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Analysis of a Microstrip Covered
with a Lossy Dielectric

I. J. BAHL AND STANISLAW S. STIJCHLY, SENIORMEMEER, IEEE

Abstm@--Tbesnafysia of a ml-p fine covered with a low-loss&et
material is pmented in this psper. Numerical s-esdtashow that the
~fi* of a mkmstrip coveredwith a thick sheetof M@ dfektrk
cmmtaotare drmtically affected Ths effect is more pronouncedfor smaU
vsluevof W/h ratio. A cloaeA-formexpremlon for the dfekctric 10SSof a
nudtifayer struetme is derived. The extensioo of presentmetfmd to Mgh-
haa materkdsfs slao dfscumed.

Nusoerfcdsod experbentaf results for effective dielectric constantof a
d-p coveredwith low- and high-km sheet materials are compared
and found to be fn god agreement.

I. INTRODUCTION

T

HIZ rniczwstrip line has been widely used as a trans-

mission line [1] as well as a component in

microwave-integrated circuits [2]–[4]. Microstrip antennas

have found many applications in airborne systems due to

their low profile and conformal nature. Recently several

papers have appeared in literature describing microwave

methods employing microstxip lines for monitoring mois-

ture content in food materials, sheet materials, etc. [5]-[7].

In this case the line was supported on a substrate material

of relatively low dielectric constant ( < 10) and then

covered fully or in part by a “wet” substance of relatively

high permittivity (> 15). The fringing field interacts with

the substance and produces a change in the attenuation

constant of the line. The change in the attenuation con-

stant can be calibrated in terms of moisture content or

other parameters which affect the dielectric properties of

the material,

when the microstrip line is covered by a sheet material,

its characteristics, like characteristic impedance, phase

velocity, losses, and Q factor change with the dielectric

constant, loss tangent, and thickness of the sheet material.

It is interesting and important to study the effect of sheet

materials on the characteristics of mierostrip lines. Com-
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prehensive literature containing analyses of microstrip

lines are available [1], [3]. Several methods for the solution

of a two-dimensional boundary value problem involving

two different media are known, for example, the confor-

mal mapping method [8], the integral equation method [9],

[10], the relaxation method [11], and the variational

method [12]. The analytical treatment of multiple

boundaries is much easier in the variational method than

in the cortformal mapping or other numerical methods. In

the variational method an approximate charge distribu-

tion on the strip conductor is assumed and the resulting

formulas for capacitance can be expressed in closed form

which are convenient for calculation on a digital com-

puter.

In this paper, first the variational method is described

for the microstrip covered with a low-loss sheet material

then the extension to high-loss materials is discussed. A

closed-form expression for the dielectric loss of a muhi-

layer structure is also derived. Numerical results obtained

for the characteristic impedance and the phase velocity of

a microstrip covered with a lossy sheet can also be used

for calculating the resonant frequency of microstrip an-

tennas buried in a 10SSY medium and to calculate the

change in the characteristic impedance and phase velocity

values of a microstnp coated with protective layers.

II. THEORY

A. Characteristic Impedance and Phase Veloci@

The characteristic impedance 2., and the phase velocity

UP,of a TEM transmission line can be written as

2.=2/< (1)

vp=c/< (2)

with
z= l/coc

6== c/co

(3)

(4)
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where C and CO are the capacitances of the transmission

line structure with and without dielectric, respectively, e,

is the effective dielectric constant which takes into

account the effect of the fringing fields in the substrate,

the sheet material, and the free space, and c is the velocity

of light in free space. The mode considered here is a

quasi-TEM mode. The expression for the capacitance is

obtained using the variational method [12].

The boundary conditions and continuity condition of

the structure, shown in Fig.

domain are given as follows:

i(p,o)=o

&(p,ee)=o

1, in the Fourier transform

(5)

(6)

;(B,h+o)=;(B>h–o) (7)

;(B,h+d+o)=;(p,h+d–o) (9)

where ~ and ~ are the Fourier transforms of the potential

and charge distribution functions, respectively, ~ is the

Fourier transform variable, h is the substrate thickness, d

is the thickness of the sheet material covering the rnicro-

strip, ql = Cl/CO, and ●rz= .EJEO, where co is the freespace

permittivity. Substituting these conditions to the general

solution of the Poisson’s equation, one obtains potential

distribution on the strip in terms of ~( ~). The variational

expression for the line capacitance in the/? coordinate can

be written as

+= j&’J_v(mw)@.
m

For this case

where Q denotes the total change on

and is given by

Q=~wj(x)dx
—m

.I

(11)

the strip conductor

(12)

The function ~(x) represents charge distribution on the

strip-conductor. In the variational method one may use an

approximate trial function for ~(x) and incur only a sec-

ond-order error in (11). In the present case the charge
distribution on the strip conductor has been assumed as

follows:

(II~+~s
j(x) = Jj7 ‘ –w/2<x<w/2 (14)

o. elsewhere.. .
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Fig. 1. Configuration of a rnicrostrip coveredwith a sheetof dielectric

material.

