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\QUASI~STATIC DESIGN CONSIDERATION 

OF MICROSTRIP LINES 

ABSTRACT 

Although microstrip~1nes have been extensively 

investigated by a large number of researchers, and their 

theory and design have been reported in many articles, 

there is no comprehensive description available at one 

place. In particular the design information is not readily 

available. 

,/~ ;' 

This study is basically intended for presenting a 

detailed account of these lines. It describes analysis and 

design of this transmission medium. The features discussed 

include quasi-static and fullwave analyses, detailed design 

considerations including CAD and measurement procedures. 

Particularly, the re~ults of six different approaches 

given for characteristic impedance and effective dielectric 

constant calculations are compared with each 'other and among 

them, equations giving the nearest values'to the results of 

numerical methods and exper'iments are used to calculate the 

oth~r microstrip characteristics. 



I. Ml KROSERITtt HATLARI N SOZDE -STATt K 

YONTEMLERLE TASARIMI 
OZET 

Hikrogeritli hatlar birc;;ok ara9t~rmac~ taraf~ndan 
-. 

oldukc;;a geni9 bir gekilde ara9t~r~lm~9 ve teorisi ile ta-

sar~~ birc;;ok makalede sunulmu9 olmas~na ragmen, bu konuda 

etrafl~ bir kaynak elde mevcut degildir. 

Bu 9al~9man~n temel olarak amac~ mikrogeritli iletim 

hatlar~n~n analiz ve tasar~~n~ ayr~nt~l~ bir gekilde ve bir 

btittin olarak sunmakt~r . Uzerinde durulan konular sozde-

statik ve ttirndalga analizlerini, bilgisayar destekli tasa'-

r~~ da kapsayan, tasar~mda gozontinde bulundurulrnas~ gerekli 

bilgiler ile 619me i91ernlerini igerir. 

ozel olarak tasar~m s~ras~nda, karakteristik ernpedans 

ve etken dielektrik katsay~s~n~n hesab~ i9in verilrni9 alt~ 

degi9ik yakla9~m~n sonu91ar~ birbirleriyle kar9~la9t~r~lm~~ 

ve bunlar aras~nda say~sal metodlar ile deneysel c;;al~~rnalar~n 

sonuc;;lar~na en yak~n degerleri veren e~itlikler, mikro~eritli 

iletim hatlar~n~n diger karakteristiklerinin hesab~nda kul-

lan~lm~~t~r. 
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I I I NTRODUCT I ON 

The microstrip line, consisti.ng of a strip conductor 

on a dielectric substrate backed by a ground plane, has 
, 

experienced increased popularity in recent years in computer 

and microwave integrated circuit design with the availability 

of new low-loss substrate materials and the rapid development 

of semiconductor devices in the microwave frequency regions. 

Its simple structure, light weight and ruggedness make it 

an excellent sUbstitute for coaxial and conventional vlave-

guides in many applications. 

Microstrip lines vlhich are used as a circuit element 

in microwave integra ted circuits (HIes) are called II tliin 

microstripsll in which the ratio of strip conductor thick-

ness, t, to substrate thickness, h, lies between 0.01 and 

0.05 1 whereas IIthick microstr'ips" (0.05 < t/h < 0.2) are 

used as a transmission line for high-speed computers. In 

this ~tudy, 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 .. 
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and field configuration of microstrip. A comparison of 

microstrip with conventional transmission media is also 

given in this, chapter. 

Chapter 3 is concerned with the methods of microstrip 

analysis. 

Chapter 4 presents the detailed des~gn considerations 

including design equations, effects of tolerances and 

enclosures, .losses, etc. and ensures the direct design of 

microstrip lines without going into details of 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 micros trip 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 characteristic impedances or effective 

dielectric constants obtained from different approaches, with 

each other for desired t/h and w/h ratios by using a special 

plot algorithm is presented. 
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II. BASIC CONCEPTS 

2.1 PLANAR TRANSMISSION STRUCTURES 

A transmission s.tructure should be IIplanarll in 

configuration to be used as a circuit element in microwave 

integrated circuits (MICs). A planar configuration implies 

that the characteristics of th~ element can be determined 

by the 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 photolithographic 

techniques. Use of these techniques at microwave frequencies 

has led to the development of HIe's. 

There are several transmission structures having 

planar configuration. The most common of these are : 



(i) Microstrip 

(ii) Slotline 

(iii) Coplanar strips (CPS) 

(iv) Coplanar' waveguide (CPW) 

The cross-sectional views of these lines are shown 

in Figure 2.1. Also, a comparison of performance characte

ristics is given in Table 2.1. Among these transmission 

structures, microstrip line is the most popular, mainly 

due to the fact that the mode of propagation on microstrip 

is almost TEM. This allows an easy approximate analysis. 

r'll" 1111\1 

a"MICROSTRIP Q~SLOTLIUE 

lIS II III IIIIII~ .\ \ \ \\1 

CoCQPLANAR WAVEGUIDE doCOPIJU~AR STRIPS 

Figure 2.1. Planar Transmission Lines Used in MICs 

4 
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TABLE 2.1. Comparison of Various MIC Lines 

C H,\ "E (T E ,. [ ~ i 1 C. ,UCItOHIHP .5 LOll.. II.If COPL. \/A'fEQQl DE CO Pl. :sTurs 

f'OIoif R "A NO L. CAP. - H1GK LOW MEOIUM. ~OIUfi\ 

R,t.Dl ATION LO.ss L~I\I HHiM Ile PIU"," MEOIU~ 

U/i LO "OED Cl tlH'H LOW MEPluf\4 lo'oOJ 

O['SI' E R.H OK S "AL I.. L"~C;E ~EDl U",- tHD W/It. 

-
MIlHllll6 OF COl'P.: , 
IN S/iUIolT (O/olf. OlfF. EA~'t £"~'t r,"s't 

I~ sERll:$ CO/oiF. (I-JY D Ir F. tAs,{ rA.$"( 

OlCLOS-uH !lUI. ~""'LL. L"AGIO LAI\GE L.UCiE 

There are several variations of micros trip configu

ration that have also been suggested for use in MICs. 

These include inverted microstrip, suspended microstrip, 

rnicrostrip with overlay, strip dielectric waveguide and 

inverted stri~ dielectric waveguide.' Cross-sectional views 

of these structures are given in Figure 2.2. 
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E.r \ ( 

v/2 7 Z Z 2 2 7 Z 2 22 2 ) 2 21 VZZZZZZZZZZZZZZZZII 

a.INVERTED illCROSTRIP b. SUSPENDEDMICROSTRIP 

.. 

c ~~,IICROSTRIP '.'lITH OVERLAY 

) 
" 7 ? ; Z 

\ £.. ~ 
I .> 2 2 I ? I ) /"?7 12 I 2 2 2 I 2 2 

d.STRIP DIEo- WAVEGUIDE e • UN. STRIP DIE. ""! A VEGUIDE 

Figure 2.2. Various Transmission Lines Derived from 

lo1icrostrip 

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 micros trip line. 



~IP..IP 

K\,\S\SSS:\S"l~ 

Figure 2.3. Stripline Configuration 

2.2. DEFINITION AND FIELD CONFIGURATION 

A cross-section of a microstrip is shown in Figure 

2.4. It consists of a dielectric substrate with a metal 

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

T 
h 

1-

-t Y 
I 

\'--: w~ 

... I ..... 
. . '. . ... I .' . 

... ' •. {~ ~r" .. "1'· .. . . .... . 

J:: 

.. I 

/ 
/ 

Z 

Figure 2.4. Cross-section of a Microstrip 
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The electrical properties of micros trip will depend 

on the geometry : strip width w, strip thickness t, and 

substrate thickness (height) h and on the dielectric 

and magnetic properties of the substrate and the medium , , 

above, which are considered to have infinite entente The 

medium above the substrate is usually air which dielectric 

constant E E ' can be assumed to be equal to that of free o r 

o 

. - -12 
space Er' = 1 and EO = 8.8542 x 10 . F/m (in the 8I system 

of units). The relative dielectrid constant of the substrate 

Conceptually I 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. 

'[i;.i3~h~f' <-

( d) ( c) 

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) inv;olves .placing a conducting sheet at the 

plane of symmetry. The final configuration (d) is obtained 

by inserting a thin dielectric slab between the two conduc-

tors. As a consequence of the last step, the dielectric 

medium of the transmission line becomes inhomogenous., 

Microstrip lines differ considerabiy from other 

9 

transmission lines. For example, comparing it with a strip-

line one observes that the microstrip structure is open on 

the top. This open configuration makes micros trip very 

convenient for use in MICs where discrete lumped devices 

(active or passive) are to be mounted in the circuit. Also, 

a. slight adjustment or tuning can possibly be i'ncorporated 

after the circuit has been fabricated. However, along wi~h, 
. / 

these advantages, the open structure of microstrip brings 

in some complications in microstrip analysis and design. 

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. 

Simple arguments based on the known quasi-static 

fie.ld dis.tribution of the micros trip and Maxwell's equations 

can be put forward to show .that microstrip structure cannot 

support a. p/ure TEM wave. c;ontinui ty of the tangential 

component of the electric field along the dielectric-air 



interface (look at Figure 2.4) gives 

(2.l) 
a 

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 

(2.2) 

Expanding Equation (2.2) and using the continuity of normal 

component of magnetic field, we obtain 

oH oH aH 
(E -1) :l - E 

Z I z (2.3) - -r oZ r oy dy a d 

As Er is not equal to unity andHy ~ 0, Equation (2.3) implies 

that the expression on its right hand side should be a non;'" 

zero quantity, which can be true only if Hz is non-zero. 

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

the configuration of Figure 2.4, the longitudinal component 

of H should exist. 

Similar arguments can be advanced to show that Ez ' 

the longitudinal component of electric field, is also a 

non-zero quantity. It may be pointed out ~hat it is only 

. the -frin9ing I components Ex and Hx at the cdr-dielectric 
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interface that lead to thenon-TEM nature of the microstrip 

-. 
mode. Since these fringing field components are much smaller 

than the main field (within the substrate below the strip) I 

the departure from the TEM behavior should be small. 

2.3. CO~WARISON OF MICROSTRIP WITH CONVENTIONAL TRANSMISSION 

MEDIA 

Microstrip technology is quite matur'e and offers a. 

superior blend of performance characteristics to the designer 

of microwave integrated circuits. A comparison of performance 

characteristics of conventional transmission media is given 

in Table 2.2. 

TABLE 2.2. Comparison of Conventional Trasmission Media 

, 

C t\AoI\.E ClE 11.[ S it C. NICROS1'RIP SHlPLlIH COAlCIAL IUAVEqUlOE 

ll~E LOSsES HIGIl HlGII MED[U,", LOW 

UNLO~OEO Q LOW LOW Jl(folult HIGti 

POII/ER. tAP. LOW LOW foIElIlul'll HIGti 

JSOL~TIOti BEl. POOR FA I~ V.GOOe. V.GOOP 
HEfG~aORING CIR. 

aA/jOVlI1H LAIlGE LAlt6E LM~(;E SH ... LL 

lot IHI ATU/l. [ 2"T ION E)cCEL. V. 'DOli po o It. !'OOR. 

