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Summar

Very accurate and simple equations are pres-
ented for both single and coupled microstrip
lines' electrical parameters, i.e. impedances,
effective dielectric constants, and attenua-
tion including the effect of anisotropy in the
substrate. For the single microstrip the
effects of dispersion and non-zero strip
thickness are also included.

Introduction

In microstrip design it is often observed
that the physical circuit performance differs
significantly from that theoretically calcu-
lated. This is due to factors such as atten-
uation, dispersion, and discontinuity effects
which again are functions of physical para-
meters and the actual circuit lay-out. The
conclusion which may be drawn from this obs-
ervation, is that optimum microstrip design
should be based directly upon physical dimen-
sions. This approach requires accurate
models and for computer-aided design the
models must also be in an easily calculable
form.

The models presented in this paper represent
partly completely new models, but also revi-
sions and expansions of some which have been
given earlier 1,2, It has been a goal to
obtain an accuracy which gives errors at
least less than those caused by physical
tolerances. The line models are based on
theoretical data 1,2, while the discontinuity
models also are based on experimental data.

Single microstrip

The model of the single microstrip line is
based upon an equation for the impedance of
microstrip in an homogeneous medium, Zg;, and
an equation for the microstrip effective
dielectric constant, e_.

e
7 fij=2 In [m+ +(3)2] (1)
01 T2 u u
f(u)=6+(21-6)exp [—(324%§§)0‘7528 (2)

Here n_ is wave impedance of the medium
(376.792 in vacuum) and u is the strip width
normalized with respect to substrate height

The accuracy of this model is better than 0.2%
at least for €. 128 and 0,01< u <100.

Compared to earlier equations, these give much
better accuracy, in the order of 0.1% for koth
impedance and wavelength. They are also
complete with respect to range of strip width,
while earlier ones where given in two sets.

Strip thickness correction

In correcting the above results for non-zero
strip thickness, a method described by Wheeler 3
is used. However, some modifications in his
equations have been made, which give better
accuracy for narrow strips and for substrates
with low dielectric constant.

For homogenBous media the correction is

t dexp (1)
=— In(1+ ) (6)
k7w t coth2 6.517 u

where t is the normalized strip thickness. For
mixed media the correction is

Aua

3%
Qur=§(l+l/coshfer—l) ﬂul (7)

By defining corrected strip widths, u =u+hu)
andur=u#ﬂur,the effect of strip thicﬁness may
be included in the above equations:

ZO(u,t,ar)=zcl(ur)/feeiur,er) (8)
eops(Wrtie ) =e (u e ) [Zg) () /20) ()12 (9)

Dispersion
As microstrip propagation is not purely TEM,
both impedance and effective dielectric con-
stant vary with frequency. Getsinger4 has
propsed the following model for dispersion in
effective dielectric constant
T A

£ = (10)

eff r 1+G(f/fp)2

where f =ZO/(2u h) may be regarded as an app-
roximat?on to tge first TE-mode cut-off freg-
uencyr while G is a factor which is empirically
determined. Getsinger cave anexpression for G
which fitted experimental data for alumina
substrates, but this did not give correct
results for other substrates. The following
expression for G has been shown to give very
good results for all types of substrates now
in use:

(w/h). The accuracy of this model is better 2 & =1
then 0.01% foru<l and 0.03% for u < 1000, 6=13 = 57 /2729 (11)
== = 5 n
eff ?
& it E_)zgr+l " €r—l (1+Lg)—a(u) b(e ) (3) There'is today not general agreement on a madel
o (urey 5 P u for microstrip impedance dispersion. Based on
" . ; a parallgl—plate model and using the theory of
afai=1 11, 4 +(u/52) e 14 (<2 )3 (4) dielectrics, the following equation was found.
15 a 18.7 18.1' |

u +0.432 Eogg(O) € (£)-1

€r0-9 4.053 2 (£)=E, (o) EE_‘T?T ) EEE(E)TI (12)
b(Er]=0,564[:€F3—] (5) eff eff
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While we would accept theoretical objections
to this model on the grounds that microstrip
impedance is ratherarbitrarily defined, it
may be pointed out that it agrees very well
with the calculations of Krage & Haddad 2 and
that in the limit f+e~ it is agreement with
three of the definitionsdiscussed by Bianco

& al, ®. It may also be noted that the model
predicts a rather small but positive increase
in impedance with frequency and that this
would seem to fit experimental observations.

Courled microstrips

The equations given below represent the first
generally valid model of coupled microstrips
with an acceptable accuracy. The model is
based upon perturbations of the homogeneous
microstrip impedance equation and the equat-
ions for effective dielectric constant. The
equations have been validated against theore-
tically calculated data in the range

0.1<u<l0 and g >0.01 (g is the normalized

gap width (s/h)), a range which should cover
that used in practise.