From (12)-(14)

(f“‘) - l.fj ‘injf)~~2))+2z4/(/W/2)2
Q

( }2 sin( #W/2) + sin2( ~W/4) . ~15)
. Cos( @’V/2) –

(W’/2) ( pw/4)2

Substituting (15) in (11), the resulting integral may be

evaluated using numerical techniques on a digital com-

puter.

B. Conductor and Dielectric Losses

In order to estimate the attenuation of the rnicrostrip

line covered with a sheet material, the expression for the

total attenuation which is the sum of the conductor loss

and the dielectric loss is derived.
For conductor loss, the expression is identical with the

expression for conductor loss of a microstrip line reported

earlier [ 13]–[ 15]. A simple expression for the conductor

loss (a= dB/unit length) is given by

Rs 32– ( W’/h)2 -A
1“38 hzo 32+ (Wf/h)2 ‘

(xC=.
W/h <1

6.1 ~ 10-5 ‘s?

[

W’/h+
0.667 W’/h 1W’/h + 1.444 “A

W/h >1

(16)

with

w,= w : ~“zst
97

[1 +ln(2B/t)]

[
A=l.o++ 1+ ~ln(2B/t) 1

R,= l./rfpoa

where f is the frequency, ~ is the free space permeability,

and u is the conductivity of the conductors.

The dielectric loss in the structure is due to finite

conductivity of the dielectric layers. The variational

method described above holds well for low-loss dielectric

materials only [12]. The dielectric loss (ad dB/unit length)
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in a homogeneous meditnn is given by [16]

where d and t?’ are the real and the imaginary parts of the

relative pedttivity of the homogeneous medium, respe~-

tively, and ~ is the free space wavelength. When

tar18= en/# 40.3

(18)

Also

27.3 a
tide —

Ao Ueofl
(19)

where tan 8 is the low tangmt and ~ is the angular

frequeticy,

In case of a mk%ostrip covered with a sheet material,

the medim is nodomogeneous. First, let US assume that

the covering material is infinite in thickness, i.e., d/h= m.
H a and d are replaced by effective values of conductivity

and dielectric constant, the effect of mmhomogeneity of

the medium oan be taken into consideration, Equation

(19) may be written a8

The effective conductivity Oe is given by

de= tr2q-1–(1-q)ul

where UI and az are the ccmdtwtivitim

(20)

(21)

of the covering

material ‘and the-dielectric substrate, respectively, and q is
tk dielectric filling fraction given by the following equa-

ticm:

‘%==%2q+(l - q)%. (22)

From (19)-(22)

(23)

where tan 81 and tan 82 are the loss tangerits of the txwer-

ing material and the substrate, respectively.

C. Finite@ Thick Covering Material

When the sheet material has finite thickness, the energy

is distributed in three different regions. The expression for

the dielectric loss is modified and is derived as follows.

H eel is the effective dielectric constant of the micro-

strip, then the dielectric filling fraction qz is given by

(24)

The expressions for the. effective conductivity and the

effective dielectric constant of the three-layer structure

may be written as

Oe= q~u~ + q2a2+(l –q, – q2)uo (25)

% = !?1%1+ !?2%!+ (~ – ql – q2) (26)

where ql is the dielectric filling fraction dus to the sheet

material and UOis the conductivity of the free space. Since

uO<ui or Uz

Ue= q~u, + e@~. (27)

From (24) and (26)

Substituting (24), (27), and (28) h (!9)

(29)

For d/h = W, the agreement between the results obtained

using (23) and (29) is excellent,

D. Application m Lomy Wee%Materiah

The analysis presented in Section H-B holds well for

low-loss dielectrics [12], e.g.,

$y>ls

This condition for three”layer configuration may be mod-

ified as

6X&
—>>1.

Ue

IJsing (27)

In case of lossy sheet materials, e,, tan81>>er2tan& (30)

can lM simplified as follows:

~e[(-)e,ltan,,]”’zl,

For e,l >1, it becomes

(319

(32)

When the condition expressed by (31) is met the analysis

presented in Section H-B can be used also for Iossy

coverings.