"OLUI"E , ~E1 (,liT , 's"AL.L ",£olUK LA' G f: LA~GE 

H,4Lr. OF PI- S. C fR.. V.E I's,( V.E ... S'l EASY £ASY 
. . 

INTEG. "'ITU .CH JP DE. V.GOOD fltlR. POOR POO~ 
., 

I"'EG. \/ITH ff R1tJHS GOOo cooo fOOR (j000 

tNlEG~ WUII LUIIP. fL. v.GOOI) V.GOOD GO r.o I'OOIl 



Ill. METHODS OF MICROSTRIP ANALYSIS 

There are various methods of microstrip analysis. 

These methods can be divided into three group.s as shown in 

Figure 3.1. 

12 

In the first group vlhich comprises quasi-static methods, 

the nature of the mode of propagation is considered to be 

pure TEH, and microstrip characteristics are calculated 

from the electrostatic capacitance of the structure. 

In the second group, called dispersion models, the /' , 

deviation from t~e TEM nature is accounted for quasi-empi~ 

rically. Some parameters of the model are determined such 

that the final expression agrees with the known experimental' 

(or exact theoretical) dispersion behavior of the microstrip. 

The methods in the third group take into account the 

hybrid nature of mode of propagation. Fullwave analysis is 

carried out for determining the propagation constant instead 

of th~ capacitance evaluated in quasi-static analysis. 



t . 
au ,..~ 1- S T "T t c. 

AP PR OMH 

1 • ~O D. CO!-l fOR r. ~ L 
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z. FI N! TE D IfF. 
i-:E JUOD 

3. VA I\II-T I Or-'AL 
HE To, IN FrD 
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K 1- C ROS"TRI P A HAl. 1Y S 1 Sl 
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J ~ 
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p.. .orn" 8. ENe L os e: p 
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Figure 3.1 Various Methods of ~icrostrip Analysis 
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3.1. QUASI-STATIC AN.~YSES OF MICROSTRIP-

In quasi-static analyses, the-mode of wave propagation 

in micros trip is assumed to be pure TEM. Transmission charac

teristics are then calculated from the, values of two capaci-

tances : 

(i) C a 

(ii) C 

Capacitance for_a unit length of the microstrip 

configuration with the dielectric substrate 

replaced by air 

Capacitance for a unit length of the microstrip 

with the dielectric substrate present. 

Values of characteristic impedance Zo and the phase 

constant (3 can be written in terms of these capacitances as 

follows : 

and 

Zo = Za (C /C)1/2 
o a 

(3 - (3 (C/C )1/2 
o a 

(3.1) 

( 3 .2 ) 

where Z~ = l/(C.Ca ) and 80 = w/~ ; c being the velocity of 

electromagnetic waves in free space. There are various 

-methods available for calculation of electrostatic capaci-

tances C and C. Three of these are listed in Figure 3.1 
a 

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

following sub-section. 



3.1.1. MODIFIED CONFO~~ TRANSFORMATION METHOD 

An exact conformal transformation for the impedance 

of a zero thick'ness I ·homogeneous dielectric microstrip has 

been given by Schneider at 1969(1). 

The transformation from the mi~rostrip (Zl-plane) 

to a parallel plate capacitor (Z-plane) is expressed in 

terms of the derivative of the logarithm of 'the theta 

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

15 

2hK 

IT 
(3.3) 

az 

where K = K(m) and K' - K' (m) are complete elliptic integrals 

of· first kind with modulus m. 

The characteristic impedance Z a. of the microstrip of o 

width wand height h (and t = 0) is obtained by solving the 

following equations : 

w 
= 

h 

2 

IT 

a 
a § 

a - .. / ) 1/2 K I /K 
Zo = 1/2(110 EO 

( 3 .4) 

(3.5) 

(3.6) 
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- where llo and Eo are the free space permeability and permit-, 

tivity respectively, and z~ is the characteristic impedance 

of microstrip with dielectric substrate replaced by air. 

E = E (m) is the'", complete elliptic inte<;Jral of second kind 

and dn is the Jacobian elliptic function. The derivative 

of the logarithm of theta function is given by the following 

(rapidly converging) series e~p~nsion 

a 
a§ 

co 

ln [ Q 4 ( § , K )1 = 4 IT E 
n=l 

__ S::-~;...· n~( 2;;;;;n.:;".7T-:§;..:}_--,-__ ( 3 • 7), 

exp(n7TK)~exp(-n7TK) 

Equations from (3.4) to (3.6) can be used for the 

design of micros trip lines. The exact computation for one 

intermediate case by means of the series eNpansion 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 micros trip analysis 

was int~oduced by Wheeler (2,3) in 1964-65. The method 

involves use of a conformal transformation for evaluation 

of C and introduces a concept of effective dielectric 
a 

constant for evaluation of C. The conformal transformation 

selected is such that the resulting Expressions are explicit. , . 



and can be written in terms of simple functions. The 

transformation used for the wide strip (w/h>2) is 

Zl = JTI ~ d tanh(Z/2) - Z 

17 

(3.8) 

The variable Zl refers to the micros trip plane (see 

Figure 3.2) and Z is the plane where in the microstrip 

configuration transforms into a parallel plate capacitor 

configuration. The parameter d is appro.ximab:Hy equal to g I. 

of Figure 3.2 (b). The dielectric-air boundary of the 

micros trip substrate is transformed into an elliptical

looking curve ba l as shown in Figure 3.2(b). For evaluating 

the capacitance C~ it is necessary to introduce approximati

ons to modify the dielectric-air boundary. The curved 

dielectric-air boundary of Figure 3.2(b) is appr~ximated 

by a rectangular boundary as shown in Figure 3.2(c). The 

area (nS') over the curve is written in terms of a "parall~l 

area" nS" and a '~series area" rr(S'-s"). These series and 

parallel areas can be written in terms of an equivalent 

parallel area s given by (Figure 3.2(d» 

S = S" + (51 - S")/Er (3.9) 

The effective filling factor can then be written as 

q = (g-I ~ a l + s)/g' (3.10) 
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(a) 

( b) 

( c ) 

Figure; 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 

e:: e f f = ( l-q ) .+ q e::r (3.11) 

Different e'xpressions for e::eff are derived for vlide 

micros trip (w/h > 2) and for narrow micros trip (w/h < 2) 

because of the different approximations used in two cases. 

For wide strips (4) 

q = 1 -
1 

d 
In d+c 0.732 

-Cosh-l(0.358d + 0.595~+ 
e:: -1 r 

de:: r 

where d - 1 + ~, and c is found -

n 
2 h 

and for narrm-l strips 

In n 
-- .+ 

e:: +1 e:: -1 2 r r 
e:: = + 

/ eff 2 2 

[0.386 - 2(~-1) 1 
(3.12) 

implicitly from 

1 In 4 

e:: r n (3.14) 

1n 8h 

w 

Formulas for the impedance of microst~ip lines can 
/ 

- be derived from these results. It is an advantage of the 
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transformation selected by Wheeler that the impedance formul:as 

can be written explicitly both for ana.lysis (Zo in terms of 

w/h and Er) and for synthesis (w/h in terms of Zo and Er) • 

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

377 

(E ) 1/2 
r 

[: + 0.883 + --..:E~::.-.+_:_ [In(2: + 0.94) + 1.45111 

+ 0.165 

and for narrow strips (w/h < 2) 

377 
(~b-) 1 

+ --
w 8 

n 1 --+-- 1n~n 2 E 
r 

1 

2 

(3.15 ) 

E -1 
r 

e: +1 r 

(3.16) 

Expressions giving strip width for a desired impedance may be 

vlri tten as : 

For wide strips (w/h < 2) 

w 377n 
- 1 - 1n f 377n 

- 1 1 n = 
2h 2(~r)1/2zo (e: ) 1/2z r 0 



+ 
£ -1 

r 

2£ r 
[ £ 377II 
In {-2-(-e:--':")'::":;'1 1-2-

z
:""-" 

r 0 

and for narrow strips (w/h < 2) 
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- I} +0.293 -

2h 1 hi = -e 
1 -hi 

- -e (3.18) 
w 

where 

I 

h = 

4 

£ +1 r 

2 

2 

Z e: -1 o r 
--+~-- (0.226 + 0.120.) 

60 E +1 
r (3.19) 

Values of the characteristic impedance and effective 

dielectric constant of microstrip, based on the method 

discussed above, may be obtained from Figure 3.3. In this 

figure the value Of~Eeffi is plotted as a function of vllh 

for various value,s of the subtrate dielectric constant. 

Er • The variation of characteristic impedance for air 

microstrip (Z~ for Er = 1) is also shown by the dotted 

curve. Impedance for any value of Er can be obtained by 

dividing Z~ by the corresponding value OfJE:eff : It may be 

seen from Figure 3.3 that the impedance value decreases 

when the strip width to substrate height 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 microstrip conductor is igriored and the analysis is 

restricted to an open microstrip without any enclosure. 

l!Q~ 
I 

.. /" 

Figure 3.3. Characteristic Impedance and Effective 

Dielectric Constant of Microstrip Lines 
. 

Calcula ted Using \-lheeler I s Nethod. 
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3.1.2 FINITE DIFFERENCE METHOD 

Another method for quasi-static analysis of microstrip 

lines is based on i,the numerical solution of Laplace 1 s equation 

, f' 't d' (5) , ~n ~n~ e ~fference form • The solution of Laplace's equ-

ation yields information about the potential distribution 

in the microstrip cross-section. Field distribution and the 

charge on the strip can be calculated therefrom. 

Since this method is more suitable for enclosed 

microstrip, it is not explained in detail here. 

3.1.3. VARIATIONAL METHOD IN FOURIER TRANSFORM DOK~IN 

The search for micros trip analysis techniques which 

are computationally more efficient has led to the "Varia-

tibnal method in Fourier Transform Domain (FTD)". There ,0, 

are twb significan~ 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. Secondly, 

the major portion of analysis is carried out in Fourier 

Transform Domain with the result that the integral equation 

for the potential is replaced by an ordinary product of an 

approximate ; and a factor g derived in FTD~ (The superscript 

-indicates a transformed function and is obtained from 
co 

f(a) = f f(x) lejaxdx). 
-co 
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Results obtained by this method agree well with those 
" 

of the modified conformal transformation 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 micros-trip on composite subst

rates or where a dielectric overlay exists over the microstrip 

( 7) • 

3.2. MICROSTRIP DISPERSION MODELS 

The quasi-static methods of microstrip analysis 

peresented here do not take into account the non-TEM nature, 

of the microstrip mode. The non-TEM behavior cause~ the 

effective dielectric constant (£eff) and impedance Zo of 

the microstrip to be functions of frequency. The frequency 

dependence 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 dispersion effects may be 

neglected is g/iven by the rel~tion (8) 
. 



fo(GHZ} = 0.3 
z 

o 

h(c: _1)1/2 
r 

{h in cm} 

Equation (~.20) shows that fo is higher for high 

impedance lines on thin substrates. 

