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'QUASI=STATIC DESIGN CONSIDERATION

OF MICROSTRIP LINES

ABSTRACT

investigated by a large number of researchers, and their
theory and design have been reéorted in mény articles,
there is no comprehensive description,available at one
place. In particular the design information is not readily
available.

This study is basicaliy‘intended for presenting a”K
detailed account of these lines. It describes analysis énd
Adesign of this transmiésion medium. The features diséussed
include quasi-static and fullwave analyses, detailed desigﬂ

considerations including CAD and measurement procedures.

Particularly, the results of six different approaches
given for characteristic impedancé and effective dieleétric
constant calculations are compared with each other and among
them,‘equationsAgiving the nearest values to the results of
numérical_methods and'experiments are usea to calculate the

other microstrip characteristics.
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 MIKROSERITLI HATLARIN SUZDE-STATIK

YONTEMLERLE TASARIMI

OZET

Mikroseritli hatlar birgok.arast1rmac1 tarafindan
oldukga genis bir sekilde ara5t1rllm1$‘Ve teorisi ile ta-

sarimi birgok makalede sunulmus olmasina ragmen, bu konuda

etrafli bir kaynak elde mevcut dedildir.

Bu calismanin temel olarak aﬁac1 mikroseritli iletim
hatlarinin analiz ve tasaraiminl ayraintili bir sekilde ve bir
bitlin olarak sunmaktir . Uzerinde durulan konﬁlar sézde¥
statik ve tiimdalga analizlerini; bilgisayar destekli tasa-
rimi da kapsayah, tasarimda gdzdnlinde bﬁlundurulma51 gerekli

bilgiler ile 8lc¢me islemlerini icerir.

Ozel olarak tasaraim slra51nda, karakteristik eﬁpedans
ve etken dielektrik katsay;51ﬁln hesabi ig¢in verilmisg alta
'+ degigik yaklasimin sonug¢lari birbirleriyle karsilastirailmais
rve bunlar arasinda sayisal metodlar ile deneysel galigmalarin
sonuglarina en yakln deJerleri véren eéitlikler, mikroseritli
“iletim hatlarinin diger karakteristiklerinin hesabinda kul-

lanilmastar.
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I, INTRODUCTION

The microstrié line, consisting of a strip conductor
ron a dielectric substrate backed by a groupd blane, has
experienced increased popularity in fedénfkyeérs in computer
and microwave integrated circuit desigg with the évailability
of new low-loss substratebméterials and the rapid development
of semiconductor devices in the microwave fréquency regions.
Its siméle structure, light weight and ruggedness make it

an excellent substitute for coaxial and conventional wave-

guides in many applications.

/,

Microstrip lines whicﬁ are used as a circuit element
in microwave'integratéd circuits (MICé) are called "thin
‘microstrips" in which the ratio of strip conductor thick-
ness,rt, to substrate thickness, h, lies between 0.01. and
0.05, whéreas "thick microstrips” (0.05 < t/h < 0.2) are
used as a transmission liné for high-speed computers. In

this étudy, there is no special aim to describe one of

these versions, especially.

The text is divided into seven chapters. Chapter 2

gives a brief description of planar transmission structures

o
s



and field configuration of microstrip. A comparison of
microstrip with conventional transmission media is also

given in thisfchapter.

Chapter 3 is concerned with the methods of microstrip

analysis.

Chapter 4 presents the detailed design considerations
including design equations, effects éf toieraﬁces and
enclosures, losses, etc., and ensures the direct design of
mi¢rostrip lines without going into details 6f analysis.

Six different sets of equations are given here, enabling

the reader to make a comparison.

Chapter 5 outlines the methods for the measurement
of microstrip characteristics and for subtrate dielectric

constant, briefly.

In chapter 6, it is desired to provide a computer
aided design of microstrip. Also, a computer program ensuring
to make a comparison of charaéteriétic impedances or effective
dielectric constants obtéiﬁed from different approaches, with
each other for desired t/h and w/h ratios by using a special

plot algorithm is presented.



11, BASIC CONCEPTS

2.1 PLANAR TRANSMISSION STRUCTURES

A transmission structure should‘be'"planar" in
’configuration to be used as a circuit element in microwave
‘integrated circuits (MICs). A planar configuration implies
that the characteristics of the element can be determined
by fhe dimensions in a single plane. For example, the subs-
trate thickness or the strip conductor width of ‘the micros-
trip can be adjusted to control its characteristic impedance.
.When the impedance is controlled by a dimension in a single
plane, the fabrication of the circuit can be easily carried
out by the photo-etching of thin films and photolithdgraphig

techniques. Use of these techniques at microwave frequencies

has led to the development of MIC's.

There are several transmission structures having

planar configuration. The most common of these are :



(1) Microstrip
(ii) Slotline
(iii) Coplanar strips (CPS)

(iv) Coblanar’waveguide (CPW)

The cross-sectional views of these lines are shown
in Figure 2.1. Also, a coméarison of éerformance»characte—
ristics is given in Table 2.1l. Amdng‘these transmission
structures, microstrip line is the mosf-pbppiér; mainly
due to the fact that the mode of propagation on microstrip

is almost TEM. This allows an easy approximate analysis.

| VOO ,/ I LL L L ) X A 1 ,- V
a_ KLCRQSTRIP b oSLOTLINE

C.CQPLANAR WAVEGUIDE d .COPLANAR STRIPS

'Figure 2.1. Planar Transmission Lines Used 'in MICs

~



TABLE 2.l. Comparison of Various MIC Lines

e

CHRARECTERISTIC HICROSTRIP | SLOTLINE| COPL, WAYEQUIOE | COPL. STRIPS

POWER HANOL. CAP. © HIGH LOwW HEDIUN MEDIUM
RADLATION LoSs Low HIGH REDIUM MED TUM
UNLOADED § BIGH tow |, . HEDIUm Low
PISPERSION SMALL LARGE | = NEDLUAL MED IUM

MOUNTING OF (ORp.:

Ay

IN SHUNT CONF. " orfF. EAsY eASY - . EAsY

IN SERIES CONF. EAsY DIPF, TASY EASY
ENCL OSURE BIW, SMaLL LARGE LARGE ‘CARGE

There arelsevefal variations of microstrip configu-
.ration that have also been suggested for use in MICs.
These include inverted microstrip, suspended microstrip!
microstrip with overlay) strip dielectric waveguide ané
inverted strip diglectfic waveguide;\Cross~sectional ﬁiews

of these structures are given in Figure 2.2,
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Figure 2.2. Various Transmission Lines Derived from

Microstrip

Another very commonly used transmission line that

resembles microstrip line is the stripline shown in Figure

2.3. This is also called triplate line. Most of the basic

 circuit design information available for stripline is also

applicable -to microstrip line.

7
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Figuré 2.3. Stripline Configuration
2.2, DEFINITION AND FIELD CONFIGURATION
A cross-gsection of a microstrip is shown in Figurg

2.4. It consists of a dielectric substrate with a metal

ground-plane on one side and a metal strip on the other.

Ay
l
1 _4 -
e W _ Gt
T R
h - éo E:'r |

. . . .
l “{Li\\.\\kiﬂ\\u;\;‘/[\\\Y\\\\T\\\k\\)\\
-/
GROUVLND  PLANE z/
) y4

/

Figure 2.4. Cross-section of a Microstrip



: The;electrical prdperﬁies of microstrip will depend
on the geometry : strip width w, strip thickness t, and
substrate thickness (height) h‘: and on the dielectric
and magneticiproperties of the substraté and the medium
above, which Qre considered to have infinite entent. The
médium above the substrate is usually air which dielectric
constant eoer' can be assumed to be equal to that of free
space er‘ = 1 and €y = 8;8542~x 105;2 F/m (in the SI system
of units). The relative diélectric‘constantkof the substrate
is €y

Conceptually, it can be said that microstrip is a

two-conductor transmission line which is evolved from a

two-wire line as shown in Figure 2.,5.

Figure 2.5. Conceptual Evolution of a Microstrip
from a Two-wire Line

<



. , Transformation from>(a) to (b) is essentially a
change in the shape of the conductors, whereas that from
(b) to (c) inmplves‘placing a conducting sheet at the

plane of symmetry. The final configurétion (d) is obtained
by insertiné'a thin dielectric slab between the two conduc-
tors. Aé a consequence of the last étep, the dielectric

medium of the transmission line becomes inhomogenous. .

Microstrip lines differ considerabl? from\other
trahsmission\iines. For example, comparing it with a strip-
line one observes that the microstriﬁ structure is open on
the top. This open configuration makes miérostrip very
convenient for use in MICs whére discfete lumped‘éevices
(active or passive) are to be mounted in the circuit. Also,
a.slight adjustment or tuning can possibly be incorporatéd
after the circuit has been fabricated. However, along wi;h,
these advantages; the open structure of microstrip brings
in some compliéations in microstrip analysis and desigﬁ.
This is due to the fact that the presence of dielectric-

air interface modifies the mode of propagation in microstrip

to a non-TEM hybrid mode.

/ Simble arguments based on the known cguasi-static
field distribution of the microstrib and Maxwell's equations
‘can‘be but forward to show .that microstriprstructure cannot
subport a,éﬁre TEM wave. Continuity'of the tangential

component of the electric field along the dielectric-air



interface (look at Figure 2.4)V§ives
(2.1)
where subscripts a and d refer to the air and the dielectric

side of the interface, respectively. Using Maxwell's equation,

we may thus write

e, x®)_|=@x®H, | . (2.2)
: a d . o B

Expanding Equation (2.2) and using the continuity of normal

compdnent of magnetic field, we obtain

oH oH oH
(e,-1) — - £l —E | -2 (2.3)
0% oy a %Y 3

~As e is not equal to unity and~Hy # 0, Equation (2.3) implies
that the expression on its right hand side should be»a non-
zero gquantity, which can be true only if H, ié non-zero.

. Thus we note that fér Maxwell's equations to hold good for

the configuration of Figure 2.4, the longitudinal compoﬁent

of H should exist.

Similar arguments can be advanced to show that E,,
the longitudinal component of electric field, is also a
" non-zero quantity. It may be pointed out that it is only

. .the.fringing components E _and H at the air-dielectric.



interface that lead to the non-TEM nature of the micros'trip
mode. Since these fringing fleld components are much smaller
than the main fJ.eld (within the substrate below the strip),

the departure from the TEM behavior should be small.

2.3. COMPARISON OF MICROSTRIP WITH CONVENTIONAL TRANSMISSION
MEDIA -

- Microstrip technology is quite 'matu,“r'e and offers a.
superior blend of performance characteristics.to the designer
- of microwave integrated circuits. A comparison of performance
chafacteristics of conventional transmission media is given

in Table 2.,2.

TABLE 2.2. Comparison of Conventional Trasmission Media

cmaecweétsnc MICROSTRIP | STRIPLINE | COAXIAL | WAVEQUIDE
LINE LOSSES HIGH H1GH REDLUN Low
UNLOADED Q Low LOW MEDIUN HIGH )
POWER CAP, Ltow | Low MEDLUM Hicy
1SOLATION BET. POOR 1 FAIR Y.G00b V. 600D
NEIGHBORING CIR, .
BAMOWITH LARGE LARGE LARGE SHALL

| M Nt ATUR I TAT TON EXCEL. V. ¢o0p POOR POOR
VOLUME € WELGHT SHRL.L MEQIUN LARGE -LARGE
REALI. OF PAS. CIR. V.EASY V.EASY EASY EASY
INTEG., WITH CHIP DE, V.GOOD FAIR " POOR poor -+
INTEG, WITH FERRITES G000 Goop FOOR 600D
INTEG, WITH tump. EL.| Vv.GoOD V.Gooo | Gooo P0OR
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[11. METHODS OF MICROSTRIP ANALYSIS

- There are various methods of midrostrip analysis.
These methods can be divided into three groups as shown in

Figure 3.1.

In the first group which comprises quasi-static methods,
the nature of the mode of propagation is considered to be
pure TEM, and microstrip characteristics are calculated

from the electrostatic capacitance of the structure.

In the second groﬁp, called dispersion models, the
deviation from the TEM nature is accounted for quasi-empi-
rically. Some parameters of the model are determined such
that the final expression agrees with the known exXperimental

(or exact theoretical) dispersion behavior of the microstrip.

The methods in the third group take into account the
hybrid nature of mode of pxopagatibn. Fullwave analysis is
carried out for determining the propagation constant instead

of the capacitancé evaluated in quasi-static analysis.



