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ABSTRACT

Accurate analysis of the dielectric losses in complex mi-

crostrip structures is important in the compute~-aided de-

sign of microwave and millimeter-wave iutegratecl circuits.

The proposed approach can be used in lieu of lossy, full-

wave solutions to provide accurate and efficient data for

the CAD of multi-layer, multi-conductor MIC and ML41C

structures. This new application gives results that are as

accurate as lossy full-wave techniques over a wide range of

frequency, including the dispersive region. In addition to

giving accurate results, this method is up to three times

faster, depending on the number and type of substrates or

superstrates. Results are shown for various symmetric and

asymmetric, multi-conductor, multi-layer structures which

have good agreement with the Iossy, full-wave approach and

use significantly less computer time.

INTRODUCTION

One of the most important goals in the computer mod-

eling of MIC’S and MMIC’S is to provide highly accurate

simulations in order to reduce the number of design cy-

cles. Current techniques available for the calculation of the

dielectric loss coefficient compromise on either accuracy or

speed and many are not suitable for complex structures. We

present here a new application of an old formulation which

provides accurate results for the dielectric loss coefficient for

multi-layer, multi-conductor structures in less time.

Various full-wave methods have been used to compute

the dielectric loss in multi-layer, multi-conductor structures.

Examples of these include: the Spectral Domain Approach

(SDA) , [2], the space-domain, moment methocl [3], and the

Finite-Difference, Time-Domain (FDTD ) method [4]. All of

these techniques give accurate results for the dielectric loss

in a general microstrip structure, but they require a sig-

nificant amount of computational effort. One of the most

widely used formulas for computing the dielectric loss coef-

ficient is the one advanced by Schneider [5]. This formula

has long been used with approximate formulas for G.,R to

compute the dielectric loss coefficient, ad. It was recently

shown that this formuda gives results that are as accurate as

those obtained with a 10SSYfull-wave approach if the partial

derivative of c,e~ is computed accurately [2].

Although this formula has been verified for single-

substrate, single-conductor microst rip structures, there has

not yet been a study to determine if this formula can be suc-

cessfully applied to more general si:ructures. In this paper,

the range of frequency and dielectric loss over which the for-

mula advanced by Schneider gives accurate results is stud-

ied for multi-layer structures. The numerical efficiency of

the method is also analyzed for multi-layer, multi-conductor

structures where some or all of the layers are Iossy. These re-

sults show that using Schneider’s formulation is faster than

using a full-wave, 10SSYformulation while giving results that

are just as accurate.

THEOR.Y

We consider a general, 10SSY,multi-layer, multi-conductor

structure as shown in Fig. 1. The structure is surrounded

on all four sides by perfect electric conductors at x = *a,

Y = 0, and Y = ~~1 hL, + ~fll hu,. For an open struc-
ture, a + m and hul + cu whereas for a covered structure

without sidewalls, a -+ w while hUl remains finite. There

may be any number of conductors located on any of the

dielectric interfaces. Two conductors are shown in Fig. 1

located at z = z~ and x = z~+l with widths w; and Wi+l,

respectively. The conductors are separated by a spacing s~

which is always measured between the near edges of adj a-

scent conduct ors. We define the colmplex effective dielectric

constant as

(1)

where -y= is the complex propagation constant of the struc-

ture. The formula given by Schneider for the effective loss

tangent for this structure is given by [5]

(25,er?
(tan 6).K= * = & f Gnm tan & (2)

,. n=1
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where ern and tan & are the relative dielectric constants

and loss tangents, respectively, of the nth dielectric sub-

strate and N represents the total number of dielectric lay-

ers. In the above formula and throughout this paper, e,,ff

(without primes) represents the effective dielectric constant

of the equivalent Iossless problem. This formula can also

be used in the dispersive region by including the frequency

dependence for e,,ff in the formula and partial derivatives.

Since the derivation given in [5] is valid for any mode which

can exist in a given structure, we can use a formula similar

to (2) to compute effective loss tangent for each of the M

independent modes in an Al-conductor structure.

For low-loss structures, it has been shown that (2) will

give good results if the partial derivative is computed ac-

curately. Since closed-form expressions for the er,fl are not

available for a wide variety of structures and approximate

formulas that are available are not very accurate [2], the par-

tial derivative is computed using a finite difference approx-

imation with e,efl determined by full-wave, lossless method,

such as the SDA [6]. In this paper, the SDA, as described

in [6], is used to compute the lossless C,,ff used in (2) and

in the partial derivatives. However, any other accurate,

lossless formulation can be used with (2) to compute the

dielectric loss coefficient.