(3.20) 

The numerical analysis for dispersion in open and 

shielded micros trip transmission lines has been treated 

extensively. These analyses, however, require extensive 

computations and fail to provide insight into.~he do~inant 

physical phenomenon at work. For these reasons, 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-

dence of effective dielectric constant and characteristic 

impedance on frequency. These dispersion models are described / 

in the follovling s.ub-sections. 

3.2.1. DIELECTRIC-LOADED RIDGED WAVEGUIDE HODEL 

This model for microstrip dispersion is based on the 

study of another structure which resembles microstrip as far 

as inhomogeneity of dielectric medium is concerned, but has 

a shape that can be analysed mathematically. (9) This struc-

ture is shown in Figure 3.4. 

BOGAZi~i UNiVERSiTESi KUTUP\1ANES 
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Figure 3.-4. Ridged Waveguide Hodel for Hicrostrip Line 

The configuration shown in Figure 3.4(b) corresponds 

to the microstrip cross-section shown in Figure 3.4(a). The-

dimensions of the structure are chosen. such that it has the 

same electrical characteristics at zero frequency as the mic-

rostrip. 

The structure is analysed for dispersion and the results 

are compared with the measured microstrip dispersion values 

to determine unknown parameter Hl/h. The comparison shmvs 

that Hllh and related parameters are nearly constant or vary 

linearly w~thcharacteristic impeda~ce. ~his feature is used 

... to 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 

(3.21) 

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

to 

0.398 Zo 

h (in rom) 

and G, being an emprical parameter used to simplify the 

microstrip dispersion function, equals to 

(3.22) 

G = 0.6 + 0.009 Z (3.23) 
o 

and [eff(O) is the zero frequency value of seff' / 

From equation (3.21), it can be seen that for f »f 
p 

seff (f) = seff (0) 

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

less dispersive. 



3.2.2 PLANAR WAVEGUIDE MODEL 

It has been shown (10) that the dynamic properties 

of microstrip can be approximated by a planar waveguide 
, 
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model. In this model, microstrip is represented by a parallel 

plate waveguide of width ~eff and height h as shown in 

Figure 3.5. 

~eH(~ 
~ 1\ \ \ \\ \ '> $1 

",' '" " ,. '" I I 

, ' "" 'If) .', h (', C.c:~rl '., 
r" ' , '(" t ' '" ., 

T IS,\ \ \ \ (; < \ I 

Figure 3.5. Planar Waveguide Model for Nicrostrip Line 

The top a~d bottom plates are of infinite conductiyity, 

and there are magnetic walls at the sides. It is filled with 

a medium of dielectric constant Eeff • The value of Eeff at 

zero frequency is determined from quasi-static analysis. The 

effective width weff and the effective dielectric constant 

Eeff ar~ 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 decreases with increasing frequency, 

hence effective dielectric constant increases with frequency. 

Also, the characteristic impedance of a microstrip increases 

with frequency.\ This increase in impedance can be explained 

only by a hypothetical decrease in the effective strip width 

caused by the concentration of electric field lines below 

the strip at higher frequency. The decrease of the effective 

strip width with frequency is described by the following 

empirical relation (10) 

Weff(O) - w 
(3.24) 

where 

fg = c/ (2 WJEr') 

Weff(O) = effective width calculated from quasi-static analysis 

And the frequency dependent impedance is given by 

(3.25) 

" . 
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3.3. FULLHAVE ANALYSES 

As pointed out in Chapter 2, the microstrip configura

tion is not capable of supporting a pur~ TEH mode, and longi

tudinal components of both the electric and magnetic fields 

are present. The hybrid modes supported by the microstrip 

cannot be fully described in terms of static capacitances 

and inductances. Therefore, one has to introduce time varying 
-

electric and magnetic fields and solve the wave equation. 

Moreover, the charge density used in the electrostatic analy

ses becomes time varying and is replaced by the electric 

current density for fullwave analyses. Fullwave analysis 

is carried out for determini~g the propagation constant 

instead of the capacitance evaluated in quasi-static analysis. 

Hethods of studying wave propagation on microstrip 

without making any quasi-static assumption may be divided 

into two groups., (See Figure 3.1). In one group, the microst-

rip is considered with a rectangular enclosure, and the 

other group deals with open microstrip lines. This grouping 

becomes convenient since different types of mathematical 

tools are needed for handling closed and open geometries. 

For example a Fourier series representation can be used to 

express the fields in a closed rectangular structure whereas 

a Fourier integral representation is suited for open structure. 



IV',' r~lICROSTRIP DESIGN CONSIDERATIONS 

For design purposes it is necessary to know how the 

characteristic impedance, phase velocity and attenuation 
'. 

constant depend on geometrical factors, o~ the electronic 

properties of the substra"Ee and conductors and on the fre-
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quency. 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 

microstrip design, are summarized in the last subsection 

called "DESIGN EQUATIONS". 

4.1. MICROSTRIP LOSSES 

Attenuation constant, a, is one of the most important 

characteristics of any transmission line. There are two 

sources of dissipative losses in a microstrip circuit : 

CONDUCTOR LOSS and SUBSTRATE DIELECTRIC LOSS. Since we con-

si~er only ponmagnetic di~lectric substrates, no magnetic 

loss component will be present. And also since the radiation ~ 
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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 
" 

Condu6tor loss in microstrip structure is described 

by Pucel (11) and Schneider (1) comprehensively. Both of 

these analyses are based on the lIincremental inductance rule" 

of wheeler (12). (This method is based on the fact that in-

ductance and conductor attenuation are related since the 

inductance is the normalized magnetic field energy of the 

circuit element and attenuation is proportional to the mag-

netic field energy stored in the metal conductor). In this 

method the series surface resistance Rs per unit length is 

expressed in terms of that part of the total inductance per 

unit length which is attributable to the skin effect, i.e., 

the inductance L. produced by the magnetic field within the 
~ /~ , 

conductors. 

It is well known that for a conductor the surface 

impedance, Zs(= Rs + JX s )' has a real part Rs(surface resis

tance per unit length) which (10) is equal to the imaginary 

part Xs' That is 

R X -_ wL·
1

: 
5 = 5 

(4.1) 

According to wheeler, Li can be found from the external 

inductance L per unit length. L. is obtained as the incrementa 
J. 



increase in L caused by an incremental recession of all 

metallic walls due to skin effect. This situation is shown 

in Figure 4.1. The amount of recession is equal to half 

the skin depth 0 = (2/w llUc) 1/2. 

,,
e,. 

... I~ 

GII-OUt-H) 

w 

.5" 

h 

_['I 1 
r-
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Figure 4.1. 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 

L. = r 
~ 

m 

aL 

an m 2 

(4.2) 
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R sm aL 

an m 

(4.3) 

I 
\ 

110 

where aL/anm denotes the derivative of L with respect to 

incremental recession of wall m, nm is the normal direction 

to this wall, and Rsm = Wl1mom/2 the surface resistance of the 

wall m. 

The attenuation constant because of conductor (ohmic) 

loss is defined as 

P c 

2P(Z) = 
Power loss in conductors 

2 (Power transmitted) 

(nepers/unit length) (,1 .4 ) 

In terms of Rs and Zo (characteristic impedance) , 

u may be written as c 

1 
= l: 

m 
aL 

an 
m 

(4.5) , 

Inductance L of the microstrip structure can be 

expressed in terms of the characteristic impedance for the 

microstrip with the substrate replaced by air (Z~) and is 

given as 

L = (4.6) 

c 
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where c is the velocity of electromagnetic waves in free 

space. 

Expressi'on for attenuation.const;.ant·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 fi.~}d transmission line the dielectric 

.loss adu is independent of the geometry of the line and can 

be written as : 

a = du 

.9Z o 

2 

w ~ £" ___ w_p tan 0 

"- 2 (4.7) 2 

where S is the shunt conductance per unit length of the ljne, 

£' is the real part and £" is the imaginary part of the per

mittivity of the 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 mixed dielectric case has been 

considered by Schneider (13). This loss can be calculated 

if one knows the loss tangent of the dielectric substrate . 

. When the upper dielectric (air) is assumed to be 

lossless, the following expression for ad' ~ttenuation 
•. 
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constant considering mixed dielectrics, is obtaihed 

(4.8) 

If (l is the conductivity of the dielectric and ([ 
o 

the conductivity of air, we may write 

Also, 

creff = ql( + (l-q) r"o - qq- (Since (fo« If ) 

Vlith e: = E: E o r 

There, the Equation (4.8) becomes 

(4.9), 

where q is the dielectric filling fraction, and 0du is the 

attenuation constant for a line uniformly filled with the 

dielectric Er' given by Equation (4.7). Since, 

aEeff 
q - / = 
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the attenuation constant. Ctd can be vlritten as 

c -1 . afE tano 

1.0 

dB/Unit length 
c -1 
r 

4.2. POWER HANDLING CAPABILITY 

(4.10 ) 

The power handling capability of a microstrip is 

limited by heating caused because of ohmic and dielectric 

losses and by dielectric breakdovm. Increase in temperature 

due to conductor --a-nd dielectric losses limits the average 

- power of the microstrip line, while the breakdown between 

the strip conductor and ground plane limits the peak pD\ver. 

4.2.1. AVERAGE POHER HANDLING CAPABILITY 

The average power handling capability of microstrip 

is determined by the temperature 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 microstrip lines. 

The maximum average power for a given line may be 

calculated from 

(4.13) 

where ~T denotes rise in temperature perwatt and given by 

~T = 0.2303h ( 
1( 

+ 
o . 

( C/vlatt) 

where K is the thermal conductivity of the substrate. 

The maximum operating temperature T of microstrip. max 

circuits can be limited due to 

(i) change of substrate properties with temperature 

(ii) change of physical dimensions with temperature and 

(iii) connectors. 

For Tmax = lOOoe, Tarnb = 25
0

C and Zo = ,50 ohm, values 

of Average power handling capability (APHC) .for various 

·substrates at 2 GHZ, 10 GHZ and 20 GHZ are calculated by 

computer and given in Table 4.1. Among the dielectrics 
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considered, APHC is lowest for poly styrene and it is maximum 

for BeD. At lower frequencies GaAs microstrip lines have 

better APHC than Si microstrip lines have better APHC than 

Si microstrip !~ines/. but at higher frequencies 1',PHC is better 

in the case of Si. 

S U 8 S I RA T E 
h. V ERA. G E P - 0 \i:.t e R.. ( ,~\.,) 1 

~2-GHZ.- :~ i~:. ~i:l! =~: "== : ::3 0 cl~~,1 
POLY Si'UEHE' 0.321 0.124... "0.075 1 

t-Q-U,,-R,,-z.----i--1-. 2-0""0 -4--0-.-~-~ ........ ~:~~ -'to __ 0.3571 

:5 .1'30 2.2~O -i 1. 6:~J SILl CONeS)} 

Gil AS 3.550 1.470 0.930 I 
~S-A-pp-H-I-R-E----------~r---1-1-.6-5-0------~I-----5-.-1-v-O-----I ~.4iD I 

ALUMINA 

BED 

12.120 

"174.500 

5.110 . t--·~.~~J 
75.700 i" 51.seD. I ~ __________________ ~ ____________ ~ _________ .___1_ _______ ~ 

Table 4.'1. Comparison of Average POHer Handling 

Capability (APHC) for Various Substrates 

4.2.2. PEAK POWER HANDLING CAPABILITY 

The peak voltage vlhich can be applied without causing 

dielectric breakdown determines the peak power handling 

capability of the microstrip •. If Zo is the characteristic 

impedance of the microstrip and Vo is the. maximum voltage 
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the line can withstand, the maximum peak power is given by 

V 2 o 

2Z . 0 

(4.l4) 

Thick substrates can support higher voltages than thin 

substrates. Therefore, low impedance lines and lines on thick 

substrates have higher peak power handling capability. 

