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The finite difference time domain modeling techniqlre is used to model the near end and far 
end crosstalk on coupled microstrip structures used in multichip modules. The lines are  
terminated in lumped resistors which closely, but not exactly, match the lines. One line is 
excited by a Gaussian voltage pulse produced by a Tllkvenin equivalent voltage source. It  is 
shown that adding dielectric strips in the substrate below the conducting lines will reduce 
the peak crosstalk by a s  mlich as  80%. Eight different configurations are  modeled consisting 
of dielectric strips with different dielectric constant combinations. All configurations are  
modeled with and without a metal case in order to make sure that the crosstalk reduction 
persists when the structure is enclosed in a metallic enclosure (this would be the case for 
multichip modu$es). The results show that using dielectric strips with the smallest possible 
dielectric constant reduces crosstalk the most. 0 1996 John WiIey & Suns, Inc. 

Technological advancements in the fabrication of 
electronic devices are required for faster signal 
propagation and higher device densities. 'The suc- 
cessfui achievement of these objectives is criti- 
cally challenged by the EM1 constraints of the 
system. Enclosing the circuitry in a metal pack- 
age, as in the case of multichip modules (MCMs) 
and MMIC devices, further degrades the KF cir- 
cuit performance because of the onset of package 
resonances and more, in general, due to the inter- 
actions of electromagnetic fields produced by the 
signal propagating in the electronic circuitry and 
due the package itself (see refs. 1 and 2). An 
understanding of these complex electromagnetic 

fie!d interactions is therefore essential for the 
success of a system, either packaged or otherwise. 

In this study we choose to analyze a mi- 
crosirip-based structure (described below) due to 
its popularity in industry as a basis for creating 
complex systems for very high frequency and mi- 
crowave applications. Since microstrips require 
simple technology they are very well-suited for 
production purposes. Semiconductors, dielectrics, 
resonators, antennas, and active devices may be 
easily implanted on a substrate. 

Though microstrip-based structures are easy to 
fabricate, they are extremely difficult to analyze 
theoretically. This is because their structure pre- 
sents three kinds of complexities. 

' ~ u r r e ~ l t l ~  w ~ t h  Bell Northern Rescdrch, Ma11 Stop 0P5, 21 
1. rhe  electromagnetic fields extend over air 
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the waves on a transmission line cannot be 
considered a pure TEM mode. 

2. Thin conducting strips require inhomoge- 
neous boundary conditions along the air-di- 
electric surface. 

3. At high frequencies the circuitry may radi- 
ate. If the structure is enclosed within a 
metallic box, the waves reflect back to pro- 
duce coupling and resonances. 

A number of techniques have been proposed 
for increasing the device densities [3-71. This 
article proposes an alternative approach based on 
selective substrate compensation. The key to the 
design process is to use dielectric strips in the 
substrate beneath the conducting lines to reduce 
the effects of intersignal coupling (or crosstalk) 
which presents one of the prime obstacles in 
reducing the overall design size. The effect is 
demonstrated in the time domain. 

The most common material used as the sub- 
strate in MCMs is ceramic. There are three main 
reasons why ceramic is being used as a substrate 
for designing MCMs in the industry. 

1. The thermal characteristics of ceramic allow 
for faster heat dissipation. 

2. The adhesive properties of ceramic allow 
other materials to be "patched" in with it. 

3. The resemblance of ceramic to silicon (from 
a properties standpoint). 

Results presented in this article show that the 
greatest reduction in peak crosstalk is achieved 
when Teflon (epsilon = 2.2) is used as the mate- 
rial for the dielectric patches beneath the conduc- 
tors. In general it is not possible to use a homoge- 
neous substrate made of Teflon only. This is so 
because, aithough the use of Teflon as a substrate 
will improve the EMI/EMC situation, there are 
other issues pertaining to manufacturability which 
will not allow it. Foremost in this regard are the 
inferior adhesive properties of Teflon. 

The question as to whether or not the pro- 
posed dielectric compensation scheme presented 
in this paper is manufacturable must also be 
addressed. Current MCM technologies offer a 
variety of approaches to MCM fabrication and 
module packaging. The most promising MCM 
technologies currently available are: 

1. MCM-L: high density laminated PC board. 
2. MCM-C: cofired ceramic. 

3. MCM-D: deposited organic thin film on a 
silicon, ceramic metal base. 

4. MCM-Si: silicon substrate with a silicon 
dioxide (SiOr) dielectric. 

5. MCM-WDI: high density interconnect tech- 
nology. 

A review of the manufacturing process used 
for MCM's is detailed in ref. 8. Our proposed 
design is not just manufacturable, and therefore 
practical to implement, but current MCM tech- 
nology is utilizing the advantages of multiple ma- 
terials in the substrate for numerous other pur- 
poses [9]. For example, the thermal constraints 
related to high-speed signal propagation are a 
great limitation in the MCM design process. These 
constraints are greatly reduced when multiple lay- 
ers of substrates are used [lo]. The use of patches 
of different material have also been used as "caps" 
to avoid copper corrosion and diffusion into the 
overlaying dielectric layer of thin film structures 
[Ill .  The notion of nlultimaterial substrate is also 
being used in the water-scale integration (WSI) 
technology [12]. 