M1CROSTRIP ANALYIYSIS o o

}
f : ¢ i J
CQUASTI-STATIC DISPERSION FULLWAVE ANALYSES
APPROACH HODELS ' ,
A.OPEN - B.ENCLOSED
4., ROD, CORFORKAL |. 1.DIELEC, LOADED KICROSTRLIP M1CROSTRIP
TRAKS, NETHOD RIDGED WAVEQUIDE _
E NODEL 1.1NTEG. EQa 1.FINITE
Z,FINITE DIFF, : ' i HETHOD : DIFF, KET.
KE THOD 2.PLANAR VAVEQUIDE 2.GALERKIN'S , ‘
F : , HODEL : MET. IN FTD 2.1NTEGRAL
3. VARIATIONAL ‘ S EQ. MET. .
HET, 1K FTD -

Figure 3.1 : Varicues Methods of Microstrip Analysis

£T
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3.1, QUASI-STATIC ANALYSES OF MICROSTRIP

In quasi-static analyses, the mode of wave propagation
in microstrip is assumed to be ﬁure TEM. Transmission charac-

teristics are then calculated from the values of two capaci-

tances :

(1) C, : Capacitance for.a unit length of the microstrip
configuration with ﬁhé dielectric substrate
replaced by air

(ii) ¢ : Capacitance for a uniﬁ length of the microstrip

with the dielectric substrate present.

Values of characteristic impedance Z, and the phase

constant g can be written in terms of these capacitances as

follows
a 1/2 ‘ -
Zo = ZO (Ca/C) (3.;)
and
8 = 8 (c/c )2 | (3.2)

where Zg = l/(c.Ca) and B, :.w/c ; c‘being the velocity of
lelectromagnetic waves in free space. There are various
methode/available for calculation of electrostatic capaci-
tances C_ and C.»Three of these are listed in Figure 3.1

" and only the first one will be discussed in detail in the

following sub-section.
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3.1.1. MODIFIED CONFORMAL TRANSFORMATION METHOD

An exact/conformal transformation for the impedance

of a zero thickness, homogeneous dielectric microstrip has

been given by Schneider at 1969 (1),

The transformation from the microstrip (Zl—plane)
to a parallel plate capacitor (Z-plané) is éxpressed in
terms of the derivative of the logarithm of ‘the theta

function Q4 and its parameter k = K'/K as follows

z, = 2,(2) = - —~— 1In [z, K)l (3.3)
: 1 0Z :
where K = K(m) and K' = K'(m) are complete elliptic integfals

" of first kind with modulus m.

e

The characteristic impedance Zélof the microstrip of
width w and height h (and t = 0) is obtained by solving the

following equations

w2 2 (o, ) (3.4)
h T 35
an?(2K§) = E/K . - N (3.5)

22 = 1/2(u /)% K1/ o (3.6)

oy
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- where ¥ and €_ are the free space permeability and permit-.
tivity respectively, andvzz is the characteristic impedance
of microstrip with dielectric sﬁbstrate replaced by air.

E = E(m) is thel complete elliptic integral of second kind
and dn is the Jacobian elliptid function. The derivative

of the logarithm of theta function is glven by the following

(rapldly converging) series expan51on

. o, (5,0 = an 3 Sinlanmd) (5 4)
o5 n=1 exp(nmk)-exp(-nnK)

Equations from (3.4) to (3.6) can be used for the
design of microstrip lines. The exact computation for one
intermediate case by means of the series erpansion for the
derivative of the logarithm of the theta function is treated

in APPENDIX B step by step.

)

The practical solution to this set of equations must
be done with the help of a computer or with numerical tables.
Because of this limitation the above method is not used very

frequently.

The most widely used technique for microstrip analysis
was introduced by Wheeler (2,3) in 1964-65. The method
involves use of a conformal transformation for evaluation

of C, and 1ntroduces a concept of effective dielectric

constant for evaluation of C The conformal transformatlon

/

‘selected is such that the resulting expre551ons are explicit .
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and can be written in terms of simple functions. The

transformation used for the Qide strib (w/h>2) is
Z, = JI + d tanh(z/2) - 3 , (3.8)

The variable Zl refers to the microstrip plane (see
Figure 3.2) and 2 is the planekwhere in the microstrip
configuration transforms into a parailél plate capacitor
configuration. The parameter 4 is apbroXimagéiy equal to g'.
of Figure 3.2 (b). The dielectric-air boundary of the
microstrip subétrate is transformed inte an elliptical-
lookihg curve ba' as shown in Figure 3.2(b). For evaluating '
fhe capacitance C, it is necessary to intfoduce approximati-
ons to modify the dielectric-air boundary. The curved
dielectric-air boundary of Figure 3.2(b) is approximated
by é rectangular boundary as shown in Figure 3.2(c). The
-éfea (IS') over the curve is written in terms of a "parallél/
area" Ns" and a "series area" N (S'-S"). These series and:
parallel areas can bhe written-in terms of an equivalent
‘parallel area s given by (Figure 3.2(d))

S = 8" + (8' - 8" /e | (3.9)

r

The effective filling factor can then be written as

q = (g" -a' +s)/g' - (3.10)
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Figure,6 3.2. Conformal. Transformation and Evaluation

of Effective Dielectric Constant (from(3))
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The effective dielectric constant is related to

effective filling factor as-

Ceff < (1-q) + 9y

(3.11)

Different expressions for Eogg aYE derived for wide

midrostrip (w/h > 2) and for narrow microstrip (w/h < 2)

because of the different approximationhs used in two cases.

For wide strips (4)

L in
d d-c der

ga=1-
d-c

- 1 ' er—l
-Cosh™ ~(0.3584 + 0.59534——————— 0.386 -

der

where d = 1 +,ll + c2, and ¢ is found implicitly from

d+c . 0.732 [ln d+c

g
2(d-1)

(3.12)

~
P2

AW ¢ - simmTYe (3.13)
2 h
and for narrow strips
1 In + 1 In
| e+l 8 2 €y (3.14)
€ = +
eff 2 2 1 _8h
W

Formulas for the impedance of microstrip lines can

" be derived from these results. It is an advantage of the
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transformation selected by Wheeler that the impedance formulas
can be written explicitly'bofh’for analysis (Zo in terms of
‘w/h and €.) and for synthesis (w/h in terms of Zj and er).

These relations are listed below. For wide strips (w/h < 2)

- e +1
Z = - 377 [ W, 0.883+—2 din(¥- 4 0.94) «+ 1.451{
(e y/2 | n n 2h )
r
el -1
+ 0.165 } (3.15)
> 27| |
2

and for narrow strips (w/h < 2)

377 e -1
2 = 1 (_§E_) . (A )2_
£_+1 1/2 W 8 2h € _+1
2T( )
2
SRR S S P "~ (3.16)
2 €. ’ il

Expressions givihg strip width for a desired impedance may be

written as

For wide strips (w/h < 2)

v 3771 SRR SR/
: 1/2
(Er) z
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PR S ln{ 3771 0.517

y — - 1} +0.293 - ——=2-7 1(3.17)
2 - £
2(81'.') ZO | r

and- for narrow sfrips fw/h {2y

2h 1 ' —ht
- ' 1 ¢h (3.18)
w 4 2
where
1 g+l Z e -1
h = (2 )Y/2 _ 0 ,7x7 (0,226 + 22220
2 60 e+l e |
' T (3.19)

Values of the characteristic impedance and effective
dielectric consfant of microstrip, based on the method |
discussed above, may be obtained from Figure 3.3."In this
figure the value ofJE;;;’is plotted as a function of w/h ~
for various values of the subtrate dielectric constant.
€.+ The variation of characteristic impedance for air
microstrip (Zg for e. = 1) is also shown by the»dotted
curve. Impedance for any value of €. can be obtained by
dividing Zz by the correéponding value ofJE;EET It may be
/seen from Figure 3.3 that the impedance value decreases
when the strip width to sqbstrate ﬁeight ratio (w/h) is

increased because an increase in w (or decrease in h)

increases the line capacitance.
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It may be pointed out that in the modified conformal
transformation method discussed in this. section, the thickness
of the microst;ip conductor is ignored and the analysis is

restricted to an open microstrip without any:enclosure.

.

Figure 3.3. Characteristic Impedance and Effective
Dielectric Constant of Microstrip Lines

Calcuiated Using Wheeler's Method.
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3.1.2 FINITE DIFFERENCE METHOD

Another method for quasi-static analysis of microstrip
lines is based onithe numerical solution of Laplace's eqguation
in finite difference form(s). The'solutioh of Laplace's equ-
ation yield; information about the ﬁotential distribution
in»the'microstrip Ccross-section. Field distribution aﬁd the

charge on the strip can be calculated therefrom.

Since this method is more suitable forhenclosed

microstrip, it is not explained in detail here.
3.1.3. VARIATIONAL METHOD IN FOURIER TRANSFORM DOMATIN

The search for microstrip analysis techniques which
are cbmputationélly more efficient has led to the "Varia-
tional method in Fourier Transform Domain (FTD)". There
are two significant features of this method (6). First, a
variational method for calculating the capacitance C from
the charge density p is used. This avoids the need for
knowing the charge density distribution. accurately. Secondiy,
the major portion of analysis is carried out in Fourier
Tfansform/Domain with the result that the integral equation
for the potential is reﬁlaced by an brdinary product of an
approximate , and a factor g derived in FTD. (The superscript

"indicatesia transformed function and is obtained from

%(a) =/ f(x)/ejaxdx).

- OO
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" Results obtained by this method agree well with those

of the modifiedvconformal transformatien method discussed

" earlier,.

This method can also be used to take into account
the effect of finite strip thickness and enclosure. It
can be easily extended for microstrip on composite subst-

rates or where a dielectric overlay exists over the microstrip

(7). -
3.2. MICROSTRIP DISPERSION MODELS

The gquasi-static methods of microstrip'analysis
peresented here do not take into account the non-TEM nature -
of the microstrip mode. The non—TEM behavior causes the
effeetive dielectric constant (eeff) and impedance ZO of
'thermicrostrip to be functions of‘frequency. The frequency_/
depenaence of the effective dielectric constant describes -
the influence of dispersion on the phase velocity, whereas
the frequency dependence of the effectiVe width describes .

the influence of the dispersion on the characteristic

impedance.

Fortunately, changes in effective dielectric constant
and characteristic impedance with frequency are very small,
However the frequency below which dlsper51on effects may be

(8)

neglected is glven by the relatlon
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. : ZA )
£, (GHz) = 0.3 = (h in cm) (3.20)
h(e_-1j*/2

Equatioﬁ (3.20) shows that fgq is higher for high

impedance lines on thin substrates.

The numerical analysis for'diﬁpersion in open and
shielded microstrip transmission lines has been treated
extensively. Thése analyses, however, réQuire extensive
computations and fail to provide insight intolﬁﬁé dominant
physical phenomenon at work. For thesevreasons, the “nume-
rical approach is not convenient for microstrip circuit

design and therefore, not discussed in this study.

However, there are several semi-empirical ’techniques
available that lead to a closed form solution for the depen-
dencé of effective dielectric constant and charactéristic
iﬁpedance on ffequency. These dispersion models are described

in the following sub-sections.

3.2.1. DIELECTRIC-LOADED RIDGED WAVEGUIDE MODEL

~ This model for microstrip dispersion is based on the
bétudy of another structure which resembles microstrip as far
as inhomogeneity of dielectric medium is concerned, but has

(9)

a shape that can be analysed mathematically. This struc-

ture is shown .in Figure 3.4.

BOGAZICH DNIVERSTTES] KUTPHANES
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Figure 3.4. Ridged Waveguide Model for Microstrip Line

The configuration shown in Figure 3.4(b)“correspoﬁds
to the microstrip cross-section shown in Figure 3.4(a). The-
dimensions éf the structure are chosen such that it has;the
same electrical characteristics at zero frequency as the mic- j

rostrip.

The structure is analysed for dispersion and the results

are compared with the measured microstrip dispersion values |

to determine unknown parameter H'/h. The comparison shows §
that H'/h and related parameters are nearly constant or vary
- linearly with characteristic impedance. This feature is used

ﬁtd derive a simple formula that can be used to predict the

dispersion of a microstrip transmission line. The resulting - .

<
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dispersion formula may be written as

€. - € (0) '
Cog(f) = e - —F eff (3.21)
l + (—)¢
f .
P

where fp; being a parameter of the dispersion function, equals

to

£, (GHz) - 0.398 25 | . o (3.22)

h(in mm)

and G, being an emprical parameter used to simplify the

'microstrip dispersion'function, equals to
G =20.6 + 0.009 Zg " - (3.23)
. and eeff(O) is the zero frequency value of Coff® P

- From equation (3.21), it can be seen that for fp‘>>:
“eff

(£) = e g (0)

In other words, high-impedance lines on thin substrates are

less dispersive.



28

'3.2.2 PLANAR WAVEGUIDE MODEL

It has been shown (10) that the dynamic propertles
of microstrip can be approx1mated by a planar waveguide
model. In thls‘model, mlcrostrlp is represented by a parallel
plate waveguide of width‘weff and height h as shown in

Figufe 3.5.