111. PJUMBRICAL llEMJLTS

Numerical results for the he capacitance of the struc-
ture for various parameters are calculated by evaluating

the integral (11) using the Simpson method. The char-

acteristic impedance arid the effective dielectric constant

may now be obtained using (1) and (4), ‘l%e variations of

the characteristic impedance with W/h for various values

of d/h, C,l, and e,z are shown in Figs. 2 and 3. Fig. 2
depicts calculated data for a microstrip constructed from

plastic substrates, whereas Fig. 3 presents data for a

microstrip constructed from Alumina substrates. Figs. 4

and 5 show the calculated results for the effective dielec-

tric constant. The characteristics of the microstrip covered

with a thidc sheet of high dielectric constant are drasti-

cally affected The effect is more pronounced for small
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Fist 2. Variations of the characteristic impedance with W/h for % =
75,0,~-2,32, and various values of d/JI. Similar characteristicsfor
other values of $1 have been calculated and are available on request.
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W/h

Fig.3, Variationsof the ohanwterbtic impedatwe with W/h for 8,1-
7S,0,~MI 10,0,and various values of d/h, Similar oharaoteristiosfor
other valuesof %1have bwn enlculttted and are available on request.

oo~o,, ,.,
w

Fig, 4. Effective dielectric coastant as u funotion of W/k for c,~~75.0,
~-2.32, and various values of di~. Similar ohanwteristiw for other
values of q have been calculated and are available on request.
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F’iu. 5, Effeotive dielectric constaat asa function of W/h for s.,MI75.0,

&= 10,0,and various values of d/h, Similar charact&istics & othd
valuesof $1 have been wkxdated and are available on request.

“o,,,,~
0,1 0.!2 0.5 1,0 2.0 5,0

w/h
Fig, 6. Vadatims of the omductor losswith W/h for variow vehm OP

djh,

values of W/h ratio. This is bemuse the ftin~ng fields

which interact with the covering dielectric sheet immww

for smaller values of W/h ratio, Fig, 5 shows that for

d/h ~ 0,02 the values of ~ decrease with the inereashg

W/It ratios. For larger vahm of W/h ratio, cd increases$
For small values of d/h, the effective dielectric constant
decreases with the increase in W/k values beixmw in this

case fringing fields decrease with increasing W/h values.
For large W/h ratios, the structure behaves like a micro-
strip and the effective dielectric constant increases.

The values of the conductor loss of the microstrip
covered with a dielectric sheet are calculated using (16).
Fig, 6 shows the variations of the conductor loss as a
function of W/h for various values of d/h and for
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Fig. 7. Dielectric loss as a function of W/lz for various water-layer

thicknesses.

Crl= 50.0, Crz= 2.32. Losses increase with increasing d/h
values. The change in the conductor loss becomes smaller

arid smaller as d/h approaches infinity.

As an example of dielectric losses consider a layer of

water covering the microstrip. The dielectric constant of

the water at 2.45 GHz is q =76.7 –j9.97. This results in
~lm77 and tan81c=0.13. For Zo= 50$2, d/h =0.5, the left-

hand side of (32) becomes

This shows that the analysis presented in Section B can

also be applied to lossy dielectrics.

‘The variations of dielectric loss as a function of W/h
for q,= 77, C,Z==2.32, tan& =0.13, tansS2= 0.0005, f=2.45

CH&, and various values of d/h are shown in Fig. 7. The

dielectric loss decreases with the increase in W/h ratio

MM! also increases with increasing d/h ratios. The bottom

curve in Fig. 7 corresponds to the dielectric loss in the

microstrip and the values plotted are multiplied by a

factor of I@.

IV. EXPBIUMENTAL PROCEDURE AND RESWLTS

In order to verify the theoretical results for the effective

dielectric constant, some experiments were carried out. A

conventional resonance method was used to measure the

effective dielectric constant of the structure. In this

method c= is determined from the resonant frequency

which can be measured quite accurately. A lightly coupled

linear open-ended A/2 resonator was employed. Thus the

ticrostrip open end and the microstrip gap discontirmities

constitute essential parts of the measuring arrangement.

OSM Crmector

A a

B$
500, hhostrip

Line

Strip
Conductors~q .::.

------ ---wO?er-’--------
Level

I%mm

20 mm

L

Daelecfrie
Substrate

(er.2.32 and
3.16mm Th!ck)

L Microstrip Resonator

3.-I

[

Mica

Window

(“+y:q

Air

i+--

Fig. 8. Microstrip resonator coveredwiti a thin layer of water.