RESULTS

There are two main concerns in using equation (2) to com-

pute the dielectric loss coefficient; the range of parameters

of the dielectric layers for which the formula gives accurate

results, and the amount of computational effort required

to achieve accurate results. To address the first concern, a

two-substrate, open microstrip structure, with dimensions

given in Fig. 2, is analyzed as a function of the substrate

loss tangent. The imaginary part of the complex effective

dielectric constant, ~~efl, is plotted as a function of the loss

tangent of the lower substrate using three methods. The

first uses (2) with .sr,fl computed using a lossless SD.A and

the finite difference approximation for the derivative. The

second also uses (2) and the finite difference approximation

for the derivative, but with e,efi determined from a 10SSY

SDA formulation. The final approach is the full-wave, lossy

SDA formulation.

For relatively low-loss, tan 6<1, all three methods agree

very well, as would be expected. As the loss tangent in-

creases, the results using the first method continue to in-

crease linearly since the partial derivative in (2) is constant

for a kdess structure. This method eventually fails be-
cause it does not take into account the change in e~,mdue to

high losses. The second method does account for the change

in e~efi due to the change in the loss tangent by computing

& with the 10SSYSDA. This method has better agreement
with the full-wave method, but it too eventually gives poor

results for large loss tangents. In fact, for very large val-

ues of tan J this method predicts negative & and hence

negative ad. Not e that this method also takes much longer

Table 1: Substrate parameters for 2 substrate case (hLl =

0.335 mm, hL2 = 0.3 mm, eL1 = 2.2, CL2 = 9.7).

# of lossy layers tan &~ tan 6Lz

o 0.0 0.0

1 0.0 0.0001

2 0.0001 0.0001

Table 2: Substrate parameters for 3 substrate case (hL~ =

0.335 mm, hL2 = 0.3 mm, hL3 = ().3 mm, .5LI = 2.2, 6Lz =

4.4, t~3 = 9.7).

I , 1

than simply computing the results with the Iossy SDA and

is only included to show the range of validity for (2) when

the value of & and the partial derivatives are computed

accurately. Thus, while the second method fully accounts

for changes in & due to changing loss tangent, it also fails,

This is because (2) was derived with the assumption that

the space charge in the dielectric layer was zero, which is

not valid for large loss tangents, or high conductivities.

Since (2) can be used for a wide variety of microwave

circuit designs, its numerical efficiency is also an impor-

tant consideration. In Fig. 3, the time used to compute

the effective dielectric constant and dielectric loss coefficient

are presented for three structures with multiple substrates

as a function of the number of substrate layers that have

loss. A single center conductor, open microst rip structure

is used with w = 0.6rnrn. All computations were done on

an lBM 3090 and the times in Fig. 3 are for computing 81

frequency values of c~,, and ad for the microstrip structure

using the same number of spectral components in the in-

tegration. The results for & and ad using (’2) agree with

the lossy SDA results to within the accuracy of the full-wave

method for all values of frequency, Tables 1-3 summarize

the substrate parameters used for Fig. 3.

If none of the substrate layers is lossy, then (2) is two

to three times faster than the full-wave approach, as shown

in Fig. 3. As the number of layers with loss increases, the

computation time for the approximate formula increases lin-

early, since one additional partial derivative must be com-

puted for each additional layer that is lossy. The full-wave

method, on the other hand, requires very little additional

effort to compute the complex propagation constant for

additional lossy layers. Thus, the execution times of the

full-wave method are fairly constant as the number of sub-
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Table 3: Substrate parameters for 4 substrate case (hLl =

0.2 mm, h~z = 0.2 mm, h,L3 = 0.2 mm, hL4 = 0.2 mm,

~Ll = 2.2, ‘5Lz = 4.4, CL3 = 9.7, ~Lq= 6.8).

# of 10SSYlayers tan 6L1 tan 6Lz tan 6L3 tan 6L~

o 0.0 0.0 0.0 0.0
1 0.0 0.0 0.0 0.0001
2 0.0 0.0 0.0002 0.0001

3 0.0 0.0001 0.0002 0.0001
4 0.0020 0.0001 0.0002 0.0001

strate layers with loss increases. However, for all cases,

using (2) gives results that are just as accurate as the full-

wave method, using less time. Using (2) with the loss-

less erefl gives accurate results as long as the presence of

losses do not significantly affect the field structure, usually

if (tan C$i)max<0.1. An additional benefit in using (2) in-

stead of a lossy, full-wave method is that it can isolate the

contribution of each dielectric layer to the loss coefficient.