) | W k— F_X%ﬁ“lq
m faL ig:,:sm

o078 RO
1h  ht

’ ’///,

i L
ALY \\\ \&\\ LAY
. T

Figure 3.5. Planar Waveguide Model for Mictostrip Line

The top and bottom plates are of infinite conductivity,
and there are magnetic walls at the sides. It is filled with
a medium of dielectrlc constant Eaff* The value of €opg at
zero frequency is determined from quasi-static analysis. The
effective width weff and the effective dielectric constant
Ecff 2re frequency dependent. The frequency dependence of the
dielectric constant describes the influence of the dispersion
on the phase velocity, whereas the frequency dependence of

the effective width describes the influence of the dispersion

~ on the characteristic impedance. The phase velocity of the
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- waves in microstrip line decre&Ses with increasing frequency,
hence effective dielectric éonstant increases with frequency.
Also, the chgracteristic impedance of a microstrip increases
with frequency.iThis.increase in imbedancercan be explained
only by a hypothetical decrease in thé effective strip width
caused by the'cdncentration of electric field lines below
the’strié at higher frequency. The decrease of the effective

strip width with frequency is described by the following

empirical relation (10) .
W (0) - w -
\ eff
weff(f) = w4 v (3.24)
1 + £/
+ £/ g
where
fg = C/(2W@)
“weff(O) = effectiVe width calculated from quasi-static analysis

l20IIh/(Zo eeff(O))

And the frequency dependent impedance is given by

7 (£) = 1201/ (wa g F ogg (£)) - (3.25)
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3.3. ‘FULLWAVE ANALYSES

As pointed out in Chaéter 2, the microstrip configura-
tion is not capgble of subporting a burg TEM mode, and longi-
tudinal components of both the electric and magnetic fields
are present. The hybrid modes suébdrted by the microstrip
cannot be fully described in terms of stétic capacitances
and inductances. Therefore, one has ﬁofintroduce time varying
electric and magnetic fields and solve the wa&é equation.
Moreover, the charge density used in the eléctrostatic analy-
ses becomes time varying and is reblaced by the electric
current density for fullwéve analyses. Fullwave analysis
is carried out for determining the propagation constant

instead of the capacitance evaluated in quasi-static analysis.

Methods of‘studying wave propagation on microstrip

. without making any quasi-static assumption may be divided

1 into‘twd groups., (See Figure 3.1). In”one‘group, the micrbst_
rip is considered with a rectangular enclosure, and the

- other group deals with open microstrip lines. This grouping
beéomes convenient since different types of mathematical
tools are needed for handling‘closed and open geometries.

7 For exanple a Fourler series representatlon can be used to
express the fields in a closed rectangular structure whereas

a Fourier integral representation is suited for open structure.
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[

1vf MICROSTRIP DESIGN CONSIDERATIONS

For design purposes it is necessary to know how the
charaéteristic impedance, phase velbcity and attenuation
constant depend on geometrical factors, oﬁ‘£he eléctronich
prdperties of the substrate and conductors and on the fre-
'vquency. Also, power'handling capability, effect of tolerances
and dielectric anisotropy are the some important design

parameters.

In this section, these design parameters of microstrip
lines are discussed. And various expressions, useful for/ﬁ
microstrip design, are summarized in the last subsection

called "DESIGN EQUATIONS".
4.1. MICROSTRIP LOSSES

Attenuation constant, o, is one of the most important
charaéteristics of any transmission line. There are two
sources of dissipative losses in a microstrip circuit :

" CONDUCTOR LOSS and SUBSTRATE DIELECTRIC LOSS. Since we con-
sider only:;onmagnetic dielectric substrates, no.magnetic

"1oss component will be present. And also since the radiation

. P
- 3

oo
L
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loss is-a small quantity near conductor and dielectric loss,

it is neglected and not considered here.

4.1.1CONDUCTOR LOSS

Conductor loss in microstrié structure is described
by Pucel (11) and Schneider (1) combrehensively. Both of
these analyses are based on the "incremental inductance rule"
of wheeler (12) . (This method is based on the fact that in-
ductance and conductor attenuation are rela;ed Siﬁqe the
- inductance is the normalized magnetic field energy of the
circuit element and attenuatioﬂ is proportional to the mag-
netic field energy stored in the metal conductor). In this
method £he'series_;urface resistance Rs per unit length is
expressed in terms of thatbpart of the total inductance per
unit length which is attributable to the skin effect, i.e.,

the inductance Ly produced by the magnetic field within the

conductors.

It is well known that for a conductor the surface
impedance, ZS(:RS + JXS), has a real part Rs(surface resis-
tance per unit length) which (10) is equal to the imaginary

part Xs' That is

R =X, = mLi: | o (4.1)

According to wheeler, L; can be found from the external
inductance L per unit length. L, is obtained as the incrementz

[N
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increase in L caused by an incremental recession of all
metallic walls due to skin effect. This situation is shown
in Figure 4.l1. The amount of recession is equal to half

the skin depth k = (2/u pg&)l/2.

0 W \/{
L s, 1
SE Tl 0
Tsﬂ‘_ ]‘ WV
&, h
L 6 ;L
5—_—“—-—-73;6Gk§— ﬂ;ﬁ;._.—'i - T.—

'Figure 4.l1. Recession of Conducting Walls of Microstrip-
for Loss Calculation Using "Incremental

Inductance Rule"

An assumption underlying this rule is that the radius
of curvature and the thickness of the conductors exposed
to the electromagnetic fields be greater than skin depth.

According to Wheeler (12), we have

(1.2)
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Rsm 3L,
m 3
H Bnm

(4.3)

where JL/dn_ denotes the derivative of L with respect to

incremental recession of wall m, n. is the normal direction

to this wall, and Rsm = wumsm/Z the surface resistance of the

wall m.

‘The attenuation constant because of cénductdr {ohmic)

loss is defined as

~ c "~ Power loss in conductors
__2P(Z) 2 (Power transmitted)

(nepers/unit length) (4.4)

In terms of R and ZO (characteristic impedance), -

G, may be written as

2|1 2Z oo = Bnm
11172,

Inductance L of the microstrip structure can be
expressed in terms of the characteristicrimpedance for the

. a, .
microstrip with the substrate replaced by air (ZO) and is

~given as

o p

(4.6)

R )
= L oL (4.5) .
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where ¢ is the velocity of electromagnetic waves in free

space.

Expression for attenuation.constant based on Equation

(4.5) is presented later in subsection 4.5.2 where all other

design information is also summarized.

4.1,2, DIELECTRIC LOSS

" For a uniformly field transmission line the dielectric
loss ay, is independent of the geometry of the line and can

be written as :

a - QZO - N . e v {ue' tan ¢
du 2 T 2 J € T2

(4.7)

where 8 is the shunt conductance per unit length of the line,

~ -

/

e' is the real part and e¢" is the imaginary part of the pér-

mittivity of thé dielectric.

However, when the dielectric is not uniform over,the\
cross-section of the line, the equation (4.7) does not apply.
‘Calculation of loss for the ﬁixed dielectric case has been
considered by Schneider (13). This loss can be calculated
if one knows the loss tangent of the dielectric substrate.

,Whenlfhé upper dielectric (air) isfassumed to be

/

lossless, the following expression for a., attenuation



constant considering mixed dielectrics, is obtained

w

3 = T\ MEress (tancS)eff
20 Y
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(4.8)

"

S
=
m
at
]
th
th

€ mq\

Fh

th

If 0 is the conductivity of the dielectric and G,

the conductivity of air, we may write

Cors = a0 + (1-a)@, 2 qr (Since (L« g )

Also,

Eo€eff = 9E + (l-q)sO with € = €€

o ef ba
There, the Equation (4.8) becomes
e 1/2 g 7
2 r \1/2 .
oq = 4 - ) ‘adU"<€ ) P (4.9)
EL L eff

where q is the dielectric filling fraction, and gy is the
attenuation constant for a line uniformly filled with the
dielectric Eps given by Equation (4.7). Since,

Lors Ceff T

Bsr ' Er-l

d =
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the attenuation constant.aa cah be written as

€ £ _ ee~l

27.3 X aff tanéd
. =

Ceff e.-1 A

dB/Unit length

QJ'
1

°. (4.10)

4.2. POWER HANDLING CAPABILITY

The power handling caéability of a microstrip is
‘limited by heating caused because of ohmic and dielectric
losses and by dielectric breakdown. Inéréasé’in'temperature
due to conductor -and dielectric losses limits the average
-power of the microstrip line, while the breakdown between

the stfip conductor and ground blane limits the peak power.
4,2.1. AVERAGE POWER HANDLING CAPABILITY

The average power hahdling capability of microstrip
" is determined by the temperatufe rise of the strip conductor
and the supporting substrate. The parameters which play -

major roles in the calculation of average power capability

are :

(i) transmission line losses
- (ii) thermal conductivity of the substrate material
(iii) surface area of the strip conductor and

(iv) ambient temperature.
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Therefore, dielectric substrates with low loss tangent
and large thermal conductivity will increase the average
power capability of microstfip lines.

The maximum average powér for a given line may be

calculated from

Pav ® (T - T b /AT | (4.13)

where AT denotes rise in temperature perwatt and given by

AT =

' o .- a | '
0.2303h c__ ., d__ { (%c/uwatt)
K \

off 2 e (£)

where K is the thermal conductivity of the substrate.

|

F

The maximum operating temperature T _  of microstrip |
. v < |

circuits can be limited due to

(1) change of substrate properties with temperature

(ii) change of physical dimensions with temperature and j

(iii) connectors.

’

- (o]
For T .. = 100%c, T_, = 25°C and Z, = 50 ohm, values

of Average ?ower handling capability (APHC) .for various

"substrates at 2 GHZ, 10 GHZ and 20 GHZ are calculated by |
computer ané given in Table 4.1. Among the dielectrics

7
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considered, APHC is lowest for\poly styrene and it is maximum
for Be0. At lower frequéncies GaAs microstrip lines have
better APHC than Si microstfip'lines have better APHC than

Si microstrip ;inesi but at higher frequencies ADPHC is better

in the case of Si,

_ RA%X . AVERAGE P OWER (itw
SUBSTRATE : . S

2 GHZ 40 6uz” 20 ¢z
POLY STYRENE" 0.321 0.{24 “D.b75
QUARTZ - 1.26'0 0.523» - 0.357
SILI CONCSD) 3.190 2.230 1.650
GAAS 3,550 1.470 0.930
SAPP HIRE 11.€50 5.100 »3.460
ALURINA , 12,120 ‘ $.170 3.400
BEO 174,500 75.700 | - 51.500. j

Table 4.1. Comparison of Average Power Handling

Capability (APHC) for Various Substrates

4.2.2. PEAK POWER HANDLING CAPABILITY

"The peak voltage which can be applied without causing
dielectric breakdown determines the peak power handling
‘capability of the microstrip. If Z, is the characteristic

impedance of the microstrip and Vo is the,maximum yoltage
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the line can withstand, the maximum peak power is_given>by

v2 .
P, = (1.14)

P 27
‘g\ (]

Thick substrates can supéort higher voltages than thin
substrates. Therefore, low imbedance lines and lines on thick

subst;ates have higher peak power haddling capability.

The sharp edges of the striﬁ'conducéor serve as field
éoncentratoré; The electric fieldtends to a large value at
the sharp edges of the conductor if it is a flat strip and
decreases as the edge of the conducto: is rounded off more
and more. Therefore, thick and rounded strip conductors

will increase breakdown voltage.

The dielectric strength of the substrate material as-
well as of the air plays an important role. The breakdown
strength of dry air is approximately 30 kv/cm. Thus the
maximum electric field (tangential) near the strip edge
should be less than 30 kv/cm. In order to avoid air break-
down near the sfrip edge, the edge of the strip conductor
is painted with a dielectric paint which has the same

dielectric constant as that of the substrate and is lossless.
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4.3. EFFECT OF TOLERANCES

CharacFeristics of microstrib lines (namely 2z  and
Eopf) are priﬁarily functions of strip width w and subs-
trate parameters €. and h. These are also influenced by
factors such as strip thickness, frequency of oberation
(dispersion), size of enclosure etc. -2ny changes in the
values of w, €. or h give rise to cbrresbonding changes
in ZO and Ecffe B \

The substrate propertieé,'like surface finish,
metallization thickness, the fabrication process‘and so
on, determine the accuracy of fabrication of strip width. N
In addition to the error in fabrication of strip width,
the thickness and the dielectric constant of the substraté
have some manufacturing tolerances. All these factors .

contribute to variations in Z, and e_c. of the microstrip.
Since in microwave integrated circuits (MIC's) it is ver&
difficult to incorporate arrangements for post fakrication
adjustments, it is necessary to take into account the effect
of tolerances at the design stage itéelf. However, unlike

" the effects of deterministic'parameters like dispersion,
strip thickness, etc., the effect of tolerances cannot be

incorporated exactly because of the uncertaipty in Zo and

arising from.tolerances.