Two different lengths of the resonator were used to cancel

the effects of open end and gap discontinuities. The

lengths of the resonator were selected such that resonant

frequencies are close together and e-ecould be taken as

constant over the frequency range. H ~1 and & are the

resonant frequencies corresponding to lengths L1 and L2,
then the effective dielectric constant of the structure is

given by

(33)

where f, and j2 are in gigahertz and -Ll and L2 are in

centimeters.

A microstrip resonator using a plastic substrate (c, =

2.32 and is 1/$-in thick) was fabricated. The dimensions

of the resonator and the coupling structure are shown in

Fig. 8, Chdy the resonator portion was covered with the

dielectric sheet layers to measure the resonant frequencies.

For liquids a special arrangement was made to cover the

resonator with variable thicknesses of the liquid. A con-

tainer (symbolically shown in Fig. 8) having a window,

covered with a thin sheet of mica (==0.0 l-m thick), in

one of the side walls was constructed. The microstrip

resonator was held vertically parallel to the mica window.

h the case of solid dielectrics, the sheets were placed on

the resonator and pressed with the help of styrofoarn

blocks (c,rz 1.0) such that the dielectric sheets were in

good contact with the surface of microstrip resonator.

The experimental arrangement used consisted of an HP

8690 B Sweep Oscillator, HP 8410 A Network Analyzer,

and HP 8743 A Reflection-Transmission Test Unit. The

resonant frequency was measured by an HP 331 Autohet

Microwave Counter. The effective dielectric constant of

the microstrip covered with a layer of dielectric sheet is

then calculated from (33) by measuring two rescmant
frequencies corresponding to two different lengths of the

same resonator.

The total uncertainties in measurement of c., resulting

from the uncertainties in measurement of the dielectric
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I — Theoretical

A

X x Experimental
8,0

6.0

Ce

Y

W/h=O.5

40 _r2 :2.32

●rt .77[W0ter)

20
f =2-3GHz

ooL+++_&15
d/h

Fig. 9. Comparison of experimental and numericaf results for effeetive
dielectric constant of a mierostrip covered with thin layers of water.
The bars show uncertainties in measurements(Ad= 0.1 mm, AL/lMI
0.016)0

TABLE I

COMPARISONBETWRRNTHEORETICALAND EXPER2MSNTA2,~SULTS OF c

FOR W/h =0.5, h =3.16 mm, C,z=2.32, AL/1=0.02, Ad/d= O.05, “

AND f=2–3 GHz

COVERING
‘e

MATERIAL
Numerical

Crl
Experimental *

POlyOlef in
d = 1.42 mm 2,32 2.15 2.11 * 0.10

Mica 3.s 2.00 1.99 * 0.09
d = 0.21 nun

Stycast Hik 5,0 2.90 2.75 * 0.3,3
d I= 2.59 nun

Custom High-K 10.0 3,44
d = 1.42 mm

3.12 i 0.15

Water 77 5,55 5.33 * 0.39 **
d = 1.3S run

* Experimental uncertainties axe calculated from (34)

** For water AIJfi = 0.016, Ad/d = 0.072 and f = 2-3 GHz

layer thickness and resonator’s length, can be calculated

from the following relation [17]:

or

where l= LI – L2, and Ad and AL are the uncertainties in

measurement of the dielectric sheet layer thickness and

the resonator length, respectively. It is assumed that the

uncertainties in the parameters of the microstrip line and

the microstrip resonator (i.e., substrate dielectric constant,

dielectric thickness, and stripwidth) are negligible.
A comparison of theoretical and experimental results of

Ce, as well as estimated uncertainties, are presented in

Table I and Fig, 9, The experimental results agree fairly

well with the calculated values.
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V. CONCLUSIONS

The variational method for the analysis of a microstrip

covered with a low-loss sheet materials has been de-

scribed. Numerical results show that the characteristics of

the microstrip covered with a thick sheet of high dielectric

constant are drastically affected. The effect is more pro-

nounced for small values of W/h ratio. A closed-form

expression for the dielectric loss of a multilayer structure

has been derived. An extension of the above method to

high-loss sheet materials has also been discussed. Numeri-

cal results obtained for the characteristic impedance and

the phase velocity of a microstrip covered with a lossy

dielectric sheet can also be used for calculating the reso-

nant frequency of microstrip antennas buried in a lossy

medium and to calculate the change in the characteristic

impedance and phase velocity values of a microstrip

coated with protective layers.

To verify the numerical results the experiments have

been carried out. A comparison between numerical results

and experimental values shows good agreement,
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