LOAEST VALUE, HIGHEST VALUE, MULTIPLIER.™
549  INPUT Al,A2,M]

541 PRINT - e
542  PRINT
543 PRINT

544 BRINT MK o= M3k B
545 PRINT "W/H"; TAB 16;"K(EFFI"; TAB 293;"SQRIK(EFF))™
546 PRINT

550 REM  CALGULATE K(EFF)
555 LET A3=Al
550 LET Kl=(K+1)/2+{K=1)/2/ SQR (1+10/A3)

570 LFT K2= SQ% (Kl) e
58)  PRINT A3,K1,K2
590 LET A3=A3%M]

6230 IF A3>(A2#ML) GUTO 9999 e
610 GNTD 560
9999 END
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FUN
MICRASTRIP EFFECTIVFE DIFLFCTRIC CONSTANT
N CALCULATING XK{FFF) AND S22(K(FFF}) AS A - -
FUNCTINN NF W/H 3ASED 0Of SCHNEIDER'S FQN.
- K 1S RELATIVE DIELECTRIC CIONSTANT,. - -
KIEFF) 1S FFFECTIVE RELATIVE ODIELECTRIC CONSTANT
ENTER K? 9.8
W/Hy LOWEST VALUFE, HIGHEST VALUE, MULTIPLIER, - o o
? .17 10?2 1.77828
K = 9,8
i W/H K{EFF)  SQRIK(EFFY)
el 5.33782 2.41616
_ .177828 5.9316 2.44573 o - S
316228 6.17036 2.48402
562342 6.41525 2.53293
T 6.72665 2.59358
1.77828 7.10967 2.6664%
3.,16223 7.55669 2.74894
i  5.62342 8.03976  2.83545
10 8.51127 2.91741
*READY
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Microstrip Attenuation

Purpose: To

and w/h by two different equations.

Input: hk,

~Output:  h,

K, t, w/h, zé('

Loss according to Schneider's equation.

calculate normalized attenuation as a function of h, K, t,

K, t, and range and incremental multiplier for w/h.

Loss according to the equation of Pucel, Masse, and Hartwig.

~ Features: 1. Any value of h, t, or K may be used.

3.

526

500

529
525

527
528
539
540
550
551

510

PRINT

CORINT
PRINT
PRINT
PRINT
PRINT

PRINT.
PRINT
PRINT
PRINT
PRINT

2',, -

Any range or multiplier for w/h may be used,

Caution: The output from Pucel's equation is always the

value for K = 1 since the equation is not a function of K.
Schneider's output does give the proper value of normalized

attenuation by accounting for the actual value of K.

The normalized attenuation is used for flexibility. The

actual attenuation can be calculated by multiplying the

output by R /Z_h.

WHICRNSTRIP ATTENUATION® S
MTHIS PROGRAM CALCULATES MORMALTZED MICROSTRIPH
WATTENUAT ION AS A FUNCTION OF W/Hy, Hy T, AND K."
"TO FIND ACTUAL ATTENUATINN, MULTIPLY"™;
MOUTPUT BY RS/(ZO%H)."

WPUCEL'S OUTPUT ALWAYS GIVES LSS FOR K=1."
"SCHNEIDER®S NUTPUT ACCOUNTS FOR THE SELECTED K."

WK 1S RELATIVE JIFLECTRIC CONSTANT .*
WT IS THICKNESS OF STRIP CONDUCTOR," -
"RS 1S CONDUCTOR SKIN RESISTANCE TN UHMS.®



552
5679
&0
619

615
629

639

631

647
652
700
710
720
732
T4
760
770
789
790
809
810
829
831
847
859

870

289
s

901
G022

e172

..922
939

935
949

41

945

950

1050
1010

1050

1070
10390

1090

1095
1100
1112
1120
1130

1500

1519
1521

1530

CDEF FNN{A)=14,44/A/A+6=(1-1/7A)%%5/A/A

CDEF FHH(A)=WLI+T1=(1+ LOG (2*=4W1/A/T1)}/PL1

K = ";K
PRINT "H = ";H
T = mT

PRINT "T AND H ARE I MILS."
PRINT

PRINT MCNTE2 H, T, AND K";
IMPUT H,T1,K

LET Pl=3.14159
PRINT '
PRINT "FNTER RANGE NF W/H - LOWEST VALUE,™
PRINT "HIGHEST VALUE, MULTIPLIER."
INPUT Al,AZ2, M1

PRINT

NDEF  FNA{A)=60% LOG (3/A+A/4)

DEF  FNCIAI=(K+1)/2+(K=1)/2/ SQ& {1+1D/4A)

NEF  FHLIAY=({1-1/A)%%A4

DEF  FN3(A)=376.991/1A+2,.42-,44/A+ FNL(A)) ,
DEF  FN“(A)=1.3824%(3/A-A/4)/ FNALA) /UB/A+A/4)
DEF FNE(A)=141/A+ LG (2=H/T1)/A/P1

DEF  FNFIA)=FNBIA)=FNNTA)=(L+A+LNGI2=H/T1) /P11 *6,1115TE-5
DEF FNGLA)=ALl+TI={1l+ LOG {(4*P1l*AxH/T1})/P1

NEF  FHN(HI=L+H/FNHIA) #+H= (LOGI2#H/TL)=-T1/H)/FNH{A)/PL
IEF FMNPUHI=FNHUAY/H#2%(LOGIFNHIA)/H/2+.94)+2.33737)/P1
DFEF  FNOQUHI=L+H/FNGIA) #HXILOGI4*PLI*41/T1)+TL/ML) /ENGLA) /P