Eeff\
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4,4 EFFECT OF DiELECTRIC ANISOTROPY

Some<of’the dielectric substrates used for microstrip
circuits exhiﬂit anisotroby in permittivity. The most common
examples are‘sapphire and Eésilom—lo (trade name for a
ce;amic_loaded resin). In both caées, the substrates are
‘manufactured such that one of the principal axis of the
permittivity tensor is perpendiculaf £o the dielectric

interface y = h. If there were no fringing of electric

fields in microstrip configuration all the field lines will _

. coincide with this axis, and the caﬁécitance will be deter-
mined by the value of permittivity in this direction. In

such a case there is no effect of anisotropy. .
4,5. DESIGN EQUATIONS

The numerical methods to characterize the performaﬂcé
of\microstrip line discussed so farinvolve extensive compu—
tations. Closed form expressions are necessary for optimi-
zation and computer-aided-design of microstrip circuits.

A complete set of design equations for microstrip are

- presented in this section..These include closed form exp-
ressions for the characteristic impedance and effective
dielectric constant, and their variation with metal strip
- thickness, enclosure size and dispersion. Expressions

for\microst}ip loss and quality factor Q are also described.
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4.5.1. CHARACTERISTIC IMPEDANCE AND EFFECTIVE DIELECTRIC
CONSTANT %

The advént of.high—speed digital cifcuitry has given
emphasis to the need for a ready method of determining the
characteristics of interconnection between individﬁal com-
ponents. This is particularly important for integrated cir-
cuits where the close proximity of the interqonnections
may induce adverse effects on the circﬁitvﬁe}fofmance ; for
example overshoot, ringing and crosstalk. For these’effects
“to be minimised, it is necessary to have a knowledge of the

characteristic impedance of the microstriplines.

There are a'numbef of closed form approximate expres-
sipns available for the characteristic impedance,and effec-

tive dielectric constant. In this section, first a method

P

based on line-capacitance compufation (a) is described and
two modifications (b,c) are given. Next, a set of equations
in terms of series expansions obtained by generalization cf
Schneider'sbstandard equations are given (d), and a modifi-
cation‘to equivalent relative—permittivity, expression

' which takes account of the finite strip thickness is presen-
ted (e). Finally, a set of closed form expressions being

more accurate and based on the works of wheeler (3) and

‘Schneider (1) are given (£).
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Since a number of closed form -approximate expressions
are available for the characteristic iméedance and effective .
dielectric con%tant,,it is worthwhile to compare these
results with_each other and available éxperimental and
numerical resﬁlts by using tables. These tables are presen-

ted in each sub-section.
a. Line-Capacitance Comﬁutation Methbd_

This method was pioneered by Schwarzmann (16) and
based on the subdiviéion of the cééacitance associated
"with a single microstripline into three components : the
parallel plate capacitance, Cbp, betweén the lower surface
of the conductor and the ground~blane { the frihging capaé

citance, C at the edges of the conductor ; and the capa-

F'
. citance between the conductor's upper surface and the grognd/

plane, C (See Figure 4.2),

ppu

These capacitances Cpp' CF and Cppu are given as

follows (16)

_ T 2 (4.15)
PP cg h
e .
Cy = — ( — = | (4.16)
ppu . 3 c[; h ] »
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\Y
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Figure 4.2. Microstripline with Associated Capacitances

and

£
c. = —% 2.7 (1.17)
F cg ‘ y
(4h3
log| —
t

where ¢ is the free space impedance and ¢ is the speed of

light.

As we know, for TEM mode the characteristic impedance
of an el;mentary transmission line can be related to the
velocity of propagation down the line and the.capacitancc
pef unit length by

/
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ZO': l/YC . | (4.18)

where the velo;ity of propagation v is. given by the relati-

onship

v o=/ fe, « | (4.19)

and

Substituting equations (4.15), (4.16), (4.17) in

Eq. (4.18) yields

z, = L LA ! P2 W\‘l ~ .
‘ {E;ﬁ h log( 4h \ {——1 } 4.20)
. t P

where Ay = 2.7'and A, = 2/3
b. Modification to the Method Given in a

Since one major source of error in the line capaci-

tance computation method arises from the use of the relative

~dielectric permittivity,'John and Arlett (17) have consi-

 dered it in the straight- -1ine approximation neglecting the

dependence on mic

/

rostrip geometry as follows :
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Cofe = 0.4475 € + 0.6965 (4.21)

They have also changed the constants A, in CPpu and

Ay in CF with the follow1ng emprlcal formulae

—t
4]

~0.6895 {h/(eeffw)]-+l.2163' (4.22)
‘A2 = 0.0515(h/t) + 2.183 = i (4.23)
c) Modification to the Method Given in b

In>the method given in b, the expressions for Ay
A, and g_c. have been‘Ebtained by euppésing that A,, associ-
ated with the fringing capacitance, is a function of the
strip thickness t and the dielectric height h. Similarly,
A2 assoclated with the upper—p;ate capacitance is a funct%pn/

of the dielectric height h, the strip conductor width w and

the effective dielectric permittivity €agfe

But there is no physical significance to believe -
that the constants Al and A2 depend 6n microstrip parameters
‘while these parameters have already been accounted for in the
capacitance calculations. Also since the microwave energy
propagates both in the dielectric substrate below the strip
and in the air region above, the effective dlelectrlc per-

mittivity should be considered as a functlon of microstrip

 geometry as follows (18)
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-1 ’
v 3 (4.24)
10t .

Also, the capacitance Cbpu between upper surface of
microstrip and ground plane cah_be neglected since the

metallic strip is thin and good conducting (18).

"The fringing capacitance CF héé been evaluéted by
considering the round edge of the metallic strip in the
method given in a. Hence, it can be calculéfed by taking a
~conducting wire parali;l to the ground plane as follows (18)

c _ r 201 : . ) (‘1 .

[y

5)

Finally, the expression for the characteristic impe-

dance comes out to be simply :

- l » i
C
7, = [w , __2n (4.26)
4
{ Eets L b (—Jl)
t

Results of calculatiohs by using the methods given in
a, b éﬁd c are compared with experimental values‘of Kauppp
(19) where w/h’varies from 0.227 to 2.500 and t/h varies
/from 0.046 to 0 350 in Table 4.2, The results of calculations

aré also compare with the numerlcal method of Yamashita and
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Mettra (6) in Table 4.3. (The relative errors in percent

are givep in parenthesis). As it'is clear from these tables,
the accuracy of the line—cabacitance method given in a

and its deriva%ives is not good. Also, for effective dielect-
ric constant, although the numerical methods predict a
decrease with increase in strib thickness, the method givén'
in ¢ show it otherwise i.e. Eeff increases with t/h. This
situation can be seen from Table 4.10. This is of course

not acceptable since the fraction of totai*énergy pr0paga-»
ting in air increases with strib thickness, there by decie—

~asing the effective dielectric constant.

d. Generalization of Schneider's Standard Equation Obtained

by Exact Conformal Mapping

The rigorous solution for computing ZO from cguations

(3.4), (3.5), (3.6) is not recommended for most engineering
applicatiohs. Useful expressions for the characteristic
impedance of the microstrip in terms of rational functions
sions have been obtained by generalization

or series expan

of equations obtained by exact conformal mapping as follows

(1) :

(4.27)
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T/ (R

CALCULATED

20 (0HK)

w/ H | R E A S, ZD(OHR)-({9)
b ’ BETHOO A HETULY B METUCD C
0.227 | 0.063 111.2 96,856 97.763 105.8%7
: (~14.80) {-13.70) (-S.%0)
0.2350 | '0.063 111.0 - {01,105 44,492 171,028
L (-4.90) {-17.£0) (1.¢60)
0.340 | 0.063 §9.2 8548y yi.,921 101.002
- (-10.30) {(-7.90 {1.e0)
0.4%3 0.090 90.5 T6.569 35,13y 87.¥0S
“18.1¢C) (-6.2) {-5.4)
o526 } 0,147 32.0 er.ety b as.rue - 1s.62¢
: (-21.2) (=271 (-8.4,0)
0.645 | 0.090 " 31.0 70.0353 280:755 | B2, 6405
e (-15.¢6) (-0, &) 1.30)
0.6 %1 0.127 76.5 b4 556 75.729 74,196
~ {(-18.5) {~1.0) (-2.30
0.714 | 0.200 73.0 57.7¢9 70459 €5.304
(~26.3) {(~4.O) (~14.70)
0.903 | 0.127 67.05 834229 b2.8869 T 404
_ (-15.2) (2.7) (3.70)
1.457 | O.147 5.0 51.205 &1.872 62.501
: (-26.9) (-5.0) {-5.90)
1.070 | 6.200 . 1.0 50.030 81,307 $9.082
(-11.9) (t0.5) (-2.70)
1.00D0 § 0.280 s9. 4 L1.682 $9.201 54.537
, (-13.7) (-0.3) {~5.70)
.250 350 53.0 {1,520 $3.0% £7,94L¢
125 ° (-27.6)" (1.8} (-10.50)
.2 0.350 4L2.5 34,740 {'5.9LY 42,016
1-275 3 ‘ (~22.3) {(+5.0) 1t
1.500 - 3250 36,4 29.903 37.875 X7.424
d 0.3 {-20.5) (r4.9) (13.90)

_Table 4.2. Comparison of Calculated and Measured

Characteristic Impedances for Methods

‘a, b, and ¢ (er

= 4.7)
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CALCDLATED 0(0hn)

NUM, MET H .08

ePsR { w/H T/ H
/ $ETHOD A HETHOL B ML THOD €
1.0 | 0.40 | 0.010 2530 312,355 162.374 328.083
{14,850 (-13.70) (-5.30)
1.0 { 0.10 l'0.050 230, 0 237,677 317.815 245.699
: - (+3.20) +27.60) (6.30)
1.0 { 0.10 0.200 134.0 1(8.073 274.413 171.508
. (~15.40) €29.%30) (-1%.10)
1.0 | 1.00 | 0.010 125.0 133.369 117.155 | 185.940
(-r10.20) (-6.¢) (32.0)
1.0 | 1.00 | 0.050 122.0 122.149 | . 130.468 154,833
(@2 L3241 {13540)
1.0 { 1.00 ] o0.z00 112.0 100.714 | 1é5.764 | 121,678
: . -11.2) (32.4) t1.30)
4.0 | 2.00 0.01 88,0 86,231 83,356 123..02
(-2.90) ¢+1.8) (28.50)
1.0 | 2.00 0.05 86.0 74.314 122,416 109,740
{(-5.4) (24 .5) (+21.60)
1.0 | 2.00 0.20 82,0 ST L] 145.420 94,970
. (~17.¢) e.n (10.80)
11.1 | 0.10 0.01 6.5 45,201 3d.19y 103.20y
(~1.3) (-152.0) {i1.60)
1.7 | 0.10 0.05 ¥3.0 T1.614 £e.792 14,738
i (~24.2) (=41.1) (-13.00
11.7 | 0.40 0.20 82.0 50.132 56.72% 50,696
: (~ 63,3 (-44.5) (-4,1.7/0) .
44.7 | 1.00 0.01 L5.0 49,547 29.440 70.350
) {v.&) (~54.5) (+36.00)
44.7 [ 1.00 |0.05 43.7 42.151 41.501 55,231
(~%.6) (-5.2) (13.50
1.3 .00 0.20 41,5 33.(9% 33.7¢3 36,636
1 1 -23.1) (-7.0) (-7.4D)
7 12.0 0.01 31.0 32,444 23,026 48,035
"7 0 C(5.5) {34 .8) (25.50)
. .0 30. 1% .927 D0.1433 40,2376
" 7, 2-00 005 N (-5.0) (-0.3) (24.50)
24,5 24,473 28.L73 50.614
1.7 | 2.00 jo0.20 (-19.5) (-2.8) (+3.¢60)

Table 4‘.3‘. Comparison of Characteristic Impedances
Calculated from Methods a, b and c with

s

Characteristic Imp. obtained by Numerical

Methods (6)
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and for m>11_

12 - n
2, = = . bn(vv\ . (4.28)

Corr | D=1

The number of terms after which the series is termi-
nated determines the accuracy of the approximations. The
following formulas obtained by rational function approxima-
tion give an aecuracy of x0.80 nercenf feraé < w/h_< 10
which is the range of importance for most engineering appli—

cations :

For'w/hyg 1
Zé - 60 In( 8h R ) J (4.20)
ih
(Eafs) L/ ? W

1201
7 = _
) | | h ho .6
(¢ )1/2(-Jie + 2,42 - 0.44 (1 -2
eff ho w -

(4.30)

The effective dielectric constant can be found by

/ using Wheeler's. method by starting from an approximate

conformal mapping transformation for the transformed pa-

rallel plate capacitance (3). The square root of the effective
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1/2

dielectric constant (e_gg) ™ “ obtained by this method is

shown in Fig. 4.3 as a function of w/h an Eps

4.5 ~

4.0~ . & =20 et
as _—] 15l ]
"/1 12 |
g 30 - S ayl
: e e
[ . - )
LT Y F— ’/,—— 2—
S . LA
- __‘_ﬁ_________f——j
’ | T 4
“’ | s
Lol — T
1.2
irsl
te : 1
0.1 0.2 Q.4 6.6 0.8 1.0 2 4 L] s 10
w/h
Fig. 4.3. Square Root of the Effective Dielectric

Constant for the Microstrip.