The homogeneous mode impedances are

ZOIm(u,q)=ZOl(u)/{l—-ZOlf.u)q':m(u,g}/no)1 (13)
where the index m is set to e for the even
mode and o for the odd. The effective dielec-
tric constants are

€ _+1 e_—1

cem(urgfer)= ; + -zr-—— Fo(u,g,e) (14)
- 10 ~a(u)bley)

F, (u,g,erJ—[H ml T (15)
_ 10,-a{u)b(e_ )

Fo(u:gr Er) - fo(ufglﬁr) (l+u_) r (16)

The modifying equations are as follows
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20+a2

Wu,g) = g exp(-g)+ u- —=5 (26)
10+g
folugg)= £, (g,5) explp(g)in u + q(g) -
A in u
sin (N EHHTO)] (27)
plg)=exp(-0.745 90'295)/cosh(go'68) (28)
g{g) = exp(-1.366-q) (29)
0.15
£,1(9,6,)=1-exp{-0.179 g - . -
_ 0.328 gt (9r€p)
tnbxp(1)+(g/7) 2 8 (30)
exp (1~ (£,-1)7/8.2)
r(g,e )=1+0.15[1- = 1 (31)
l+g
When the development of the above equations
was done (1) and (2) were not available. In-

stead a simpler equation for homogeneous
microstrip impedance with a maximum error of
0.3% for u >0.06 was used:

0.172) (32)

Zyp(u)= ng/(utl.98 u
The errors in the even and odd mode impedances
where then found to be less than 0.8% and

less than 0,3% for the wavelencths. The above
model does not include the effect of non-zero
strip thickness or assymetry. It is a goal at
ELAB to include these factors, although the
parameter range probably will have to ke re-
stricted to the strictly practically useful in
regard of the complexity of the above equations.

Dispersion is also not included presently.
Getsinger’ has proposed modifications to his
single strip dispersion model , but unfortu-
nately it is easily shown that the results
are asymptotically wrong for extreme values
of gap width. However, it is possible to
modify the Getsinger dispersion malel o that the
asymptotic: values are satisfied for coupled
lines, but the details remain to be worked out

Attenuation

The strip capacitive cuality factor is

(l'CI] +q€r (33)

0
4 (1-q)/Qutac /0,

where g is the mixed dielectric filling frac-
tion, Q, is the dielectric quality factor of
the upper half space medium, and Qs is the
substrate quality factor.

The strip_inductive quality factor is approxi-
mated hy ©:

o = T 245,h £ "

s .. S A
Rsc K

(34)

where Rs is the skin resistance and K is the
current distribution factor. Surface rough~
ness will increase the skin resistancel.

2

= 2 A 2
%JM—%JNEH- Arc. tan 1.4(3)°]

T (35)
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where § is the sgkin depth and A is the rms
surface roughness.

For the single microstrip current distribution
factor we have found

2,4 (u)
K = expl-ls S-2n 507

n

0
to be a very good approximation to the curert
distribution factor due to Pucel et al. 9
provided that the strip thickness exceeds
three skin depths.

(36)

The mictrostrip quasi-TEM mode quality factor,
Q , is now given by

o
i 1 1
nis 2 g + o (37)
o] d C
and the attenuation factor becomes
(38)

dB, _ 20T
o1 = 75 ngﬁ?=“

eff

The above loss equatjions are also valid for
coupled microstrips &, provided that the di-
electric filling factor, homogenious impe-
dance, and current distribution factor of the
actual mode are used. Presently, no equations
are available for the odd and even mode curmnt
distribution factors. Except for very tight
coupling, however, the following approxi-
mation gives good results

Z ., %7
exp[—l.2{—9£3—£igp'7

K. =K
2n0

e Q

1 (39)

Anistropy

From recent work 10,11 it may be shown that
the above models are also valid with aniso-
tropic substrates by defining an isotro-
pyized substrate where

heq = hfzx/ey (40)
S = /E}E;' (41)

This method requires that one of the sulstrate's
princ¢ipal axes is parallel to the substrate
(x-axis) and the other normal to the substrate
(v-axis). The strip dimensions remain un-
changed, but are normalized with respect to
h_ . The procedure for utilizing the above
médels then proceed through calculation of

the mode capacitances, Cm'

Gy = l/(veqm Zeqm)

Here v_ o is the mode phase velocity and
Z tB&8 mode impedance on the isotropyized
sGB%trate. Calculating the homogeneous mode
capacitance, C_., the impedance and effective
dielectric con@%ant on the anistropic sub-
strate are then

(42)

2o = 1/(c/CT3) (43)
€effm ~ Cm/Cm1 (44)

The inductive quality factor of the aniso-

tropic substrate, may be directly calculated
with the above equations, while the substrate
guality factor has to be modified:

(45)

Discontinuities

Due to the illnes, modelling of microstrip
discontinuities could unfortunately not be
finished to meet the digest deadline. The
final paper presented at the symposium will
give models for the microstrip open end,the gap,
compersated right-ande bend, and the T-jundtion.
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