II. SUBSTRATE COMPENSATED 
MICROSTRIP STRUCTURE 

The microstrip structure we consider in this arti- 
cle is shown in Figure I. As can be seen the 
structure consists of two conducting microstrips 
above an inhornogeneous substrate. The two di- 
electric strips which have relative dielectric con- 
stants of s, and c2 are placed beneath the 
microstrips and are implanted in the substrate 
having a relative dielectric constant of E = 10 
(ceramic). The width of the dielectric strips is 4 
mm, the width of the microstrips is 3 mm, and the 
spacing between the microstrips is 4 mm. A11 
units in the figure are millimeters, unless other- 
wise stated. 

From an electrical point of view, the passive 
line (T2) is terminated on both ends by lumped 
resistors having a resistance value of R = 50 CL.  
The far end of the active line (TI) is also termi- 
nated by R = 50 CL and the near end of the 
active is excited by a ThCvenin equivalent voltage 
source, V(t),  having a ThCvenin resistance of R, 
= 7 0. These resistance values do not provide an 
impedance match for the lines but are typical of 
input/output impedances encountered in digital 
designs. 



Figure 1. Top view (left), side view (top right). and electrical co~lfiguration (bottom right). 

In the analysis which follows three different 
materials are used for the dielectric strips. The 
choice of these materials havc been made to 
encompass the range of relative primitivities for 
the materials commonly used in industry for the 
manufacture of PCBs, MCMs, and IC packages. 
Wine different cases were considered based on 
the three dielectric materials. A description of 
these nine cases is detailed in Table I. 

The sets of numerical experiments were cori- 
ductcd twice-once for the structure described in 
Figure ? and then repeated for the scenario when 
the circuitry described in Figure i w7as paclcagcd 
in a perfectly conducting case. Thus. the package 
was simulated by imposing tangential clcctric 
fields equal to zcra on ail faces of the computa- 
tional domain boundary. 

From a lumped circuit point of view the mi- 
crsstrip structure presented in Figure 1 tries to 
take advantage of the proportioilality relationship 
between the capacitance and the crosstalk voltage 
appearing on the passive line. The key to the 
design process is to use dielectric strips which 
effectively reduce the mutual capacitance be- 
tween the strips. Since capacitance is also propor- 
tional to the relative permittivity of the material, 

a decrease in crosstalk voltage may be possible by 
using a material with lower relative permittivity. 

IBI. NUMERICAL ANALYSIS OF 
THE PROBLEM 

Simple microstrip structures arc "opcn" struc- 
tures in which the field extends all the way to 
infinity. In practice these structures arc enclosed 
within lnetai boxes and the electromagnetic waves 
are reflected horn the wails of the enclosure. 
Thcsc waves then interact with the enclosed cir- 
cuitry producing supsioils coupliiig. The under- 
standing and mitigation of thcsc cffccts is the key 
1.0 increase the device densiq. Simple microstrip 
models do not consider wave excitations and 
therefore cannot make predictions about the phe- 
nomena. 

Various computational methods are available 
in the literature, however, most of them are re- 
stricted to special geometries or are not applica- 
ble due to the lack of generality [13-16, 18-20]. 
Most ailalysis models are based on a static or 
quasistatic approach yielding lumped equivalent 
circuits for gaps, bends, steps, and junctions. These 

TABLE I. Nine Cases of Ceramic Substrate Compensation (E  = 10.0) 

Case 
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methods are restricted to thin substrates because 
they neglect the fringing effect and radiation. An 
extensive review of these methods is available 
[211. 

The spectral domain approach is often used in 
the computation of propagation characteristics of 
coupled lines (see ref. 15). However, this method 
can only be applied to planar structures and losses 
are introduced by a perturbational calculation. 
Knowledge of the Green's function is required by 
other methods, such as the method of moments 
(MOM) (see ref 16), and are therefore restricted 
to planar or symmetrical structures. The finite 
element method (FEM) is flexible and a wide 
scope of problems may be approximated by em- 
ploying it. However mesh generation is a chal- 
lenge and suppression of spurious modes is an- 
other major task. [17]. 