In order to find a function which approximates the

set of curves of Fig. 4.3 over the total range 0 < w/h < «

and 1 < e, < © Schneider has defined a function F(er, W
h
e +1 g ~1 -
e = E— + 2 Fle., —— ) (4.31)

‘where
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\2 '  }1 - _.]_'._.
F(er, —) = (1 + 10 —)" 9" (4.32)

h w o
By using Eq. (4.31) in equations (4.29) and (4.30)

characteristic impedance can be found.

e. Modification to Schneider's Effective Dielectric Constant

Equation given in d :

The original work of Schneider (1) has considered
'only strips of zero thickness, a condition never achieved
~in practice. Yamashita and Mittra (6) have shown that the
effect of strip thickness is appreciable for w/h < 1, the
effect being a loweing of the characteristic impedance as

found by Stinehelfer (5) by experiment. A modificaiton to -

~

- Schneider's effective dielectric constant equation has been

given by Poss and Howes (20) approximately agreeing with

the work of Yamashita and Mittra (6), Bryant and Weiss (21),

Stinehelfer (5) and Wheeler (3). This expression is

1 £ =1 1
€ 4 - - —
e oz -t s ey o
eff 2 2 W
(4.33)
4 e_+0.5 £
- 40,468 ~—
1.5 N w
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and for b > 1
h
€ _+1 e -1 R
| r 10
feff T Tt T (1 wh) 2 (4.34)

This e .. expression is identical with strips, where
the term in t is swamped by the other.two w and h. It is
assumed that . becomes small as s increases, which

% h - )

is likely to be true in the practical case, since it implies

t/h < 0.2. : |

The expressions for characteristic impedance are the

same as equations (4.29) .and (4.30) given in d.

Results of calculations by using the methods given

in d and e are compared with experimental values of Kaupp

P

(19) where w/h varies from 0.227 to 2.500 and t/h varies

from 0.046 to 0.350 and given in Table 4.4. The results of
calculations are also compared with the numerical method

of Yamashita and Mittra (6) in Table 4.5. (The relative.
errors in percent are given in'pareﬁthesis). As it is clear

| from these tables, the éccufaCy is not good for these methods,
also. and just like in the method c, for the set of equations
given in e, the value ofleeff increases with t/h and for some
/ set of pafameters becomes even greater than €t (Look at

Table 4.10).
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’ | CALCULATED 20(08N
W/ H T/ H I KEAS. Z0(0DHM)-(19) e
: WETHOD O METHUOD E
0.227 | 0.062 114.2 120,949 107.180
(+8.00) ¢-3,70)
0.250 .| 0.063 1{1.0 47,436 106.247
(+5.30) (=4 .60)
0.340 | 0.063 99.2 106,294 . 96,264
- - {6.60) (~3.00)
0.483 | 0.0%0 50.5 D 93712 84,994
(3.40) ("6-‘0)
0.526 | 0.147 §2.0 ° . 90,688 80.701
. 7 (9.5) (~1.6)
0.645 | 0.090 #1.0 83,524 76.7 81
: : (148) (5.46)
0.681 0.427 76.5 81. 635 74.176
(6.2) (-3.1)
0.714 | 0.200 73%.0 79.997 71.322
' (8.7} (-2.3)
0.909 | 0.127 £7.0 71.767 66.089
(6. 6) (-1.3)
1.157 | 0.141 £5.0 £3.499 55.753
- ‘ (~2.%) ~10.6)
1.070 | 0.200 1.0 €6.129 €0.247 )
(1.7 (-1.2) 7
1.000 0.280 Y. - 69.5817 61.299
) ) (13.3) (5.0)
1.250 | 0.350 53.0 £€0,992 54 .04
(15.10) (2.99)
1.875 0.%50 L1.5 48, 8L7 44 714
13.0) 4.9)
500 | 0.350 | 6.0 41,016 41.016
2.50 0.3 “ 2.2) (12.2)

Table 4.4.

Comparison of Calculated and Measured

Characteristic Impedances for Methods

d and e (Er - 4.7)



. CALCulL ZOCOHM)
EPSR | W/ HI T/ H |NUKH.METH . ALS f1E2 -
. KETHOO O NETHOD E
1.0 : 0.10 0.010 253.0 262,90 245.40
) (3.70) (-3.0)
1.0 | 6.10 0.050 230.0 262.90 227.30
S €12.50) (-0.90)
1.0 } o.10 0,200 194.0 262.803 204.00
: (26,20 {(4.90)
1.0 { 1.00 0.010 125.0 i 126,40 17%5.50
SR T)) (1.26)
1.0 {1 1.00 0.050 122.0 126.40 120.30
) (-1.4)
i.0 { 1.00 | 0.20 112.0 126,40 " {1510
1.3y (2.6)
1.0 | 2.00 6.01 88.0 £9.332 ¥7.90
: “1.5) {-vl1)
1.0 | 1.00 0.05 86.0 19.362 ¥6.20
: (3.7) (0.2)
1.6 | 2.00 0.20 82.0 83, 382 £3.40
n.2) (1.5)
1.7 | 0.10 0.01 9¢.5 100.223 92.%
(3.7) (-4.3)
. 0.40 .05 ¥9.0 100.22% 85.00
1.7 1 (11,223 (-4.77)
. 2,10 0.20 §2.0 100.228 75.40
1.7 {3-10} (-9.1)
. . 0.01 5.0 44, 308 {3.70 -
1.7 } 1.00 4 (-c.4) (-2.%)
05, 45,7 L4. %62 42.60
14.71 } 1.00 0.05 | 200 (-1
1.5 44.8C8 {0.70
1.7 | t.00 y 0.20 " (1.3) (~1.9)
34.0 30.596 30.60
11.7 1.00 0.01 -1.2) {(-1.3)
c 10, 30,594 25,60
11.7 2.00 0.05 - 2 (G.6) (~-7.7)
29, $0.596 8.70
14.7 | 2.00 | o0.20 3 5.5) (-2.7)
‘5. Comparison of Characteristic Impedances

Table 4

calculated from Methods 'd and e with
Characteristic Impedance Obtained by

Numerical Methods (6).

N
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f. New Equations

New equaFions with accuracy fulfilling the 1 percent
goal have been Sbtéinéd by moaifying those of Wheeler (3)
and Schneider” (l). Schneider's equations for effeétive
diélectric constant €ogf re given;in Eq. (4.31). Making
F(er, X independent of ¢

h ro
e.. < 16, it is good enough and the following equation gives

is-an approximation, but for

r
relative errors in €aff not larger than 1 (Sée‘Table 4.7)
percent for a practical range of microstrip lines (0.05 <

w/h < 20 and.er < 16)

For w/h <bl -

- 2

’ 2

Flu/h) = 1+ =20y 2 Lo.0000 - ¥y (4.35)
") h -

and for —E—,z 1
h
, 1

12h : (4.36)

F(w/h) = (1 + ) 2 .

To obtain a better approximation above it would be
necessary to let F vary with €y The range covered and the
accuracy obtained with the approximation above should,
however, be -sufficient for most practical needs. (The

v . i 1si € thus
~dependence of F on €, decreases for increasing .,
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it is belived that the largest error in the above approxima-
tion will not be above 2 % for any value of —— and e

. h
with greatest error for w/h < 0.05).
(v .

Impedance equations forranalysis are best constructed
with those for single-dielectric together with the €aff
equation. The error in Schneider's equation for w/h > 1 is
approximately three times that claiméa and efforts to improve
on this showed that the best result (LOok'athable~4.6) is.
obtained by Hammerstad (22) by modifying Wheeler's équaﬁions

~as follows

For w/h ¢ 1

7z = 1n ( 8h , 0.25 —EL:j (4.37)
o - W h .
<1 Ceff
For w/h >1
-1
7 = - W 1,393 4+ 0.667 In(—— + 1.445& \
o T h - h

(4;38)

where ¢ = 1201 ohm is the free-space wave impedance.

The same accuracy has been obtained by modifying

bthe constants of Wheeler's synthesis (w/h.= h(Z,) equations

as follows ¢
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For w/h & 2

w .8
- 4.39
h [gxp(A)‘- 2 exp(-Aﬂ ( )
For w/h 3 2
5 2 e_-1 .
— = ——?B—l-ln(zs-ln 3 '[ln(B—l) +0.39- _O_éi_}
h I A 2 - €
r - r
(4.40)
- where
1/2
Z €.+1 e -1
A= —2° (r \ . I (0.23+ 0.11\ (4.41)
’ r
anAi
2 .
€
p = 01 (4.42)

Effect of Strip Thickness

The equations given above assume a two-dimensional
~strip conductor. But in practice, the strip is three-dimen-

sional its thickness, t, must be considered. The zero-
thickness (t/h = 0) formulas can be modified to consider
‘the thickness of the strip when the strip width, w, is

replaced by -an effective strip width, V.ge-

/



finite

~where

i
gl
j/
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Simple and accurate‘fprmulas for Z, and Eeff with

strip thickness are (23) :

Q
For w/h ¢ 1

C A o W
%, = ———— In < 8h . 4.25 —‘—aﬁ—\ (4.43)
20 e qgg Yefs h |
For L > 1
h
-1
T S : ‘ W
Z = eff . 1.393 + 0.667 1n(—9£§—- . 1.44%
Acff h h
(4.44)
for il < 1
h 21
Vaff v 1.25 t . 41w
- YT 1+ 1n —2 (4.45)
h 1 h t :
1
for —— > -
h 2
Vegg _ w_, 1.25 _t \(1 +1n -2 \ (4.46)
h h i h t
e+l el oy e-l  ¢/n .
- + F( ) - (4.47)
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. . W o
in which F(‘;‘) is given by equations (4.35) and (4.36).

A summary of typical results obtained by using above
equations is given in Tablesr4.6, 4.7, 4.8, 4.9 and 4.10.
Tovdetermine the percentage error inherent:.in using present

equations, the available numerical results are also presented.

In table 4.6 characteristic imbédanqé‘for zero thick-
ness (t/h = 0) microstrip and in,Table}4.7 effective dielectric
. constant for zero thickness microstrip calculated by the method
givén in f are compared with numerical results of Green (24),
Wheeler (3) and the method given in d (aﬁother zero thickness
case). As can be seen from these tables, the fesults ’for‘Z,o
and Eqfg 3TC correct to within i percent (The maximum relative

error in Z, and géff is less than 0.6 percent and 0.8 percenz

respectively) for the following sets of parameters 0.1 g .

w/H < 10 and £ € 11.7 as claimed.

But in practice, the strip is three-dimensional and
zero thickness case is a condition never achieved. (It may
. be approximated when t/h < 0.005 and 0.1 < w/h g 5). So,
‘the zero thickness (t/h = 0) formulas given here at the
beginning are modified to.considef the thickness of the

/stfip. The results obtained for microstrip including strip

thickness are compared with available experimental and

. nemerical résults in Tables 4.8, 4.9 and 4.10. It is found
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that the results for 2_.and €opf Obtained by this method are
correct to within 2 percent for the following sets of para-

meters 0 < t/h < 0.350, 0.1 ¢ w/h & 10 and e, < 11.7.

4,5.2. EFFECT OF ENCLOSURE

Most of microstrip circuit applications requiré a
metallic enclosure for hermetic sealing, mechanical strength,
electromagnetic shielding, mounting conneCtérs and ease ofA
handling. Both the top .cover and side walls tend to lower
- impedance and effective dielectric constant. This is because

~the fringing flux lines are prematurely terminated on the

enclosure walls. This increases the electric flux in air.

The closed from equations for a microstrip with top

cover (without side walls) are obtained as follows (26)

For —— "¢ 1

h

4 8h W

z_ = + 0,25 ) -p (4.48)

. . Vi h

2n\€eff

v

For — > 1

.
. .
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W/ ] EPSR [RUR KETH. (2¢) | wHEELER (2) HETHOD F METHOD D
; MITH ZERD THICK,
0.1 1 262,38 262,392 - 262.94p 262,940
(o,02) (0.2) (o,2)

0.2 1 221122 221.270 711.408¢ 221.408
(0.01) {0.0%) {0.08)
@51 1 166.67 166.697 126.872 166,822
) {(v.02) {0.09) (0.03)

1.0 1 126,40 © 42¢.520 126.0£0 126,613
€9.1) (-0.2) (0.03)

1.0 1 23.0 90.0%0 19.135 89.382
(1.2) (0. 4) {0.5)

5.0 b 43.34 49,320 49,347 49.617
6.1 {o.012? {0.5)

1o0.0 1 29.99 29.13 28.943 29.192
lo,.5) (=-0.1) (0.7

0.1 2.62) 199.4% 138,90 190.263 181.010
(o.1) . toe3y (0.7)

0.1 2.62{ 1s5t.82 158,970 158,19 15%.610
’ (0.1) lo.2) (0.5}

0.5 2.62] 11%.28 118,510 118,552 119.310
(0. 2) (0.2) (0403

1.0 2.62 97.45 ©¥. 620 82.7¢63 88,270
{0.2) (0.3) (-0.2)

2.9 2.62 61.c5 61.910 €1.411¢ &1.0%
(1.4) {0.5) {0.0)

5.0 2.62 32,78 J31.450 32,903 32,870
(-1.0y o.3) (0.3)

10.0 £2 19,93 18,940 18,896 ° 18,912
10.2) (-0.3) {~0.1)

ol 3.18 163,93 164.0%50 164,293 165,25¢
(0.1 {0.2) (0.3

0.2 3.7% 137,646 112,330 4372.217 117.¢10

(0.2) lo.1\ {0.4)

0.5 3.78] 41061.78 101,950 101.867 101,570

(0.2y - (v.08) {~0.2) .