Another advantage in using a full-wave lossless approach

when computing e,eff and the partial deri vat i ves is that

multi-layer, multi-conductor structures can be easily ana-

lyzed. In Figs. 4-6, the complex & for multi-layer, multi-

conductor structures is shown for a variety of substrate and

conductor configurations. In all of these figures, & is com-

puted using a Iossless SDA formulation and e~efl is computed

using (2) with a finite-difference approximation for the par-

tial derivative and a lossless formulation for e,,ff. The com-

putation times are for an IBM 3090 using the same number

of spectral components for the lossy and lossless cases and

computing 81 values of e~efi for each mode. As was shown

in Fig. 3, using (2) provides a significant advantage in speed

over using a lossy, full-wave approach for low-loss structures.

In Fig. 4, the & and e~efi of symmetric coupled micro-

strips on two substrates are plotted as a function of the

ratio of the height of the lower substrate, hLl, to the total

height of the substrate, hLI + hL2. The lower substrate is

RT/duroid 5880 (e, = 2.2, tan b = 0.0009), the upper sub-

strate is RT/duroid 6010.2 (c, = 9.S, tan 6 = 0.0023). The

total substrate height is fixed at 0.635 mm (25 roils) and the

frequency is set at 1 GHz. The height ratio is varied from

O, representing a single substrate with e, = 9.S, to 1, rep-

resenting a single substrate with q. = 2.2. The maximum

difference in the results for e~efl using the lossy SDA and

(2) was only 0.17% for all three cases and all height ratios

while the average disagreement between the two methods

was 0.056Y0. The results for c~,fi for all three cases required

48.39 seconds using the 10SSYSDA and only 28.25 seconds

using (2).

The characteristics of Iossy, asymmetric coupled micro-

strips are shown in Fig. 5 for the c and m modes as a function

of frequency. The upper substrate is RT/duroid 6010.2 with

a height of 0.384 mm (15 roils) and the lower substrate is

RT/duroid 5880, witlh a height of 0.254 mm (10 roils). The

maximum disagreement bet ween the lossy SDA and (2) for

~Y~~ for both modes was O.24% and the average &agree-
ment was 0.046~0. The time required to compute & for

both modes was 39.06 seconds for the lossy SDA and only

23.91 seconds using (2).

The final example uses four symmetrically spaced con-

ductors on two substrates with a dielectric cover layer. The

results for c~efl for the four independent modes as a func-

tion of frequency are shown in Fig. 6. The relative signs

of the currents on ea,ch of the four conductors is shown in

the graph titles in Fig. 6 for each of the four modes. The

maximum disagreement between the lossy SDA and (2) was

0.46% for all four mcldes and the average disagreement was

0.055%, The lossy SDA required 81.65 seconds to compute

the c~,~r for all four modes while (2) used only 62.97 seconds.

CC) NCLUSION

The formula advanced by Schneider offers a quick and

easy way to accurately compute the dielectric loss coeffi-

cient for multi-layer,, multi-conductor structures with rel-

at ively low loss. This approach achieves accurate results

up to three times faster than a comparable full-wave, lossy

technique. Another advantage is that this technique can

be used to compute the dielectric loss coefficient of all the

modes in multi-layer, multi-conductor structures, also with

significant savings in time.
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Figure 1: Geometry of an asymmetric multi-layer, multi-

concfuctor interconnect.
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Figure 2: Imaginary part of e~,fl as a function of the 10SS

tangent of the lower substrate, tan 6LI (hLl = 1.6mm, hLz =
2.lmm, hUl ~ co, E,l = C,z = S, E,m = 1.0, tan ~L2 =

tan&l = O, w = 3mm, ~ = lGHz).
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Figure 3: Computation times for various substrate configu-

rations using equation (2) and the 10SSYSDA.
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Figure 4: .& and .& for symmetric, coupled microstrips

and a single, isolated microstrip with two substrates as a

function of the substrate height ratio (hLI +hLz = 0.635mm,

hell + m, &Ll = 2.2, 6,LZ = 9.8, 6,U1 = 1.0, tan 6L1 =

0.0009, tan 6L2 = 0.0023, tan 6u1 = O, w = 0.6mm, s =

1.2mm, f = 1 GHz).
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ric coupled microstrips with two-substrates as function of
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~rLI = 2.2, 6rL2 = 9.8, C,UI = 1.0, tan 6LI = ().0009,

tan 6L~ = 0.0023, tan C$ul = O, WI = 0.6mm, W2 = 1.2mm,
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Figure 6: The modal & for four, symmetric coupled mi-

crostrips with two substrates and a dielectric cover as a

fUUCtiOn Of freqUenCy. (hLI = (t.381mm, hL~ = 0.254mm,
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%m = 6.0, cm = 1.0, tan 6L1 = 0.0009, tan 8L2 = 0.0023,
tan C$uz= 0.0019, tan 6UI = O, w = 0.6mm, s = 0.6mm).