The sharp edges of the strip conductor serve as field 

concentrators. 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 conductor 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 strip 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· 

Characteristics of micros trip lines (namely Zo and 

Eeff) are pri~arily functions of stri~ width wand subs

trate parameters Er and h. These.are also influenced by 

factors such as strip thickness, frequency of operation 
-

(dispersion), size of enclosure etc •. 'P.ny changes in the 

values of w, Er or h give rise to corresponding changes 

in Zo and Eef£" 

The substrate properties, like surface finish, 

metallization thickness, the fabrication process and so 

on, determine the accuracy of fabrication of strip width. 

In addition to the error in fabrication of strip width, 

the thickness and the dielectric constant of th~ substrate 

have some manufacturing tolerances. All these factors 

contribute to variations in Zo and Eeff of the microstrip. 

Since in microw~ve integrated circuits (MICls) it is very 

difficult to incorporate arrangements for post fabrication 

adjustments, it is necessary to take into account the effect 

of tolerances at the design sta~e itself. However, unlike 

" the effects of deterministic parameters like dispersion, 

strip thickness, etc., the effect. of tolerances cannot be 

incorporated exactly because of the uncertainty in Zo and 

Eeff arising from. tolerances. 

." . 
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4 ". 4 EFFECT OF DIELECTRIC ANISOTROPY 

Some of the dielectric substrates used for microstrip 

circuits exhi~it anisotropy in permitt.ivity. The most common 

examples are sapphire and Epsilom-10 (trade name for a 

ceramic loaded resin). In both cases, the substrates are 

manufactured such that one of the principal axis of the 

permittivity tensor is perpendicular to 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 capacitance 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 performance 

of microstrip line discussed so far involve 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 microstrip loss and quality factor Q are also described. 



4~5.1. CHARACTERISTIC IMPEDANCE AND EFFECTIVE DIELECTRIC 

CONSTANT 
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The advent of high-speed digital circuitry has given 

emphasis to the need for a ready method of determining the 

characteristics of interconnection between individual com-

ponents. This is particularly importa~t for integrated cir

cuits where the close proximity of the interconnections 
, 

may induce adverse effects on the circuit performance ; 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 number of closed form approximate expres-

sions available for the characteristic impedance,and effec-

tive dielectric constant. In this section, first a method 
; . 

based on line-capacitance computation (a) is described and 

two modifications (b/c) are given. Next, a set of equations 

in terms of series expansions obtained by generalization of 

Schneider's standard equations are given (d) I and a modifi

cation to equivalent relative-permit~ivitYI expression 

which takes account of the finite strip thickness is presen-

ted (er. Finally, a set of closed form expressions being 

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

Schneider (1) are given (f). 
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Since a number of closed form-approximate expressions 
. . 

are available for the characteristic impedance and effective 

dielectric con~tant,.it is worthwhile to compare these 

results with each other and available experimental and 

numerical results by using tables. These tables are presen

ted in each sub-section. 

a. Line-Capacitance Computation Hethod. 

This method was pioneered by Schwarzmann (16) and 

based on the subdivision of the capacitance associated 

with a single microstripline into three components : the 

parallel plate capacitance, Cpp ' between the lower surface 

of the conductor and the ground plane i the fringing capa-

citance, CF ' at the edges of the conductor ; an~ the capa

citance between the conductor's upper surface and the gro~nd, 

plane, C (See Figure 4.2), ppu 

These capacitances Cpp ' CF and Cppu are given as 

follows (16) 

C = / pp 

Cppu = 

(4.15) 
cl; h 

2.(l 
. 3 c l; 

(4.16) 
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Figure 4.2. Microstripline with Associated Capacitances 

and 

2.7 

where ~ is the free space impedance and c is the speed of 

light. 

As we know/ for TEM mode the characteristic impedQnce 

of an elementary transmission line can be related to th~ 

velocity of propagation down the line and the capacitance 

per unit length by 

: 



46 

(4.18 ) 

where the velocity of propagation v is. given by the relati

onship 

(4 .19 ) 

and 

C=C +C +C pp ppu F 

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

Eq. (4.18) yields 

-:+-[ 

Al 

log (_4_h ) 
. t 

where Al - 2.7'and A2 - 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-line approximation neglecting the 

dependence on micros trip geometry as follows 
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Eeff = 0.4475 Er+ 0.6965 (4.21) 

They ha~e als.o changed the constants A_? in C and 
ppu 

Al in Cp with the following emprical formulae : 

(4 ,2~) 

A2 - 0,0515(h/t) + 2.183 (4.23) 

c) Nodification to the Hethod Given in b 

In the method given in b , the expressions for Al' 

A2 and Eeff have been obtained by supposing that Al , associ

ated with the fringing capacitance, isa function of the 

strip thickness t and the dielectric height h. Similarly, 

A2 associated with the upper-plate capacitance is a functi?n, 
/ 

of the dielectric height hi the strip conductor vlidth wand 

the effective d~electric permittivity ceff ' 

But there is no physical significance to believe 

that the constants Al and A2 de~end on 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 dielectric per

mittivity should be considered as a function of microstrip 

geometry as follows (18) : 



E +1 
r 
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+ 
_E_r_-_l __ (1 + 

2 
(4.24) 

2 

Also, the capacitance Cppu betvl~en upper surface of 

microstrip and ground plane can be neglected since the 

metallic strip is thin and good ccinducting (18). 

The fringing capacitance CF has been evaluated by 

considering the round edge of the metallic .strip in the 

method given in a. Hence, it can be calculated by taking a 

_ conducting wire parallel to the ground plane as follows (18) 

dance 

E 
r 

Finally, the 

comes out to 

l;; 
Z = 0 

[Eeff 

211 (4.25) 

expression for the characteristic impe-
/'C 

be simply 

r r w 211 
. -- + (4.~G) 

l h In( 11
t
h) 

Results of calculations by using the methods given in 

a, b a~d 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 

are also compare with the numerical method of Yamashita and 
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Mettra (6) in Table 4.3. (The relati~e errors in percent 

are given in parenthesis). As it is clear from these tables, 

the accuracy of the line-capacitance method given in a 

and its derivatives is not good. Also,' for effective dielect

ric constant, although the numerical methods predict a 

decrease with increase in strip thickness, the method given 

in c ShOYI it otherwise i.e. E ~f increases with t/h. This e ... 

situation can be seen from Table 4.10. This is of course 

not acceptable since the fraction of total energy propaga-

ting in air increases Vlith strip thickness, there by decre-

asing the effective dielectric constant. 

d. Generalization of Schneider's Standard Equation Obtained 

by Exact Conformal Mapping 

The rigorous solution for computing Z from cquati0!1s, o / 

(3.4), (3.5), (3.6) is notrecornrnended for most engineerinl] 

applications. riseful expressions for the characteristic 

impedance of the microstrip in terms of rational functions 

or series expansions have been obtained by generalization 

of equations obtained by exact 'conformal mapping as follm-ls 

(1) 

For w .(. h 

(4.27) 

, I 
I 

.j 
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wi H ,. I I," ". E .'" S. "20 (PHf-I)- (19) 
CAL .: U L Air. 0 "20 (;-;Q 

\ ~''''-f- "f1~_·_~n,,<,:..1 
0.'227 0.063 111.2-

".OS' "."3 10""'1 (-14.1101 (-13.70\ I (·~.Wl 

O.HO 0.0(.3 1-t1.C 10L105 r~4./';;-1--1~-
t-•• 90) I '-11 • '0) (I ••• ) .- . - . 

0."3,,0 O.O6~ 9 ~_2. ~N.t.II~ !Jt.n1 101.002 
- £...10.aO) (-7.:Jv) 1 (1.1.(\) C---·----o

-O.4~3 0.090 '30.S 76.'56/j 21S.1°~iI I 87.~·o5 
(-11l.,cl (-6.~) '-~.4) 

- --~-----0,5"26 tI.1 ~ 7 22.0 <7.'" ~ .". or"~ 75.'" 
t-li.2) (-:l.l) (-lC.J,C!) - -----. ----

0.645 O.Ogo ~1.0 I 70.0?!::!> 2Q!7"'~ I caZ.6t,Oi>. 

I . __ . (-15.G) (-D. c) (1.:10) 

I 
-- -6~1 75.719 i----;~~ 0.6 f{1 0.117 76.5 

(-1~.S ) (-1.Ci) (-2.':ID) 

0.714 0.200 73.0 57. 7f-9 -~:ml--'5 .;;;-
{-U.3 ) (-lo.D) (-l1.701 - 0- ,--

0.909 0.127 I 67.ot; I U+229 61. W69 I ...,r ..... ~o4 
(-1!i.2.) (1.7) n.70) 

1.157 0.147 65.0 I 51 ~2 OS I l1 .1?12 01-~l:;;;-
(-2(;.9) (-!;·.O) i-!S.'jo) 

1.070 0.200 . Li .D r 50.030 r--6-'. ,~s;~~ 
(-11.~) (to.5) (-3.10) , -".-_...... , -

1.00D I C.2~ ,,-, ----i " ... , I ,..'01 I ,,-'" l.-1L7) (-o.·~) {-b'.]!)) , 

--~I-----~--
1.250 I c.-HO 53,0 1,1.520 Sl.O:'u 1,1.~l,b 

(-27.6) (-01.11) (··10.~1.J) 

1.i75 0.350 ill.S --W".7l.0 ---,,;:;Z;- --;';.O1~ 
(-22 .?,) (,~.O) (-i ,., v) --_. ----r-----1Soo 0.35"0 :56.4 2~,"03 :H.B7'; 3°1.l.2~ 
(-lOS) l-rl,.:n Ct3.1I0} 

T bl 4 2 Comparison of Calculated and Measured , a e . . 

Characteristic Impedances for Methods 

a b and c (£ = 4.7) 
I I r 
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fPSIl WI H T I H 
C.ALC.ULATED "to( Ott 1'\.) 