1.0 3.7 75.84 74,060 95.999 75. 460
: (0.3) (0.2) (-0.%5)

2,0 3.7% £2.08 52,910 52.321 51.979
) (t.4) {0.5) {-0.2)

5. .78 21.73 27,400 27,831 27.750
L (-1.2) (0.3) (+0.1)
0. 3.1% 15,83 15,950 15,867 15.390
10-e (v.2) {0.2) (0.4}

. .6 108.52 109,130 108.597 103,865
ot ® 8 (0.2) {(-0.02) {0.8)
"o . 0.37 41,050 90,697 91,136
0.2 -6 ’ {0.,2) . (-0.2) {o.2}
. 1.4 67.370 €5.931 66.711
0.5 | 9.4 67.47 {0.3) - (=042} 1-0.6)

Table 4.6. Comparlson of Characterlstlc Impedance for
7ero Thickness Microstrip Calculated by

pifferent Methods.




65

KETHOD] NUM. HETH.(24) WHEELER (3) METHOD D RETHOD F

F\ :
EPSR 12.612 3.78 | 9.6 | 2,62 3.78 9.6 | 2.623,78) 9.6 | 2,62 3,78 9.60

0.4 1.92 [ 2,57 | 5,82} 1,91 | 2.5¢ | 5.80 | 1.89 | 2.52| s.72 | 1.91] 2.56 | 5.83
: (~0.3)4(=0.3IN~D 3 X({=1 53 ~1,60(~1.6X{~D.5}(-0.3){{0.2)

0.2 11-94 | 2.61 | 5,93} 1.93 | 2,60 |5.90| 1,92 | 2.58] 5.90| 1.93 | 2.60 | 5.96
, » : (-0+2H(=0+3)(~0+ 4} (-0 O N (0. BR(~0 4 ) (~D 3N {-0.1)|{D,6)

0.5 1.98 | 2,68 | 6,15} 1,97 | 2,67 | €14 | 1.98( 2,69 | 6.23 | 1,08 2.68 | 6.20
(=0 4N(-0.5)-0.4¥(+0. 1 N(+40.4){{+1 .3} (~0.3) (0.0)(0,.8)

1,0 12,04 | 2,77 [ &6.45) 2,03} 2.76 | 6,42 2,05 2,81 ] 6.60 | 2,03 | 2.77 ] 6.51
(-0.2)(-0.3){(-0. 4N (40641 2)(+2.3) (=D 43 (~0.1)(0. 7)

2.0 .12 2,92 { 6.83] 2,07 | 2.99 | 7.12| 2,14 | 2,95 7,05 | 2.1 | 2.9¢ 6;92
(-2.2)(12.6\(13.z)l+o.8)L+1.z)L+z.3)g—o.h)(-o.z)(o.5)

5,0 2.26 13,16 | 7.65[ 2,29 | 3,20 [ 7.79] 2,27 3.9 | 7.78 {2.25] 3.14 | 7.67
' : (11.2%(+1.4)(41.83(40.5)(30. 9N{+1 ¢ 6) (-0, 7} (~0.7)(0.3)

10,0  |2.37 | 3.34 | 8.23] 2.38] 3.26 | 8.20| 2.38 | 3.37 | 8.34 | 2,35 | 3.32| 8.2¢

(*OQ SX{+0.8) (+0.‘B)!(+o.‘5) (-0-0.8) (+1 03);‘—016) (“Dvb).(o. &)

'Tablej4.7. Comparison of Effective Dielectric Constant,

€aff’ for Zero Thickness Microstrip Calcula-
e

ted by Different Methods.
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CALCULATED ZO(OHM

W/ H| T/H |HEAS, Z0(OHM- () -
. METHOD F - INCL. TRICK,.
0.227 | 0.063 111.,2 120,551 108.935
(7.7 (-2.0)
0.250'| 0.063 111.0 147,119 108,850
(+5.00) (-1.90)
0.340 | 0.063 39.2 © 106,229 T 98.421
(6, 6D) (-1.00)
0.483 | 0.0%0 90.5 93.906 88.824
(3.60) (-1.%)
0.526 | 0.147 82,0 90.936 82,057
: (9.8 €0.03)
0.645 | 0.090 81.0 8%, 883 79.684
. ' (3.4 (-1.6)
0.681 D.127 76.5 82,0138 15.616
, : (6.7) (-1.1
0.714-] 0.200 73,0 80.393 (72.616
(9.2) -0.5)
0.909 | 0,127 67.0 72.222 ?7.266
’ 1.2) 0.6)
1.157 | 0.147 €5.0 (6?.;21 ?5.211
Sl BN ) 0-3
1.070 § 0.200 61.0 fg.f?s ?;.ggs 5
1.000 { 0.280 59.4 (?g.g?t ?g.gio
1.230 |} 0.3%0 53.0 ‘$2-8§3 i?-;}‘
1.875 | 0.350 42.5 ‘ﬁg.g?z ??.33
2.500 } 0.350 36,0 (f;'lfs %g.g?

Table 4.8. Compari

son of Calculated and Measured

Characteristic Impedances,for Method £
with Zero Thickness and‘Including Strip

Thickness (er = 4.7)




CALCUDLATED z0(ohm)

EPSR W/ H]I T/H INUN, RET H ol6)
S INeC THE LK, 2ERD THICK, (F)
i.0 0.01.0 0.010 153.0 250.427 262.54
‘ (-1.0) (+3.7)
1.0 | 0.10 | o.050 .230,0 226.339 262,94
=15 t12.50)
1.0 ] o.10 | 04200 194.0 192,251 162,94
‘ “{=1.0) {26.20)
i.0 1.00 0.010 '12%,0 125.220 126,613
{1.70) {1.20)
1.0 1.00 0.050 122.0 121.262 126.613
‘-"00‘6) (3-6)
{.0 ] t.00 0.20 1{2.0 113.684 126,613
(1.4) (1t.5)
_ 1.0 | 2.90 0.01 88.0 8%.706 89.335
lo.7) (1.4)
1.0 | 2:00 0405 86.0 27.042 89.335
(1.1) (3.7)
1.0 { 2.00 0.20 81.0 83184 38,335
(L.2) (g.2)
11.7 | 0-10 0.01 ' 96,5 95 .087 99,313
(—1a4) (2.3)
114.7 ] 0.10 0.05 £4.0 87.843 99,313
(-1.3) (10.3)
14.7 { 0.10 0.10 82,0 9L.690 99,313
~ (=0.30) (L7.4)
14.7 | t.00 0.08 45.0 44.630 45.039
l-0.5) (0.0)
11.7 | 1.00 | 0.05 4.7 43,650 45.039 .
(-OJ\L‘ (2.9,
11.7 { 1.00 1 0.20 41,5 41,880 45,039
z ‘ (0.9} (Te2)
1447 i } 1.0 %0.688 30.975
iii 7 1 g.oo | 0.04 i 3 (2088 Cors \
: . : 30.231L 30.875 —
: v ¢ i 0. 0. .
311'7 % 2.00 i v.05 i 304 (~0.5&) (1.5}
Fe N
4.7 | 2.00 | 0.20 | 29.5 1332251 72:215

Table 4.9. Comparison of Characteristic Impedances
calculated by New Equations (Method f)

with Numerical Methods (6) .
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epse | wo ' T/ EFFFCTIVE OILECTRIC CONS .
NUM NET.(25) | HET. C | HET. € | RET. F (WITH T)
3.72 | 0.4 ] o0t |  2.52 3,09 2.95 2,54
n" " 0.10 2.36 3,65 | 3.8 = 2.37
“ " 0.20 - - 3.7 bob2 # 2,18
" 1.0 | o.ot 2.11 .52 2.94 . 2,77
" # | 0.10 2.70 3,09 | 3.23- | 2,72
i n | o.20 - 3,32 341 2,66
v 2.0 | 0.0t 2.92 2,46 3.05 2,91
" " 0.10 2.87 2,85 1.26 2.87
" " 0,20 | - 3.09 3.38 2,83
9.60 | 0.t | 0.0 5.67 7.45 | 6.72 5.71
" " 0.10 5.1 - 9,24 8,88 5.24
7 1 0.20 - 9. 40 10.18 « 4.65
" 1.0 | o.ot 6.42 | 5.89 6.91 6.4
“ s | outo 6.19 7.45 7.53 . 6.3t
" " 0.20 - g.17 8.01 6.12
" 2.0 |} o.01 6.8 5.51 7.28 6.91 -V
. 0" 0.10 6.73 6,73 | 7.76 6,79
PR R 0.20 - 7.45 g.05 6.66

Table 4.10. Comparison of Effective Dielectric Constanz,

€off? for Microstrip Including Strip
Thickness Calculated by Different Methods
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_ -1
w +'1.444-l
h

(4.49)

2y = +1.393 + 0.667 1n(

© h
0.4 s_ﬂ_ '
8 N 1
_— 2
1+ \'
h N

- ) 1-tanh{ 1 +

where

| e+l fe-l ' ,

€orf = L +< -3 Féﬂ—gﬁ tanh | 0.18 ¢ 0.235 S

2 2 h h
- (4.50)

_0.415
h'>2
( h _
and

h 1
P = 270[1 - tanh(0.28 + 1.2,&——— ) (4.51)
. ’ h o

—E—) has been defined in the equations

The factor F( N
(4.35) and (4.36) ; h' is the spacing between the strip

and the top cover and h' 2

l .
h .

4,5,3. ﬁFFECT OF DISPERSION

The effect of fregquency (dispersion) on €.e¢ is
described accurately by the dispersion model given by

.Getsinger (9) and modified by Edwards and owens (27), as
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discussed in Section 3.2. The effect of frequency on the

characteristic impedance of the'microstrip has been desc-

ribed by several investigators (28, 29, 30, 31). Among

these, Bianco et. al. (30) has approximate results closer

t0 numerical values,

The results of Bianco et. al. for Zo(f), and of

Edwards and Owen for € _..(f) may be stated as-follows

2. -2
: T o
Zo(f) = ZT -
A c 2
l+G(———\
£
p
E. - €
r eff
l+G(——f\
£
p
.where
7 - 5 ._l.._
G-(O )2 + 0,004 2
' 60
3
6.16xlO.ZO
f (GHZ) = '
P
h

Here h is in cm, Zo

-
.

(4.52)

(4.53)

(4.54)

is in ohms and ZT is twice the

characteristic impedance of a stripline of width w and

Iheihgt 2h. Zorand €off

earlier.

are quasi-static values obtained
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4.5.4 LOSSES

A closec} form, expression for total loss can be derived

using Equations (4.43-4.44) as follows :
ap = AL + ooy _ I (4.56)

The two components g and aq are given by for g1

2
R 32 - (w h)
o, = 1.38 A —= eff dB/cm  (4.57)
h? : W 2 ,
o) 39 4 < eff‘>
h
For —% > 1
h
LW
ff
R Z £ w —Ceix
o« = 6.lx10—.5A. s o-eff eff N 0.667 h dB/cm
© ho h Weff 1.444 )
e + .
_——_h ,
and . (4.58)
€ -1
5. 34 —2EE .dB/cm(Ji- < i\
Forele D) h
Ceff r (4.59)
Ctd = .

€. ors T

tand dB/cm(w 5 l»
A h

e -1 Ceff o



where

Weff I t
Hfﬁo
RS = i Pg = resistivity of the strip conductor
0 :
c

sz we €. tan § = conductivity of the dielectric
substrate

and - : | o

20w LA g 1 \
’ 2 21

The dielectric loss is normally very small compared

-

with the conductor loss for dielectric substrates. The
dielectric loss in silicon substrate (used for monolithic
MICs), however, is usually of the same order,>6r even |
larger than the conductor loss, this is because of lower
resistivity available in silicon wafers. However, higher
resistivity can be obtained in GéAs, and therefore the
dielectric loss is lower for this material.

Values of conductor'and‘dilectric'losses per unit

length for 50 ohm microstrip lines on various substrates

<
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(dielectric as well as semiconductor) are plotted in Figure

4.4 as functions of frequency. At a given frequency the

total loss can be obtained by adding the two values.

ADSS (B ice)
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Figure 4.4. Conductor and Dielectric Losses as Functions

of Frequency for Microstrip Lines on Various

Substrates.