DFF FRNI(H)=1.3824%(1-FNG(A)2FNG(AY/H/H/16) *FNO(H)

DEF  FNJ(H)=1.3824%(1- FNHIA)® FNH{A)/H/H/16)% FNO(H)
DEF FNR(H}= FNHIA)/H# FNHIA)/PL/H/{ FNHIA)/2/H+.94)
DEF  FNS(A)=141/A+ LDG (4*01%4d1/T1)/A/P1

PRINT
PRINT
PRINT

PRINT

" OMILS™ —

PRINT © noMILS™
PRINT

PRINT “W/H™; TAB 173"Z0"; TAB 31;3;"10SS, D8"; TAB 453 _
PRINT "™LOSS, DAY

PRINT TAB 30;"SCHNEIDERY; TAB 46;"PUCEL"

PRINT e e
LET A=Al
LET Wl=A%H

IF A>.159155 GOTQ 1500
LET X1= FNM{A)

LET X2= FNS{A)

LET X3= FNA(A)/ SQR ( FNC(A))
LET X4= FNC(A)

LET L1=XL1%X2%X3%X&

LET L2= FNITH) )
PRINT AyX3,0L1,L2

GOTO 3590

IF A>D1 GOTD 2000 o
LET X3= FNA(A)/ SOR { FNC(A))

LET X2= FNF(A)

LET X1= FNM(A)




1532 LFT X4= FHCLA) S o
1535 LET LL1=XL1*¥2%X3%xX4
1540 LET (2= FNJ(H) ) o o L
1560 PRINT AgX3,L1,L72
15792 IF A=l GATO 2000

1530 GOTO 3590 e S o
2000 IF A>2 GOTn 2500
2010 LET X3= FMB{A)/ SQR { FNC(A))

) 2015 LFT X4= FNC(A) S S
2020 LET L1=X3% FNF (A)*X4
2040 LET L2= FMJ(H)

) 2050 PRINT A,X3,L1,L2 o )
2960 IF A=2 GOTN 2500
2070 6OTO 3599

2500 LFT X3= FNB(A)/ SQR ( FNC(AY) -
2505 LET X4= FNC(A)
2510 LET L1=X3%X4*FNF{A)

B 2515 LET Yl= FNRIH) e -
2520 LET Y2= FNO(H)
2522 LET Y3= FNP(H)

2525 LET L2=8.63588%Yl®Y2/Y3/y3 -
2539 PRINT A,X3,0L1,L2
3590 LET A=A%M]

3510 IF ACAP*.99%™] GOTO 0lO
9999  END

98
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RUN
MICRUOSTRID ATTENUATINN
THIS PRIOGRAM CALCULATES NORMALIZED MICRNDSTRIP -
ATTENUATION AS A FUNCTLIOM OF W/H, H, T, AND K.
TO FIND ACTUAL ATTENUATION, MULTIPLY NUTPUT BY RS/(Z0%H).
PUCEL'S OUTPUT ALWAYS GIVES LNSS FOR K=1. o ) S :
SCHNFIDER'S (UTPUT ACCNUNTS FOR THE SELECTED K.
K IS RELATIVE DIFLECTRIC CINSTANT. o o
T IS THICKNESS OF STRIP COYDUCTOR.
RS 1S CCOIDUCTNR SKIN RESISTANCE IN 0JHMS. B )
i T AND H ARE IN MILS. N o T h
~ ENTER H, T, AND K? 25? .47 1 N e
ENTER RANGE OF W/H. LOWEST, HIGHEST, MULTIPLIER, '
? .1? 19? 1.77828 )
K = 1 o o T T - - B
H = 25 MILS
T = .6 MILs o _ L I
W/H 20 LOSS, DB L0SS, DB
S S SCHNEIDER ~ PUCEL o -
ol 262,94 32.6031 24,7775
177328 228.442 20.0607  l6.466 o
.316228 194,031 11.8341 10.5744
.562342 159. 895 7.15866 6.72123
1 126.613  4,80381 = 4,253
1.77828 95,2508 2.11482 2454232
3.16228 67.9834 1.78367 1.74385
 5.6?342 45.5632 1.10578.  __ 1.09823
10 29.2073 672656 .675196
=#IEADY
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Microstrip has been recognized as a configuration for implementing
microwave circuits since the early 1950's. Over the years much information
has been published in journals about it, creating a voluminous amount of
material to digest in obtaining the most useful data. Design information
has been sifted from the available sources and is presented in this paper
in a manner suited to direct application. Background is established for
selection of synthesis and analysis equations by presenting several
analyses of microstrip, comparing them, and supporting them with experimental
data. The most convenient, most accurate equations are chosen and then
applied in the form of detailed design graphs for the frequently encountered
case of a 50-ohm microstrip transmission line on dielectric materials of
teflon, G-10 glass—-epoxy, and alumina. For those cases not covered by these
special design curves, computer programs are listed to enable design of
microstrip with completely general specifications. In addition to this
information, thin film and thick film fabrication considerations are
discussed to assist in compensating for physical effects when making the

transition from theory to physical realization of a circuit.