H U'" • M £: T H • (b) 

"~T"OO A ~E~hD~ B ~Ll~OD C 
r---~-----+--'~~--------------r-------~------~--------I 1.0 O.1D 0.010 2S3.0 I 31~.I1~S 1'2.374 32B.Otl3 

(-1,..80) (-13,70) (.-5.30) 

0.10 0.050 230,.0 237.'77 1·---3-17-.-a-1-S--I----Z-~S-.-£-9-9~ 
r-:-::-1r:-:-:--t. ___ -j---~.------~:_(:.T:..:3:..: . ..:2..:0.:..) _, (,,:'1.60) (6.30) 

1.0 0 ~10 0.200 194.0 11llf .073 n1~ 171.503 
t-:--ir--_-+ ___ i-___ . ____ ~_i~(--1:..:5:..: • ..:4:.:0,) czrj :-i 0) I £-13.1 D) 

1 .0 1 .00 0.010 125 ~ 0 I . 13. ... :. (i;- r--1~1-7-~ 1-.. -~5-;--1-~-:5-.-9-~-O-; 
(-1'10.30) [-6.0 lj:t.O) 

1.0 1.00 0.050 1H.O i22.11.'J t - 1S0.ObBl 1S~ .. S~3 
(0 +:1) .(32.1,1,. i'I-;;~40) 

t-1~.-0-1~1-.-00--i-O--.2-0-o-fI-----~-1-l-.·-0----------4--~1~O-O-.7-1-~~~·r~5.7;4 
(-if •. 2> ("n ./,) 

121.67;; 
i:1.'lOl 

r-1_._0 __ ~l_.-O-O---~0-.-0-1--+_-----8-a-.-o----------~-~-.;-:-~-:-1--[ (-~~-:-;-~-b--I'---1-;-;-:~-.~-~~ 
1.0 2.00 0.05 I 86,0 7~.:'111 122.116 109.71,0 

(-r.le) (1'i.:) ( ... Z1.60) 

r-1--.0--.~~-.-O-D--1-0-.-l-0----+--:------V-l-.-O----------,r-(--;-'~-:-:-~-~--I 1~;:~;O I (~~::~f 

11.1 0.10 0.01 

11.7 

0.10 

1.00 

'i.oo 0.05 

11.7 1 .00 0.20 

1L7 2..00 0.01 

96. S 

1,3.7 

41,5 

:51.0 

-t Oi. 20:1 
(-jf .60) 

1,2.151 ~1.S01 5:'.:!:l1 
(-3.6) l-S.2) ("1:1.50) 

33.'111» 
(-23.1 ) 

C~.S') i-3t..6) (":.-$ .50) I ~l.1 ~I, :23.016 J,B.o~ .. 

1-4--~+-----i---+~~ 

I ~11.917 ;)O.14 __ '~l I .1,0.1»'7& 11.7 l.DO 0.05 
I i-s.o) (-o.~) (Z4.sol 

i------& 

11 .. 7 1.00 0.20 ;:)0.,14 
( ... "5.£0) 

Tablg 4~3. comparison of Characteristic Impedances 
Calculated from Methods· a, band c \,lith 

Characteristic Imp. obtained by Numerical 

Methods (6) 
.. 



and for w> h 

1201f 

~Cef; 
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(4.28) 

The number of terms after which the series is termi-

nated determines the accuracy of the approximations. The 

following formulas obtained by rational fun~tion approxima

tion give an accuracy of ±0.80 percent forO < w/h ~ 10 

which is the range-of importance for most engineering appli-

cations : 

ForVl/h ( 1 

60 In( -- + 
8h vI (4.29) 

4h 

and for w/h :;. i 

l20TI 

1/2 ( VI . (c) --- + 2.42 - 0.44 
eff h . 

h 
+ ( 1 -

h 

w w 

(4 .30) 

The effective dielectric constant c~n be found by 

using Wheeler's method by starting from an approximate 

effective 

-
conformal mapping transformation for the .transformed 

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

pa-



dielectric constant (E:eff )1/2 obtained by this method is 

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

I.~-

"~,'7.I---;;-O.:;-2 ---;;oL.;.~-;'-O.;-;60;L-;.6:-;1l;:.O--~2---!L....--..!!-l.ll~IO 
w/h 

Fig. 4.3. Square Root of the Effective Dielectric 

constant for the Microstrip. 
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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(£ , r r 

by 

where 

E: + 1 
r 

2 
+ 

£ -1 
r 

2 

w 
h 

w 

h 

(4.31 ) 
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1 
F( ~) £ , 

r h 2 (4.32) 

, 
By using Eq. (4.31) in equations (4.29) and (4.30) 

characteristic impedance can be found. 

e. ~1odification to Schneider's Effecti~e 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 Hittra (6) have shown that the 

effect of strip thickness is appreciable for wlh < 1, the 

effect being a lowedng of the characteristic impedance as 

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

Schneider's effective di.electric constant equation has been 

given by Ross and Howes (20) approximately agreeing with. 

the vlork of Yam~shita and Mittra (6), Bryant and Weiss (~1), 

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

For \-l 
--.(. 1 

h 

-1 
1 

£ +1 E 10h - --
r r (1 + 2 £ = + 

eff 2 2 vi 

(4.33 ) 

(

E +0.5 ) p-. r t 
-+0.468-' -

1.5 'J 'ltJ 
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and for w .... ., 1 
h 

e: -t 1 e: -1 1 
10h - --

e: I r r (1+ eff = .+ 2 (4 .34) 
2 2 '-:1 

This ~ff expression is identical with strips, where 

the term in t is svlamped by the- other. two VI and h. It is 

assumed that t becomes small as .~ incre?ses, which 
w 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 Kau~p 

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

from 0.046 to d.350 and given in Table 4.4. The results ~f 

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 'parenthesis) . As it is clear 

from these tables, the accuracy is not good for these methods, 

also. And just like in the method c, for the set of equations 

given in e, the value of £eff increases with t/h and for some 

set of parameters becomes even greater than Er • (Look at 

Table 4.10). 
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c ~ Leu L ~ TED ~O{OH~} 
"" I H T I H fo\ E A~. ZO{OHf()-{1!1) t----...... --'\-------~ 

0.250 0.06'3 1f 1.0 

0.340 ll.063 59.2 

o.o'U) SO.' 

0.526 0.147 82.0 

0.61.,5 o.o~o ~1.0 

0.6£1 0.'127 7 u,5 

METHOD 0 

120.91,9 
(+B.DO) 

117.436 
C+S.'30) 

106.294, 
. (6.60) 

93.712 
(3.~0) 

93.574 
(1~6) 

81.635 
(6. Z J 

kETIlOD e 

107.1 eo 
(-3.70) 

106.241 
(-I, .60) 

80.701 
(-1.6) 

76.781 
(5.46) 

I 7',.176 
(-3.1) 

0.714 I 0.200 I 73.0 "<j.9'17 I -- 71.3'l2 
CU.7) (-2.3) 

0.') 09 I. 0.12 -::-1---"-7--.-0-----4--... 7-1-.-7-6-7--r---6-6-.0-8-9---I 
Ui.c,) I (-1."!J) 

1 1 57 I O. 1 ~ 7 I ~ 65. 0 ~ G'!>. J, <:I 9 I S'lf. 7 S9 . I = I (-2.~) D (-1D.{,) 

1.070 0.200 f 6'1.0 I 66.129 1"---6-0-.2-1,-7--' 
I (7.7) (-1.2) / I ., 

1.000 10.2<11> I ~:i.1t f.I, (''.J.5!f7 I 61 .2 9!) 
n.o> I,' (13.:» 

I---r--- I 60.99_l r ~l,.~O~ 
1.250 I 0.3>0 1-- 53.0 I (n.10) i-

l
' ~ __ (_2_.r_90_) __ 1 

1.'il75 i O.~.5o I 4205 43.B~·' 1,4.7H 

I ("13.0) (4.9) 
I ' 1-----1..sc.o I' 0."3:i0 >0.0 I'· 41.016 ~1.016 

£12.2) (12.2) 

m ble 4 4 Comparison of Calculated a. nd Neasured ... a ., 
Characteristic Impedances for Methods 

d and e (E r ~ 4.7) 

i 
.j 
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EPSR W/~ TIlt Nuu 
CAL C U LA,. e ~ ZOCO~Kl 

1.0 0.10 0.010 

1.0 0.10 o.oso 

1.0 0.10 0,200 

0.010 

1~0 1.00 0.050 

1.00 0.10 

1.0 2..00 0.01 

n • '" E T H • (IS) 

253.0 

230.0 

125.0 

i22.0 

112.0 

t'.ETHOI> D 

Z&2.90 
(:S.70) 

126.~O 
C 11.3) 

KETHOD E 

ZOt..DO 
(1,.90) 

in .50 
(1.1.H 

12'0.'30 
(-1 .4) 

'115.10 
(;z. 6) 

r7.90 
(~D~ 1 ) 

L..-_1_'0-i_l_.O_o_ro7sIl B6.0 b'j.~1l2 t •• 20 
r I -.-- I ('.7) (O.2) 

~r---~8~2-.. ~O---------r--t-9-.-3~->2------r~3~.~~O----------~ 
2.00 I - I (V.l) C1."} 

t-11-.-7-i--O-.-10-F 100.229 
(3.1) 

1 t.7 0.05 100.12~ 
C11.22~ 

100. %211 75.10 
~ ____ -4. _____ li ________ l.i ___________________ ill __ l_'I_J_'1_0_1 ____ ~C_-_~._.1~) __________ ~ 

11.7 1.00', 0.0'1 ~ La l,I .. :lOIl <43.70 / ' 
(-c.l,) (-z.S) 

1i7+-II-~--.O"O-;"'!~D"'.-O-5-' .--+--.... -.-~ ... 3.-7-----i l,II'-'~ i'- (j-g---4-2-. "-'0-------' 

it.? 0,10 D.20 112.0 

,(2.1,) (-'Z.5) 

1f .7 1.00 
1

0.1.0 ',1.S 4~.SC'·8 ~O.70 
(7. ;, ) £··1 • '11 

I-t--_---+------r-----I 
0.01 1 3i.0 )o.Si6 30.60 11. 7 1.00 £-1.;') (-'1.'3) 

1'1.7 

11.7 

Lon o.os 

2.00 I 0.20 2'3.5 

'l3,60 
(-'Z.1) 

U~70 
(-2.7 ) 

Table- 4 ~ 5. Comparison of Characteristic Impedances 
Calculated from Methods 'd and e with 

Characteristic Impedance Obtained by 

Numerical Methods (6). 
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f. New Equations 

New equations with accuracy fulfilling the 1 percent 
, 

goal have been obtained by modifying those of Wheeler (3) 

and Schneider (1). Schneider's equations for effective 

dielectric constant Eeff are given in Eq. (4.31). Making 

F (Er , ~ ) independent of Er is- an ap~roximation, but for 
h 

Er < 16, it is good enough and the following equation gives 

relative errors in Eeff not larger than 1 (Se-e Table 4.7) 

percent for a practical range of microstrip lines (0.05 < 

wlh < 20 and Er < 16) : 

For wlh .;( 1 

1 - -- 2 
F (H/h) (l 

12h 2 
+0.04(1 ~) (4.35) = + -

Vl h 

/ 

and for vI ::, 1 
h 

1 

F (H/h) (l 
1211 2 (4.36) = + 

1:1 

/To obtain a better approximation above it vlOu1d be 

necessary to let F vary with Er . The range covered and the 

accuracy obtained with the approximation above should, 

however, be -sufficient for most practical needs. (The 

d 'f F E decreases, for increasing Er I thus depen ence 0 on r 

- / 

... ,I 
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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 

with greatest error for wlh < 0.05). 

w 
h 

and E:r 

Impedance equations for analysis are best constructed 

with those for single-dielectric together with the E:eff 

equation. The error in Schneider's equation for w/h > 1 is 

approximately three times that claimed and efforts to improve 

on this showed that the best result (Look at Table 4.6) is. 

obtained by Hammerstad (22) by modifying ,.;rheeler' s equations 

as follows : 

For w/h <- 1 

z = o 
2n J Sef; 

For w/h '> 1 

( 
8h 

In --
w 

. w \ 
+ 0.25 -;:- J (4.37) 

~
-l 

1. 393 + 0.667 In (~ + 1. 444) . 
h 

(4.38) 

h l20n ohm ~s the free-space wave impedance. were l;; = .... 