4.5.5, QUALITY FACTOR

The quality factor, Q, of a microstrip can be related

to the total loss in the line by (32)

(4.60)
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_where QT is the equivalent Q of the resonator (quarter

wavelength), o, is the total loss in the resonator, and

T
B = 2H/A . When losses in a resonant line are considered,
another loss factor, Ops ‘due to radlatlon at the open end

dlscontlnultles must also be taken 1nto account. The

corresponding radiation Q-factor is given by (32)

N ZO — .
;QR = | s (4.61)

480H.(—Lj.R
A
(@]

where

2
)4l [eeff(f)-l]v - l#!eeff(f)+l

fere T 2[€eff(f)]3/2 Corp (B)_;
(4.62)

in which €o.gg(£) is given by the Eq. (4.53). The total Q

of the resonator can be expressed by

= + + - , (4.63)

~ Here Q Qd and Qp are the quality factors corresponding

to conductor, dielectric and radiation losses, respectively.
Finally, the circuit quallty factor Q¢ is defined .as

o A (o + aq) v
1l 1 1 = o' ¢ a’- _ (4.64)

Qo Qc Qd HJEeff(f)

]
+
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The Variation with freguency of Qo' QR and QT fér a

quarter wave resonator on different substrates is shown in

Figure 4.5,

10°
; — o+ e g°
\ ro
00 N nimb) €, -
o \\ QUART2 25 16 .
C AN ALUMINA 25 9.7
_\\ \‘Q GaAds 10 123
h N S~o Zom » 30 chin
~
AR ~.
o 107N N R QUARTZ |
E N Ny S e ]
t N e ~ o~
'/;\(\ .o ALUMING
lO’;_—
~
C ALUMINA
b SUARTZ
L
10 | ! 1 l { 1 !
10 14

Figure 4.5. Variation of Q-factors with Frequency

for Quarterwave Microstrip Resonators.
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V. MICROSTRIP MEASUREMENTS

Just as in case of any other transmission structure
the impbrtant characteristics that need be measured for a

microstrip are :

(i) characteristic impedance
(ii) phase,velocity and

(iii) attenuation constant

Also, in several cases, the dielectric constant of
the substrate matefial is not known accurately. Since this
information is reéuired for microstrip circuit design,
several methods/have been devised for quick determinatién

of the dielectric constant of metallized substrates.

In this chapter, the methods for the measurement
of microstrip characteristics and for substrate dielectric

constant are briefly outlined.

76
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5.1. SUBSTRATE DIELECTRIC»CONSTANT
In the pormal course of fabricatingdielectric subst-
rateé for MICs;.a dielectri¢ filled resonator cavity is
automatically constructed. (The substrate is metallized
on»each’side, hence forming a tiny resonant cavity). The
rectangular substrate with its>top—and bottom-surface
metallization (sides not metallized) becomes, in effect,
a parallel plafe dielectric-loaded-waveguiae’resonator,
This structure is shown in Figure 5.1(a). For high dielect-
'ric,constant substrates the fringing field is very small,
~and the sides of the resonator are good approximations to
open circuits. The boundary conditioné;‘therefore, consist

of an open circuit at the side walls of the resonator.

. /e
1 | |
TE=

Figure 5.1(a) Metallized Substrate as a Parallel

Plate Resonator
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Figure 5.1(b) Resonance Frequencies for Various Modes
of a Metallized Substrate Resonator

(from (33)).

The resonance frequency fm

n for a wavequide with

opeh-circuit side walls are given by
2 c2 n \? n v : | |
fmn = - -t (5.1)
€ 2w 2%

where m and n represent the mode of resonance and correspond

to the number of half cycle variations along w and &, res-
pectively. Values of £ , are shown in Figure 5.1(b) as dots

superimposed on the dispersion curves.

Excitation of the resonator at the substrate corner

and detection of resonance are accomplished as shown in
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Figure 5.2 (33). Transmission measurements may be carried
out by using a network analyser or any other suitable
system (sweep generator and crystal detector etc.). The

\L _ ,
modes are identified by referring to Figure 5.1(b).

Poceliel P\ ode

C onneector

Re > or\q‘\o(‘

Pow:r‘
OeYector

Divider A

LIGHT  COUPLING TO PARALLEL

PLATE RESONATOR

Figure 5.2. Test Configuration for Resonance Measure-

- ments.
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" The accuracy of this meﬁhod is\limited because of the fringing
field and'radiation'due to the open -sides of the resonator..

A modification has been suggested (34) wherein the substrate
is métallized dn all‘thevsides so that a small microwave
cavity is formed. Equation (5.1) for various resonant frequ-
encies is still valid. Resonant frequencies are measured by
cleéring metallization from the corners of the cavity and
positioning the center conductor in .coaxial connectors as
shown in Figure 5.2.

5.2. CHARACTERISTIC IMPEDANCE

Impedance is a fundamental concept in microwave cir-
cuit design because the impedances of circuit elements and
their interconnections determine the distributioh of power
within a circuit. The ability of a microwave engineer to
‘predict circuit performance will partially depend on the =
accﬁracy of the knowledge of impedahces for available cir-

cuit elements.

The characteristic impedance'can be measured by
terminating the microstrip with a precision coaxial load
and measuring maximum and minimum VSWR as a function of

frequency. With Z as the reference line impedance (50 ohms)

CR

the characteristic microstrip line impedance Z_ is determined

by ‘. ST
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7 +1 C
[ 1 .
=l VSWR . VSWR . (5.2)

OR

where the exponent +1 goes with high impedance lines, -1
with low impedance lines. Since the general behavior of
ZO/ZOR as a function of geometry is known from Time Domain
Reflectbmetry (TDR) measurements aé‘ﬁell as from previous
theoretical and e#perimental results,'theléﬁestion whether

to use +1 or -1 never arises,

5.3. PHASE VELOCITY OR EFFECTIVE DIELECTRIC CONSTANT

Phase velocity or effective dielectric constant can
be determined by using Reflection Cancellation Method (35)
which is based upon thé fact that a section of mismatched
" transmission line of length % will appear to be a perfecg
match at frequencies such that n)/2 = £. At other frequencies
the line is mismétched. If the source frequency is adjusted'
the line will appear to be matched at frequencies such

that & = Al/2, Ao 3A3/2, etc.; thus allowing Ay A A

2'

.etc. to be obtained. The phase velocity vp is given by

vp = f) = g/J Eeff(f) : (5.3)

where c is the-vélocity of light in free 'space. Thus, at

3I

“the matching frequencies



e (£) =(;9—) | A (5.4)
eff £

which allows eéff(f)‘to be found. When dispersion effects
are negligible, Equation (5.4) gives the value of Eoff®

In the case of significant dispersion the value of ¢ (£)

eff
obtained at the lowest frequency is used as a first approxi-

matlon‘tO’eeff.

In this‘method, The fquuencies atlﬁhich the reflection
coefficient at the input to the mismatched section is zero
are determined using a network analyzer and the iength 2
‘of the microstrip line is measured. This method is quite
simple to apply and is not wasteful of substrate material.

It can also determine the permittivity associated with a

specific section of microstrip.
5.4, ATTENUATION CONSTANT

The most satisfactory method of measuring the attenu-
ation constant for low-loss substrates is from the Q-factor
of a resonant section of line. The attenuation constant and

the unloaded quality factor Q, are related by the following

expression
« = 213 (aB/cm) : (5.5)

92
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"An ap@roximate,but very simple method to measuré the
attenuation constant is baséd on thé'comparison technique.
In this method two microstrib lines with identical electrical
characteristicé bﬁt different lengths .are taken. Their
insertion losses are measured. The difference between the
two values of insertion loss is uéed for evaluating .the
attenuation constant. This prbcedure avoids the systematic

errors caused by radiation, coaxial to microstrip transi-

tion, and so forth.
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V1 COMPUTER AIDED DESIGN OF MICROSTRIP LINES

6.1. PROGRAM FOR MICROSTRIP DESIGN

A comblete set of design algorifhm for migrostrip
isﬂbresentea in this brogram. This includés closed’form
‘expressions for the characteristic imbedance, ZO,'and
:effective dielectric constant, €off? and their variation
with metal strip thickness, enclosure size and dispersion.
Expressions for microstrip loss and guality factor Q are
also given.

‘Programming language is FORTRAN and the equations/
for Zo and éeff’given in this are correct to within 2 pércent
for the following sets of parameters : 0 ¢ t/h g 0.350,

0.1 ¢ w/h ¢ 10 and e, < 11.7
.6.2. COMPARISON BY A COMPUTER PROGRAM USING GRAPHS

A computer program’ensuring to make a comparison of
characteristic impedance or effective dielectric constant
obtained from different approaches with each other for

idesired t/h and w/h ratios and for different_gr's by using

a special plot algdrithm is given here.
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15 Do TWICE THey ChalICTPRISTLIC IRF, GF A-STHIPLIWE OF

10T v mdb 7 1GHT 2H

FREK=FREQ/ITEG : ‘ -
RATWEL=(R/(2an)) ' )
IFCRAToun Lo wl) 2uT=20 (AL OGCLEL/RATUAI Y (Lo 2 SaRATWHI DI =L
S/SGRT(LFS.))) . .
IFCPATuRL3YL1) 2uT=z22 (o (nATWHYT 42680, 0872 (ALCC (1,544
RATWHIII I (E 7 a2/ IRTAITFSEFDY)) v
CEPSEFRSCPSE ~((LPSA LFSUFY /7 CCCCFROR/ (T w2 /i) ) anT)ny
GSGRTUCL{F=S)7E0 )y (L LTA»ZINE)I)e1))

I =201 =027V =T )0 COLUPRRZCCIS o= 20F Y /) »al) = (SunT (L N
SIOF=8)/E6ur ", TU4=2F)))+1))
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CL3£S : CoHCUCTIAR LEOSS

bLOSY ¢ DILECTwIC LCSG

TLOSS ¢ TAaTAL LCL

TFCRATAR_GT oA EuU 1‘((1IAATUHL)'(]1(n By dx (ALOGC?/RATTHINID
JFCRMTW QLD ) EAUST o (CI/RATHHE) » (1o (U 3G (ALCSCT 2,500 (PrTiin
S/RATIHIDIIIDY)

IFCRATRMGLL LAT) CLOLS=(1.3%2CuU) «(SURTCUS, 14*FiLdaFEP)/LTTLNLC)
S/ (Ha202T) ) s ((32=((RETWHE) 222) )/ (324 ((RATLHE)2*2)))
IFCRATUH_OGT u1) CLOSS=(RATWHEYC(O 6072 RATWwHE)X / (RATRHD v L4464 ) )
BCO LG ET aE U s (UCSURTOL  TA*FRIURFSPI/RLSOSCI ) * 278 T=EPSLFT )/ h)
IFCRATWH_OLLLT) OLCSS=1¢36.14nCODSHUCLSLFT=1)/ (SuPRTC(EPSCFTI*(
LEPSR=1)))

IF(RiTWELCT 1) DLO’S 7.3*(FPSP/( P:!~1))*((fr TET=1)/5u4RT
&(EPS£F1))‘l(CCDC/(c.g7~FuE0~LF°ﬂ-:fSR))/(Cufnru))
TLOSS=CLUSS+DLOSS
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aft ; CLRCUIYT CUALITY FACTCH

ut= (cuﬁﬂ'FhEh‘(SuPT(LPSFET)))/C

RAD=(CLPUSEFD+ 1) /EPSEFD)=( CCCLFSEFD=1)%x2) /(22 SuRT(LPSFFO*xx3)))
(W CALCGCCSARTCEPSEFDI +1) /(SURT (£ PSEFDI=-10)))

QR=CITF /7 CAE0=2 142 (n/(CaFREG)) %% Z)2RADY)
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DIMEASICN E2aC NV ,LCECMN) 220LCLR) L2000 M) ,2PELGN) A LTFEN)
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2R tCHARACTERISTIC InF, FOK NETHOD A
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100 :CHARACTERISTIC InP, FOk HETHOC . T
1F iCuaRACTIRISTIC TP, TCk Ul1HOC F

ICFE :Cha, IMF, FOR FiT. F THCLDIANG THIChhnS“
FOK=11.7

RATWEE=E
RAT wbh=u
RATTF=G. 0
DCY el 1=1,57
RATWhaw AT whivdy o 2
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TC(LTLR-1I/2 D) Ve ((EPSheT ) /120)

ICC (1)Y= 7L ORTUIFSarCI)» (1 / (RATHHe (L, 22/ LALTL o
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LFCFRATWHOLE ai) EPSLFE=CEFSKe 1) /2)v (L (i PLi=1)/2) % Cind
ISURT e IO/ RaTwbd ) )t U L CLPSRAG, )Y /1.5) = (SURT
FCRATIh/ RATVRD D) ‘ .