The same accuracy has been obtained by modifying 

the constants of Wheeler's synthesis (w/h.= h(Zo) equations 

as follows : 
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For wlh " 2 

w 8 (4.39) -h ( ~xp (A) - 2 exp (-A)] 

For wlh ~ 2 

w 2 1 -" -1 {In (B-1) 
0.61 ]1 = _ B-l-ln(2B-l)+ r + 0 .39-

h rr 2E . 
r Er 

(4.40) 

. \.,rhere 

~ (Er+l ~1/2+ E -1 
(0.23 + o .~_l ~ A 

r· (4.41) = 
GO 2 E +1 r Er 

anr1 

13 
EO rr2 (4.42) = 
Zoh 

./ 
, , 

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 m 0) formulas can be modified to consider 

the thickness of the strip when the strip width, w, is 

replaced by-an· effective strip width, weff·• 



\( 
"'/,i Ii, 

f 

Sjmple and accurate formulas for Zo and Eeff with 

finite strip thickness are (23): 

For vi/h ~ 1 

I; 

61 

In ( 
8h We!f ~ Z = + 0.25 (4.43) 

0 

2ITJe:eff' vlef£ 

For vi 
~ 1 --

h 

-1 

S ( vi eff In(We~f 1.44~ Z = + 1. 393 + 0.667 + 
0 

~ scf;' h 

(4.44) 

where for \·1 
--~ 

1 

h 2J1 

" 
, 

/ 

vi eff vI 1. 25 t 
(1 

4ITH ) (4.45) = -- + + In 
h 'h IT h t 

vI 1 
for 1- --

h 2 

,weff vi 1. 25 t (1 + 1n 2:) (4.46) 
= -- + 

h h IT h 

e:+1 e: -1 e: -1 t/h r F(~) r '(4.47) -. .r -e: eff = + 

~ 2 2 h 4.6. 

h 
~ 
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in which F( ~) is given by equations (4.35) and (4.36). 

A sununary of "typical results obtained by using above" 

equations is given in Tables 4.6, 4.7, 4.8, 4.9 and 4.10. 

To determine the percentage error inherent: "in usipg present 

equations, the available numerical results are also presented. 

In table 4.6 characteristic impedance for zero thick

ness (t/h = O~ microstrip and in Table 4.7 effective dielectric 

constant for zero thickness microstrip calculated by the method 

given in f are compared with numerical results of Green (24), 

,"'heeler (3) and the method given in d (another zero thickness 

case). As can be seen from these tables, the results for Zb 

and (eff are correct to within 1 percent (The maximum relativE: 

error in Zo and Eeff is less than ±0.6 percent and 0.8 percen~ 

respectively) for the following sets of parameters 0.1 ~ 

vl/h <- 10 and Er' ~ 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 ~ 5). So, 

the zero thickness (t/h = 0) formulas given here at the 

beginning are modified to consider the thickness of the 

strip. The results obtained for microstrip including strip 

thickness a~e compared with available experimental and 

~emericalr~sults in Table~ 4.8, 4.9 and 4.10. It is found 
:. 
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that the results for Zoand £eff obt~ined by this method are 

correct to within 2 percent for the following sets of para

meters 0 < t/~ , 0.350, 0.1 ~ w/h ~ 10 and Er ~ 11.7. 

4.5.2. EFFECT OF ENCLOSURE 

Most of microstrip circuit applications require a 

metallic enclosure for hermetic sealing, mechanical strength, 

electromagnetic shielding, mounting connectors and ease of 

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 vii th top 

cover (without side walls) are obtained as follows (26) : , , 
. / 

For < 1 
h 

2TI~E8ff' 
( 

8h w \ 
-:,- + 0.25 h) _.p (4.48) 

For vl 

h 
? 1 
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\II /11 J EfSIt tllll\_flfT H.l2~) WHHLUh) fl,f\HOP F tlE1Hcill I) 
\41"T1I 'ZERO 1H I CIC. 

0 • .1 1 :142. '1t 262.l92- -" 1&2 .~t,O 262.9~O 
(0.01) /0.2) (0.2.) 

D • .2 '1 211. 22 121.270 1t1.~orl 121.408 
(O.Ol) (o.o~\ LO. OS) 

0.5' 1 16'.47 "'.6"7 H'.lI'~ 1".1l22 \ 
( 0.02) io.o') (O.Oi) 

1.0 1. 126. ~Q jH.510 1U.o£O 126.611 
(0.1 ) ( -o.ll (o.oH 

La 1 i';).o 'iO.DVD 1'3, "llf 8'1.ll2. 
(1.2 • (0.,,) (0.5) 

5.0 1 1". 3~ 49.HO ~9.lIo7 4~.{'17 
lO.1l I D.O'll 10.5\ -10.0 1 2V.9'} U.13 2S.'Hl 1 ... 19'1 
10.5) (-0.1) 10.71 

0.1 :.62 1V'}. '17 1a'.~LO i'Jo.261 1qt.010 
10.1 ) 1~:3) /0.71 

0.1 1.£2 '\ S'r. &1 ,~a.970 .1S~.190 1"~.610 
(0.1) lO.2\ 10.5\ -O.S 2..62 HII.2Q 11S.510 11 i. 5.5-2, 1111.l10 
(0.21 (0. '1) (0,0)) 

i.o ~.'2 rtJ'.t,5 ~lf. 620 88.76l n.'l7Q 
(CI.2) 10.3\ (-0.1) 

~~ 
61.t.5 61.,10 l.1 .t,( 1 6t.090 

(1.41 10.S-1 (0.0'3) 

!i.a -,2.62 1~. 7~ 31.450 :l'J.!lol 'n.!70 
(-f.Ol to. ~) (o.~) 

10.0 2.62 Ill. n U.9'0 1'i •• ";, 1 a.~12 
to.2 ) (-O.l) (-o.1 ) 

0.1. 3 .-Il~ 1 "1.93 fH.O')O t£t,.21~ 1&5.~5V 
(0.1\ (g.21 (0. i\ 

Q.1. 3.n! t:l7.6l. 131.;)0 131.:111 137."0 
(0.2) 10.1 \ (0.4) 

A 

o.S 3.7\l 101.18 lot.cli O 101.1\'-7 H.t.S70 
(o • .ll (".0 ~\ (-0.:1) 

1.0 !I.7c 75' .8, 7~ .0£0 15.9h 7S.1,60 
(0.3) (0.2\ (-0.5'1 

1.0 l.1 ~ 51,D8 51.Vl0 $:2 .3.21 5L.'n~ 
Cl.q (D.:' ) 1-11.21 

-5.0 3. )11 :n.71 t 7. ~oo 27. :Ill 17.150 
(- ,.1) (0.3 ) (-to.l) 

10.0 3.1'6 1S.1!1 ' lS.VoO 15.2167 15"90 

I ( 1/.11 10.2) (0'4) 

o.L <;.6 lOB. 52 IO~.'JO 10".~97 10:1.&65 
(0.2) (-0.\:)1\ CO.lil 

0.1 9.6 9O.j7 ,)l.O50 '.10. 'lil ,l.136 
lo.Z) (-o.l\ '".21 

OS 9.& 67.1.7 67.170 ',.9I1l 6&.7,1 
j P.l) , (-0.2 ) l-o.61 

Table 4.6. comparis?n of Characteristic Impedance for 
Zero Thickness Microstrip Calculated by 

Different Methods. : 
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~H~oO NUrt. ME TH.l2"~ WHfELfIH3J ,HTHDO 0 tUTHOb F 

'" (PSP. 2.61 3.\78 9.' 2.61 3.78 9.6 .2.62- 3.78 9." 2..62. 3.7B 9.60 
W/H""-- , 

0.1 t .92. 1.57 5.82. 1.'H a.. 56 5.80 1.89 .2..52. 5.71 t.91 2.S6 5.83 
i-O.2 ) {-D. '3 } (-0.'1 (-1.5) i-1.' L -1.6 (-O.:; l-C.3 )I( o. 1) 

O.l 1.'34 :2..61 5.93 1.9} 2..60 S.90 1.92 2..5 It 5.90 1.9"3 1.6C 5.9b 
(-0.2. (-C.l) (-o. It) {-0.9 (-O.S (-O.1t I (-0.3) {-O.l' ( D.6' 

0.5 1.9B ~.68 6 .. is 1 • '17 ,. &7 '-.1" 1.98 2 .. G9 6.23 t.~ :l.6SJ 6.20 
{-O." (-0 oS ) l-o.~ (,.0.11 {-to.,,1 '11.1 )l,C-O.3 (O.O\i(O.~\ 

1,0 2.01, '2..77 '.45 1.03 1.71. £.1,.2 2.05 2,91 6.60 1.03 oZ. 77 J 6.51. 
(-O.l) (-0.3) (-0.4 (-to.h) (-tl.2) (-+2.3 ) (-O.~' (-0.1);(0.7) 

I 

Z.O '2..U. 2.92 6.89 2..07 2.95 7.12- 2..14 2.. '3 5", 7.05 2..11 2.91J 6.92-
(-2.1' (-t~.6) (-n.ll l-to .Ir' 1.1'1.'2.) l:tl. 'J ) j(-<>.If)I' -O.lli( O.S'1 

5',0 '2.. • .26 :),1b 7.65 1.2'1 1.:1.0 7.79 2.21 3 • .19 7. "1IS .t 2.:25 3.11,"/ 7.67 
( ... 1.1' (-1'1. 4) l-tf'&~("D.S) (-to. 9) (+1.6)£-0.7' (-O.7),(O.~) 

I 

10.0 ~37 3.3'r 8.23 1.31l :l. ~t. 1'1."30)1 2.38 '.37 ~. 3'1 11..3s 30.32..! B.:J. t-
{-to.5) [-to. I. I (-to. R~L( +0. 5) (+0.8) (H • :I 1 t -0. (, ) (-~b)(o.4) 

-T bl 4 7 Comparison of Effective Dielectric Constant, a e •• 

e: for Zero Thickness Hicrostrip Calc.ula-
eff' 

ted by Different Hethods. 
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, 
i CAL C U L AT ZO(OHM) 

VI 11 T I H '\ H E p.' So. iO(OHIo\\- (19) 
EO 0 

HETHO 0 F lHCL.TlllCK. 

O.tZ7 0.063 111.l 120.5'51 105'.9'35 
(7.7) (-2.0> 

0.2.50' 0.063 f11.0 1i7.119 108. flSO 
(+-5.01)) {-i.90} 

0.340 0.063 39.:1- . 106. Z29 98.121 
(6.60) (-1.00) 

0.483 0.090 ,0.5 H).g06 - 1IB.SZIc 
(3.&0) 

. 
(-1.8') 

0.5 Z6 0.147 82.0 9 0.936 82.057 
C~. 8) (O.O3) 

0.645 0.090 '81.0 B5.883 79.68,,-
. (3.4) (-1.6) 

0.6 at i 0.127 76.5 82.013 75.61& 
(6.7) (-1.1 ) 

0.714- 0.2.00 7.3.0 80.393 72.616 
(9.2) (-0.5') 

0.909 0.127 67.0 72.zzZ 67.466 
(7.2) (D.' ) 

10tH 0.147 65.0 6". Hi 65.211 
(-1.3) (0.3) 

1.070 0.200 61.0 66.595 61. ~96 /~ 

('it. 4) CO.9 ) 

1.000 O. Z. so 59.; 69.041 60.'20 
(13.9) (1.7) 

t .2., ° 0.350 53.0 6i.6B3 5'3.!n 4-
"ii.O) (1.8) 

1.815 o.HO 4? .S 49.Z97 ~>. 32. 
(13.8) (1.9 ) 

2.500 0.350 36.0 41.198 36.73 
(12.6) Cz.O) 

II' bl 4 8 Comparison of Calculated and Measured a e ., 
Characteristic Impedances for Method f 

with Zero Thickness and "Including Strip 

Thickness (E = 4.7) r 
:. 
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EPSIt vJ/H T I t\ N U H • fot E T H .(6) 
CALCUI. ATFD '20(011") 

INCL.TH1"I(.. 7.E~O TIHClt:.. if) 

1.0 0.1.0 0.010 153.0 .250.421 262.'H 
(-1.0) ("'3.7) 

1.0 o.to O.o~O .230.0 126.319 :1.62.91, 
L-L.!;.) t12.S0) 

i.o 0.10 a',lOo 1QIt.O 1"12.251 1.~1.'H 
, £-1..0) (2.6.'20) 

i.o 1.00 0.010 12'5.0 325.120 126.613 
L1..70) L1.20) 

i.o 1.00 0.050 U2.0 - 111.262 126.6L'3 , 
t-o .,6) {3.6) 

i.o {.OO 0.20 112.0 11.1.&84 124..6L3 
/1.4) 'u.S) 

1,0 1.00 0.01 Bi.O n .. 106 !.9 .. 3H 
(0.7) Lt.4) 

1.0 :";;00 0 .. 05 86.0 cg7.042. 'il9. '335 
(1.1 ) (1.7) 

1.0 2.00 0.20 81.0 ,n.18; 89.335 
(1.2) (9.2 ) 

\11..7 0.10 0.01 96.5 95.087 99.lL3 
(-1..1,) (2.i) 

'\1...1 

t 
0.10 0.05 89.0 'a1.B43 ,:!'J.~L3 

/ -1. 3 ) . (l0. 3) 

111 .1 0.10 0.10 

t 
82.0 ~L.6!1o '19. '3 L'3 

(-O.30) (17.4) 

/H.7 I t. .00 0.01 I 45.0 .44.630 
t 

~S.03'3 

I L-o.~n (0.0) 
I 

Ill o
1 

I 
1...00 0.05 I ~'3.7 43.'50 j I,S.039 

(-O ... ll i (l.9J 

/ l' 

j11..7 ! 1.00 I o.:Jo i ~I.. 5 'tL.B1l0 1,S.039 

! 
(0.9 ) (7.8\ 

iH·7 :2.00 I o.oi 
t 

3l.0 I }O.&gg I 30. enS 
i I 

1 I 1 (-t.O) (-0.4) 
i ! ! I 

, \ 
':1i 7 :L 00 • II 05 30 ~ 30131. 30 B7S . , . ; . ! . . . 
\ i , (~O. 56) 1I.S'1 
I 1 I 

I~t. 7 J 

I ! 

l.OO 0.20 i ~~S 2'3.331 30.B75 

I 1-0.5) (~.4J 

Table 4.9. Comparison of Character~stic Impedances 
Calculat~d by New Equations (Method f) 

with Numerical Methods (6). 
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, 

EP~1t ~/H 11ft 
EFFti'CT I V E I), I L f: C T Il. [ C COt45 . 
filUM MET. C2S) It ET • C HET. E MET • F (\IIrTlt n 

~.7i o.i C.01 '2..52 . 3.09 2.1)5 2.54 
1/ 1/ 0.10 2.'36 3.65 3.86 • 2..37 
II 

" 0.20 - - 3.70 4.41 ". 2.18 

1/ 1;0 0.01 2..77 2.51 2.9lt 2..77 

" 1/ 0.10 1.70 3.09 3.2.!- 2.72-

II /I 0.20 - '.31 3.-H 1.66 

1/ 2..0 0.01 1.'3'2.. 1.1,6 3.05 2..91 

" " 0.10 2.. II 7 2..115 3.26 'l.s7 

" " 0.20 - 3.0~ 3.38 .2 .1t3 

'J. 6O o.i 0.01 5.67 7.45 6.72 5.71 

" II 0.1.0 S.11 'J.2:t S.81r 5.24 

" II 0.10 - '3.40 10.18 41 ~.6S' 

/I 1.0 0.01 6.42 5.69 6.9l. 6.47 

1/ /1 0.1.0 6.19 7.45 7.53 l..l1. 

/1 /1 0.20 - 8'.17 s. OJ. 6.1.2 

/1 2.D 0.01 6.ag 5.51 7.28 '.91 ./ -

/' /1 0.10 6.73 6.73 7.16 '.7<) 

" /1 0.20 - 7.ltS g.oS 6.66. 

Table 4.10. Comparison of Effective Dielectric Constant, 

Eeff' for Microstrip Including Strip 

Thickness Calculated by Different Methods 
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z; 
[ ~ + 1.393 r1 

z = + 0.667 In(~ + 01.444) 0 
0 

~Eeff I h 

(4.49) 

I 
J w i 

l,-tanh 0 
0.48 h -1 

.p 

(1+ ~'r 
where 

E +1 
+(£r :1 F~~ tanh [0.18 Eeff 

r hI 

= 0.235 
2 

t 
h 

(4.50 ) 

l 0.415 -

(~y 
and 

P = 270 [1 - tanh (0.28 + 1. 2 ~ ~,,) \ (4.51) 

The factor F(~) has been defined in the equations 
h 

(4.35) and (4.36) ; hI is the spacing between the strip 

and the top cover and hI ~ 1. 
h 

4.5.3. EFFECT OF DISPERSION 

The effect of frequency (dispersion) on Eeff is 

described accurately by the dispersion mod~l given by 
I 

Getsinger (9) and modified by Edwards and Owens (27), as 

//"' 
, 



4iscussed in Section 3.2. The effect of frequency on the 

characteristic impedance of the micros trip has been desc-

ribed by severa:l investigators (28, 29, 30, 31). Among 

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

to numerical values. 

The results of Bianco et. al.fdr Z (f), and of o 

Edwards and Owen for £eff(f) may be stated as-follows 

70 

Zo(f) = ZT - (4.52) 

where 

f (GHZ) = 
p 

£ -r 

1 

)-2- + 0.004 Zo 

3 
6.16xlO 'Zo 

h 

(4.53)· 

(4.54) 

Here h is in cm, Zo is in ohms and ZT is twice the 

f a stripline of width wand characterist~c impedance 0 

£ are quasi-static values obtained 
heihgt 2h. Zo and eff 

earlier. 
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4.5.4 LOSSES 

A closed form. expression for total loss can be derived 

using Equations (4.43-4.44) as follows : 

For w 

h 

and 

(4.56) 

w The two components ac and ad are giver by for ~ ~ 1 

R s 
(Xc = 1.38 A ---

hZo 

~ 1 

-5 
etc = 6.1x10 .A· 

27.3 
E: 
r 

E: -1 
r 

dB/cm (4.57) 

( 

w e f f + _0 _. 6_6_7 __ w_e~_f_\ ~B / ern 

h we f f -\- 1. 4 4 4) 

h 

(4.58) 

(4.59) 



72 

where 

A 1+ 
h (1 1.25 In 2: ) = + 

w TI \eff 

TIfl1 
R 

0 
Pc resistivity of the strip conductor = = s 

and 

B = 

Pc 

WE E tan 0 = conductivity of the dielectric o r 

h 

2TIw 

substrate 

(~:r ~ \ 
h 2H ) 

(~~_l\ 2 2TI ) 

/ 

The dielectric loss is normally very small compared 

with the conductor loss for dielectric substrates. The 

dielectric loss in silicon substrate (used for monolithic 

NICs), however, is usually of the same order, or even 

larger than the conductor loss, this is because of lower 

resistiyity available in silicon wafers. However, higher 

resistivity can be obtained in GaAs, 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. 

I~~----------------------------------~ 
... ___________________ - ---- - - - - ------- 51 

-- COhWCTOR l055 .... , 

- ---- O,E.EClR;: l055.d. 

20 • !lO Ohm 

1\ rCR (;QA, lS, : C.H4mm 
n rCR OTnlHS • O.'H mm 
I I I· I I 

11 " 
rllcourhn ICoHIl 

I 
20 

Figure 4.4. Conductor and Dielectric Losses as Functions 

of Frequency for Microstrip Lines on Vario~s 

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) 



. where QT is the equivalent Q of the resonator (quarter 

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

S c 2IT/Am' When losses in a resonant line are considered, 

another loss factor,. aR, due to radiation at the open end 

discontinuities must also be taken into account. The 

corresponding radiation Q-factor is given by (32) 
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(4.61) 

where 

R = 
Eeff(f)+l 

Eeff(f) 

2-

[Eeff(f)-l J 
2[E (f)J3/2 eff 

in which Eeff(f) is given by the Eq. (4.53). The total Q 

of the resonator can be expressed by 

1 1 
---+ + (4.63) 

Qc 

Here Qc' Qd and QR are the quality factors corresponding 

to conductor, dielectric and radiation losses, respectively. 

Finally, .the circuit quality factor Qo' is defined.as 

'c (4.64) 
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The variation with frequency of Qo' QR and QT for a 

quarter wave resonator on different substrates is shown in 

Figure 4.5. 

\ , , , , 
" , 

-'-'~!l~ 

---------- a ... 
ar 

a:JAArz 
ALUMINA 

(, 

l.b 
9.7 ',Co 

\ ...... "!.! 
\ ... 

10 12.1 

\ .... 10m • ~O Chm 
\ ' .... , .... , 

\ " ............ QUARTZ 
'\ " ~.-.-'-' " '~.--"-...:..:=::..--.~-~'-' 
~. ~-.--. ~---

.;;:.~ .......... ,l.J,.U~IN"" .... 

P"""""":::-...: .... ~ ............... Go AS 

" :~._.-.-:- °A-,-' 

FRECuENCY ("till 

Figure 4.5. Variation of Q-factors with Frequency 

for Quarterwave Microstrip Resonators. 
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\ .. . 