LFCRATUH, CT.2) EPSEFL=C(LFSR 1) /2.0 C(LPER=T1) /2, )2 (Y
ECSARTY v (1L 7 8ATWAD D)) .
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LRATWHE) ) = (EU/SWRTCEFSLEFG))

IFCRATWh.GTw1) ZUFECI)=(] o/ (RATHWHE+ T, 393+ (L. 0T
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ACS5,1)=0ATWH ) .
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INCD)=50
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INC4q)SLT
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INCE) =50 '
INC?)=50

CALL GuAFTR (CU,DE X, Y T0NILAT)
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FORVARTICII I 21542420 w0 NIHY2 /1)

STupP

thD .
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DIMFASICH X(7,60) Y (7,60),00111),0(56),0(12), F(1’),1N(1)
CHARFCIER =1 A(50,111),F(H1 1))

REAL MLIN MINTAHAR # A2, INCRALNCY

00 5 I=1,5¢ :
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cCieTinur
IFCIACT ot o Ch ALY, 2) 1411
FFRCINVLCT. 50 UR_TYLLTL2) 1Y=50
FFCMLLEGLToCR WL FuLE) THEN

DO 1L t=1.,101m :

pC 1¢ 1=71,1M05)

TFCx(s, 1), 00f 0) Tick
XCGis1)SALCUIL Rt r 1))

L:h'JI’

COnTinub

ﬁhu' lf

IFOnb Ld okl W, 2) THIR

6C 1% 2H=1,1D014

DO 15 1=]l,1008)

LECYd«,1) ,nb.0) TuLn
YGisl)=ALCCIL(Y (L L1))

CAND L

CCnTinUur

fho 1T

v 0 I=1,14

F(LY=*-¢*

COiiTInuE

DY 25 1=1,1i%,10

F(L)="%+"

Coullnue

Bitt=aC0is)

$ix=2(1,1)

nInti=v(1,1) .
raxt=r(1,1)

DC ¢ =1 ,.1010

B 20 1=1,1080)
TFCXCA, 1) uToraX) tAars£Gasl)
IFCACAL,T) LT el alh=x(isl)
TF(Y(<,1)6T.44%1) taxt=v(r,L1)
IFCY(H,T) LTI NT) FINT=Y(=,1)
(MOTR I

CCHTINUY
INCX=GlAR=r T1id/7 (1 A~1)

LACY= (A ="1n1)/ (1y=1)
JNSBELIR)

RSB EIN N

0l 4L 1=1,14-1

W(1+1)=LCT)+INCA

ChiTINUE

O 4SS 1=1,10--1
VIt 1)=v (I vIndd
CONTINUE

b3 ¢L K=Y LL1DIE

DG el 1=1,1n001)

Hi=1 :
DIFF=aABSCALE,I)-U(1))
D0 S0 4=1,1x%-1
IFCAESOX(NU,T)=UCs+1) )W LT.DYFF) THEN
DIFF=ALS(X{(¥, T)~ulu+1)).

wi=J1

LAD 1F
CCnTinut

L=
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DIFF1=ad0 (Y G-y (1))

e 55 J=1,171 ; }
TFCALS Y )=V I+l )DL LTLCIFFT) Theh
DIFFI=A05(Y (hsl)d=vid®1)) B
L2311 .
Eny T

CCnuTihur

FFO4,Tull) AlL, )=
1FCit EwaZ) ACL,MY )=
TF(HfuL3) AlL,41)=tat
LECR,Cuyn) ALL,37)=00"

IFCI. fu,5) ACL,4i)=145"

TFCH Fu.G) A(L, 41 )=t

TFCE Euo?) AlL,41)=t L0
CCHiTlhul
CCHLTInuf

2=(

L=t

t.2=Lcri} -
IrChL tu T CRGIHLL QL 2) DIL2)I=Tuxny(])
TFCRL.N YA C L WHELY) DLZ)Sv (D)
CCATINHUE o

e 7¢ 1=1,1x,10

Li=1L2+1

TFChLoCuotaChunbloTuee) SCLEY=TumxL(])
IFChLnE T o toNL  nEL2) LL2)y=u(l)
CCnTinut

IF(hL Lo, To0r ik TWaz) Tuln

be £{ M=1,1D1K

00 20 1=1,10M08)

L(4,1)=1Lan s(=,T)

AN AT IS B TR

Chy If

1FUhL Lual Ok, Laiusd) Tnilh

0l el =1r,1010

DC L 1=1,.000%)
Y(4,0)=10anY (5, 1)

COMTIhUE

“hD 1F°

K72 ((TY=13758) 2L+

IP=Clk-1) 710+

PRIKT 9%

be yLU I=1Y,1,-1

IFCTI,LUWLRT?) Thuh

£?=K7=-5

L=17%5+1 ,

PRINT 1CUs BCLY 2CACTSd) 2021021 R)
¢ TC 90 ;
END T )

PRINT 175,00 (1,30 ,021,1K)
CORTINUE :
PRINT 116, CFCT) 2221 ,4K)

PRINKT 115,(0C1),1=1,1P)

RETURN

FCRAMTC(IATS 1)
FORMAT(2A,1PLTIL W s 1Xs v 11141)
FCRYAT(14 %', 11141
FORPMATCIS X, 1V 1aT1, /)
FCAYATC(I1 A1 (1P, 2,18 LIPED LA/
CND
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VII. CONCLUSION:

Microstrib transmission line has in the last few
years become very pobular in computer and microwave integ-
rated circuit design as can be\judged from the large number ‘
of papers bublished on microstrip and microstrip netwofks.
. But there is no comprehensive description available at one
place. In particular the design information is not readily
available. In this study, a detailed account of this line
is presented. Section 4.5 on design considerations can be
used diréctly for the design of microstrip line without
géing into details of analysis. A combuter program isbalgo

" presented in Chapter VI for CAD.

The accuracy needed in equations for microstrip
impedance and effective dieléctric constant should be set
in accordance with typical variatioﬁs in substrate para-
‘-meters and manufacturing tolérances, and 1 % as a maximum
relative error seems-to’be a reasonable goal for both.
Most of the equations given in section 4.5.1 (except the
équations given‘in‘f) do not have that accufacy as can |

be seén from the tables prepared to combare the typical

/
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‘results with the available numerical and experimental‘results.

» From‘these tables, it is seen that considerable erfor
can arise in the direct abélication of Eq. 4.20 given in the
line—cabacitance combutation method. Here, one major source
of error ariées from the use‘df the relative aielectric
permittivity. By considering this point, the method given
in'b has taken the relative.dielectfic~permittivityrin the
straight~-line abproximation heglecting the‘deﬁendgnce on >‘
.microstrigwgeometry. It has also obtainedifhe constant
Aqy associated‘with the fringing.capacitance as a function
of the strip thickness t‘and the dielectricrheight h, Simi-
‘larly-A,, associated:with the upper-blaté ca@acitance has
been obtained as a function of the dielectric height h;
the strip conductof width w and the effective dieiectric_
permittivity, Ecff® But there is no’physical siénificénce
- to believe that the constants A; and A, depend on microstrip
parameters_whilg these Parameters have already been accounted
for in the capacitance calculations. &lso, since the micro-
wave energy propagates both in the dielectric substrate
below the strip and in the air region above, the effective
dielectric permittivity should be considered as a function

of microstrip geometry.

The numerical methods predict a decrease with increase
in strip thickness, but the above method (given in c) shows

it otherwise i.e. €_gp increases with t/h. (See Table 4.10).
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This.is ofcourse not acceétable since the fraction of total
energy propagating in air increases with strip thickness,
there by decreasing the effective'dielectric constant. It
can be said he&e that the large amounp of error in the
results of methods given in b and ¢ abbear to be due to

the questionable basis for curve‘fitting. They have tried
to fit the experimental results of Kaupp (19) using the
equations given in line-capacitance computatlon method.

But these equations have a relative error4as large as *27.6

percent,

Just like the above situation occurred in the methods
"given in b aqd c, the formulas for Zo and Eeff aTE obtained
by curve fitting the numerical results of Yamashita and Mittra
(6) in the method given in e. Bﬁt these formulas have also

an error as large as 12 percent.

In f, new equations intending to have 1 % maximum
relative error for both characteristic impedance and effec-
tive dielectric permittivity are giVen first for zero thick;
ness microstrip. Next, since the microstrip is three dimen-
 sional and so the strip'conductor thickness must be consi-
dered, these equatiohs are modified to include strip thick-
ness. A summary of typical resulté is given in Tables 4.8,
4.9 and 4.10. A comparison of these results-with available
experimental -and numerical results has shown that the results

for 2z and téff given here are correct to within 2 percent
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for'the following set, of parameters : 0 &t/h ¢ 0.350 ;

0.1 « w/h £ 10 and e, < 11.7.

These gimple_and most accurate closed form expressions
are embloyed to calculate microstrip characteristics. The
results find‘wide apblications in thick microstrips (0.05 €
t/h < 0;2) used in combuters and in thin microstrips (0.01 <

t/h < 0.05f used in MIC's.
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DATA ON COMMONLY USED SUBSTRATES FOR MICROSTRIP (24)

TYPE EPSR TEMP, RANGE | LoOSs FAc. | D1E, STR.]THER. COM, | RELATIVE
. {*cy {X-8AND) (kv/iam) | KIw/n'C) PRICE

REXOLENE S 2.32 {-60)~(+70) 0.000S 19.7 Q.40 i

REXOLITE 2.53 (~60)=(+100) 0.0005 19.7 0.15 3
1422 '

REXQLLTE 2.62 l-75)-(+190) | O.0010 18.7 0.20 2
2200 ‘

POLYPNENTL 2.55 (~60)-(4260) | o.001¢ 19.7 0.20 &
ox[DE

3M,K6098 2,50 {-60)=(+240) 00,0015 aL.5 G.10 s
CucLp

R} /0URDLD 2.35 (~60)-(+260) | o0.0010 il.8 D.25 10
S880 ,

FUSED 3.92 NO PRACTICAL } ©.c00L 15.7 1.40 3

SiLica LINITATION |

BERYLLIA 6.2 " 0.0003 15.7 230,

SAPPHI RE 9,3-11.7 h 0.0004 19.7 40,0 6

ﬁLuNINA 916“9-9 " 1917 35t0 1

00,0004
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APPENDIX A (CONTINUED)

ADVANTAGES
TYPE ~
DI SADVANTAGES
LOW LOSSES & INEXPENS|VE
REXOLENE § _ e
VERY POOR HECHANICAL QUALITIES
VERY GOOD ELECTRICAL QUALITIES
REXOLITE :
1422 POOR MECHANICAL QUALITIES
FAIR ELECTRICAL & HECHANICAL QUALITIES
RexoOL | TE - e
2200 MODERATE PEEL STRENGTH
FAIR ELECTRICAL QUALITIES
POLYPNENY
OXIDE POOR MECHAKICAL QUALITIES AT THIS PRICE
VERY GOOD MECHANICAL QUALITIES
AIN,KED98
%TEHPERATURE DEPENDENT ELECTAICAL QUALITIES o
;EXCELLENT ELECTRICAL & MECHANICAL QUALITIES
RI/DUROID |
‘ EXPENS IVE
LOW EPSR (ADVENTAGCEOUS AT HiICGH FREQ.,X—-BAND £ ABDVE)
FUSED \
SLLICA -
HICH THERMAL CONDUCTIVITY
BERYLLIA
EXPENSIYE. BERYLLIA DUST IS DANGEROUS, ESPECIALLY IN.
P NOIST ATHOSPHERES AT HIGH TEMPERATURES -
. VERY GOOD SURFACE FINISH
SAPPHLRE ‘ -
EXPENSIVE £ ANISOTROPLC
INEXPENS I VE
ALUMINA -
\ _ { VERY POOR HACHINABILITY
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" APPENDIX - B

‘DESIGN OF MICROSTRIP LINES BY.USING THETA FUNCTIONS

. R . ]
STEP 1 : For a given characteristic impedance Zi, X is

7 K
calculated from Equation (3.6).

Assume 72 = 126.95 ohm. Then by using 2z° = 607
- K 1 .

K

K = = 0.673532.

STEP 2 : Modulus m for ellibtic functions is found by looking

Kl
up tables for — .
X

Modulus m is found as = 0.86 from tables (36).

STEP 3 : E, K and K' are found using this value of m.

E = 1.136
K = 2.42093
K'= 1.63058
STEP 4 : The solutidn of equation dn2(2K§) = B ~gives the

- ’ K
valug/of §. :
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E O 1.136

an?(2K§) = = = 0.46924
K 2.42093
g 172
2K§ = arc dn(—) = 1.02806
: <
g - —1:02806 4 517328
2%2.42093
71 - .
STEP 5 : For known and K = X = 0.673532, Y for the
STEP 5 X e N =

microétrip is calculated from equations (3.4) and

(3.7).

exp (-nllk)

—_— ln{Q4(§ K{] = 41 Z Sin(2nll§)

n=l l-exp(-2nlik)

For the first 10 terms, this eguation equals to

—jL—-ln[Q4(§ﬂO} = 471 x (0.124095) = 1.55942

From equation (3.4)

)

2 3
_ 0,(5,€)] = —2— x (1.55942)
56 [ 4 ] 1

=
=

X - 0.99276
h Ve
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