V I ~1I CROSTRI P MEASUREMENTS 

Just as in case of any other transmission structure 

the important 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 material is not known accurately. Since this 
. F 

information is required for microstrip circuit design, 

several methods have been devised for quick determination 

of the dielectric constant of metallized substrates. 

In this chapter, the methods for the measurement 

of micros trip characteristics and for substrate dielectric 

constant are briefly outlined. 
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5.1. SUBSTRATE DIELECTRIC CONSTANT 

In the pormal course of fabricatingdielectric sUbst-

rates for MICs, a dielectric filled r'esonator 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) become.s, in effect, 
" 

a parallel plate dielectric-loaded-waveguide resonator. 

This structure is shown in Figure S.l(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 conditions, therefore, consist 

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

Figure S.l(a) Metallized Substrate as a Parallel 

Plate Resonator 

" . 
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Figure 5.I(b) Resonance Frequencies for Various Modes 

of a Metallized Substrate Resonator 

(from (33)). 

The resonance frequency fmn for a wavequide with 

open-circuit side walls are given by 

(5.1) 

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 f are shown in Figure 5.I(b) as dots " mn 

superimposed on the dispersion curves. 

Excitation of the resonator at the substrate corner 

and detection of resonance are accomplished as shown in 



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 
I, 

modes are identified by referring to Figure 5.l(b). 

fl.", {e.re"c.e. 

Co",.,..",o.\ 

/ 
/ 

I 

/ 

POVo-lei 

D",,, ",Je.r 

LIGHT COUPLING TO PARALLEL 

PLATE RESONATOR, 

79 

Figure 5.2. Test Configuration for Resonance Measure-

ments. 
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The accuracy of this method is limited because of the fringing 

field and radiation due to the open -sides of the resonator. 

A modification has been s~ggested (34) wherein the substrate 

is metallized on all. the sides so that a small microwave 

cavity is formed. Equation (5.1) for various resonant frequ

encies is still valid. Resonant frequencies are measured by 

clearing metallization from the corners of the cavity and 

posi tioning 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 distribution of power 

within a circuit. The ability of a microwave engineer to 

predict circuit performance will partially depend on the" 

accuracy of the ,knowledge of impedances for available cir

cuit elements. 

The characteristic impedance can be measured by 

terminating the m-icrostrip with a precision coaxial load 

and measuring maximum and minimum VSWR as a function of 

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

the characteristic microstrip line impedance Zo is determined 

by 
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= J VSWRmax VSWRmin 
(5.2) 

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 

Reflectometry (TDR) measurements as well as from previous 

theoretical and experimental results, the~uestion 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 Cpncellation Method (35) 

which is based upon the fact that a section of mismatched 
/ 

transmission line of length i will appear to be a perfect 

match at frequencies such that nA/2 = 1. At other frequencies 

the line is mismatched. If the source frequency is adjusted 

the line will appear to be matched at frequencies such 

that 1 = Al/2, A2 , 3A3/2, etc., thus allowing AI' A2 , A3 , 

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

(5.3) 

Where c is the velocity of light in free 'space. Thus, at 

the matching frequencies 
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(5.4) 

which allows £~ff(f). to be found. When dispersion effects 

are negligible, Equation (5.4) gives the value of £eff. 

In the case of significant dispersion the value of £eff(f) 

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

mation to £eff. 

In this method, The frequencies at which the reflection 

coefficient at the input to the mismatched section is zero 

are determined using a network analyzer and the length ~ 

of the micros trip 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 o 

expression 

ex = (dB/cm) (5.5) 
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An approximate but very simple method to measure the 

attenuation constant is based on the comparison technique. 

In this method two microstrip lines with identical electrical 

characteristics but different lengths ,are taken. Their 

insertion losses are measured. The difference between the 

two values of insertion loss is used for evaluating .the 

attenuation constant. This procedure avoids the systematic 

errors caused by radiation, coaxial to microstrip transi

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

6.1. PROGRAM FOR MICROSTRIP DESIGN 

" A complete set of design algorithm for microstrip 

is_presented in this program. This includes closed form 

expressions for the characteristic impedance 1 Z 1 and 
o 

effective dielectric constant l Eeffl and their variation 

with metal strip thickness l enclosure size and dispersion. 

Expressions for microstrip loss and quality factor Q are 

also given. 

Progranuning language is FORTRAN and the equations 

for Zo and Eeff 'given in this are correct to within 2 p~rcent 

for the following sets of parameters: 0 ~ t/h ~ 0.350 1 

0.1 ,< w/h ~ 10 and Er '" 11. 7 

6.2. COHPARISON BY A COMPUTER PROGRAM USING GRAPHS 

A computer program ensuring to make a comparison of 

characteristic impedance or effective dielectric constant 

obtained fro~ different approaches with each other for 

desired t/h and w/h ratios and for different Er'S by using 

a special plot algorithm is given here. 
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DE.SHIi 
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p rd ~ f.A ~i fl ~ 1 I, r (L 1 II 01 , IJ[ I~ 1 ,T ,.. FL 5 = G I R D 1 , 1 APr c = Ii l r 1 ) 
Il"l A [r C; R , .. , II , II Co, T, f j, (~, R r sese, COD ~ I X,., ,( 2, A 3, "I, , X 5, "Cu }.. 7, .(c. 
1/ !:THF (ur40VCTOR "HTt! (Ui CH) 
II S u (, S lP. '1 r: T ~ Ie ~ r I F ~ S <I Ii (H) 
11 t- S P AC II; Gill h f: UI !; 1 fi 1 P All 0 1 u P (0 \I L R 
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C IILlOCl'TY UF 'llGIiT Iii ff;Ef. SPflcr 
f rl t."; Q P ff( ~ r ItH:i f j\ (u U l N C Y <I /l Ii Z ) 
rr:iF. kll;"Tl'-J~ Pr. ... "'llTlvITy 
t-.r$t~ PLfildTllvlTl FeR fRL.F SPAcr; 
f 5 I) f i< F L ~ P,L, ~ L. F f. l\ /" L. A [! I LIT 'f 
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VIr. CONcLuSION, 

Microstrip transmission line has in the last few 

years become very popular in computer and microwave integ-
'. 

rated circuit design as can be judged from the large number 

of papers published on micros trip and microstrip networks. 

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 directly for the design of microstrip line- without 

going into details of analysis. A computer program is al~o / 

presented in Chapter VI for CAD. 

The accuracy needed in equations for microstrip 

impedance and effective dielectric constant should be set 

in accordance with typical vari'ations in substrate para-

meters and manufacturing tolerances, 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 

equations given in f) do not have that accuracy as can 

be seen from-the tables prepared to compare the typical 
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·results with the available numerical and experimental results. 

From these tables, it is seen that considerable error 

can arise in t~e direct application of Eg. 4.20 given in the 

line-capacitance computation method. Here, one major source 

of error arises from the use of the relative dielectric 

permittivity. By considering this point, the method given 

in b has taken the relative.dielectric·permittivity in the 

straight-line approximation neglecting the .depend~nce on 

microstrip geometry. It has also obtained the constant 

AI' associated with the fringing capacitance as a function 

of the strip thickness t and the dielectric height h. Simi-

larly-A 21 associated with the upper-plate capacitance has 

been obtained as a function of the dielectric height hi 

the strip conductor width wand the effective dielectric 

permittivity, Eeff • But there is no physical significance 

-to believe that the constants Al and A2 depend on micros-crip 

parameters vlhile these parameters have already been accountec 

for in the capacitance calculations. Also, 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 micros trip geometry. 

The numerical methods predict a decrease with increase 

in strip thickness , but the above method (given in c) shows 

it otherwise/i.e. Eeff increases with t/h. (See Table 4.10). 
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This is of course not acceptable 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're that the large amoun;t of error in the 

results of methods given in band c appear 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 computation method. 

But these equations have a relative error as l~rge as ±27.6 

percent. 

Just like the above situation occurred in the methods 

given in b a~d c, the formulas for Zo and £eff are obtained 

by curve fitting the numerical results of Yamashita and Mittra 

(6) in the method given in e. But these formulas have also 

an error as large as 12 percent. 

In f I nev? 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-



f.or the following set I of parameters : 0 ~ t/h ~ 0.350 

0.1 ~ w/h ~ 10 and £ ~ 11.7. r 
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These simple. and most accurate closed form expressions 

are employed to calculate microstrip characteristics. The 

results find wide applications in thick micros trips (0.05 ~ 

t/h ~ 0.2) used in computers and in thin microstrips (0.01 ~ 

t/h < 0.05) used in MIe's. 
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APPENDIX A 

DATA ON CO}~ONLY USED SUBSTRATES FOR MICROSTRIP (24) 

T Y P E" E'PSII. TExP. UIIGE LOSS FAC. 01 E, STIl. iHER. COW. IlELATIVE 
( 'Cl ix -8). NO) l "V /m/tl) Hw/h'C) PRlCE 

RE'lCOLEIlE S 2.32- £-00)-(+70) 0.0005 19.7 0.#,0 1 

~f)COL I TE 2.53 (-60)-(HOO) 0.0005 L9.7 0.15 3 
litn 

~f)(QllTf" 2.62 L-7S) - (1-19D) 0.0010 19. "1 0.2.0 2. 
'2200 

POL YPNfN'f!. 2,':>5 (~o)-l-i260) O.Oo'J " 1'),7 0.20 It 
O .. 1DE 

3~.Ko098 l.50 (-60)-(+2&0) 0.0015 3L.5 0.10 5 
cueto 

1l1/0UI'OIO 2.35 (-i.D)-{+2t.o) o~oolo 11.8 0.2.5 10 
suo 

FUSED '3.22. ; NO PIlAC TI CAL 0.0001 :15.7 L.ljO -3 

SiLICA LlHtTATI ON 
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APPENDIX A (CONTINUED) 
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° APPENDIX - B. 

DESIGN OF MICROSTRIP LINES BY USING THETA FUNCTIONS 

STEP 1 

STEP 2 

STEP 3 

STEP 4 

For a given characteristic impedance z~, 

calculated from Equation (3.6). 

K' 

K 
is 

Assume z~ = 126.95 ohm. Then by using z~ = 60rrK 

K' 
K = = 0.673532. 

K 

Modulus m for elliptic functions is found by looking 

up tables for K' 

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

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

E = 1.136 

K = 2.42093 

K'= 1.63058 

The solution of equation dn 2 (2K§) = 

value of § • 
/ 

°E 

K 
gives the 



STEP 5 

dn2(2K§) = E 
K 

= 
1.136" 

2.42093 
= 0.46924 

2K§ = arc 
" . E 1/2 

dn(-) = 1.02806 

§ = 1.02806 

2x2.42093 

K 

= 0.212328 

For known and K = K' = 0.673532, w 

K h 
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for the 

microstrip is calculated from equations (3.4) and 

(3.7). 

Cl 

Cl§ 

ro 

= 4II r 
n-1 

exp(-nIIK) Sin (2nIT §) 
1-exp(-2nIIK) 

For the first 10 terms, this equation equals to 

_Cl_ 1n[Q4(§,K)] = 4II x (0.124095) = 1.55942 
Cl § . 

From equation (3.4) 

w 2 
= h IT 

w -- = 0.99276 
h / 
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