A relatively simple but powerful numerical 
technique is the discretization of the differential 
form of Maxwell's equations in space and time via 
the finite-difference time-domain (FDTD) method 
[22-291. This is the technique employed in this 
study and a brief overview of the method as well 
as a description of the capabilities of our code is 
now given. 

Yee's Algorithm: Brief Overview 

First presented in 1966 by K. S. Yee 1221, the 
FDTD technique is attractive because of its sim- 
plicity, computational efficiency, direct physical 
interpretation, and accuracy. It has been em- 
ployed in a wide range of applications. These 
include electromagnetic wave propagation and 
scattering problems [23, 24, 30, 311, aperture cou- 
pling [32-341, electromagnetic interaction with bi- 
ological tissues [36-381, electromagnetic pulse 

coupling [27, 28, 39, 401, and microwave circuit 
and design problems [41, 421. 

An explicit central differencing scheme, the 
"leap-frog scheme," is used to discretize Maxwell's 
two curl equations. As a result, 16 independent 
sets of spatially and temporally discrete inter- 
leaved electric and magnetic fields are created. 
Eliminating all but one of these independent sets 
of fields, as shown in Figure 2, results in what is 
known as the FDTD or Yee's algorithm. 

In the algorithm, the field components are 
positioned at offset locations about a unit cell of 
the grid (see Fig. 2). Also the electric and mag- 
netic field components are evaluated at alternate 
half-time steps. 

Features of Our FDTD Code 

Since most practical electromagnetic problems in- 
volve regions with different constitutive proper- 
ties and scatterers in the domain of interest, the 
practical implementation of Yee's algorithm into 
a general purpose code requires careful attention 
to detail in order to not degrade computational 
efficiency when making provisions to include these 
capabilities. Research into specific techniques for 
including lumped circuit elements into the FDTD 
mesh have been recently addressed [43, 441. Our 
code currently has the following features: an opti- 
mized rectangular grid FDTD engine written in 
the standard C language; first and second order 
Mur absorbing boundary conditions (ABCs); and 
the capability to insert lumped elements at any 
point in the grid and across as many cells as is 
required. The types of elements are: inductors, 
capacitors, resistors, and Th&venin/Norton 
equivalent circuits with current and voltage 
sources defined by a function of time (typically 
Gaussian). 

W components E componenb 

Figure 2. Computational molecule. 
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Open S t ruc tu re  Near  End Crossta lk  Vol toqe vs. Time 
I I I ' I I 

-801 I I I I 
0.0 0.5 1 .O 1.5 

Time [nsec] 

Figure 3. Open structure near end crosstalk, cascs 1, 2, 3, 4, and 9. 

Analysis sf Microstrip Problem: 
Computational Information 

A Gaussian voltage pulse containing appreciable 
frequency components up to 1.2 GHz was used to 
excite the active line. The frequency of the wave- 
form used was therefore typical of the "fast" 
waveforms used in the industry today. 

A uniform grid with a cell size of 0.5 x 0.5 x 
0.5 mm was used. The geometry of the microstrip 
structure considered translates to a computa- 
tional domain of size approximately equivalent to 
(5OI3 cells. The time increment was set to the 

Courant limit to satisfy the stability criterion and 
limit numerical dispersion. The code was exe- 
cuted for 2000 time steps. The processing time on 
an HP Model 715/75 workstation with 64 Mb 
RAM was about 2 hours. 

The ThCvenin voltage source as well as the 
resistors were modeled by using 6 x 1 x 5 cells 
along the x, y, and z directions, respectively. This 
"spreading" of voltages and resistances over a 
number of cells was used after experimenting 
with other configurations. It was found that this 
configuration provides the most effective model- 
ing accuracy and oscillations and ringing are re- 

Open S t r u c t u r e  Near  End Crossta lk  Voltoqe vs. T ime 
80 1 I I 

L .............. Case J 
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case 9 

0.5 1 .O 
Time [nsec] 

Figure 4. Open structure near end crosstalk, cases 5, 6, 7, 8, and 9. 
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Packoqed Structure Near End Crosstalk Voltaqe vs. Time 
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Figure 5. Packaged structured near end crosstalk, cases 1, 2, 3, 4, and 9 

duced to a minimum. The source as well as the 
resistors were oriented along the z-axis. 

IV. RESULTS AND DISCUSSION 

The computational results of the near end and far 
end crosstalk for all the 9 cases of Table I for 
both the open structure and the packaged struc- 
ture are shown in Figures 3-10. 

As can be seen from these figures the different 
cases show a wide variation in the near end and 
far end crosstalk voltage waveforms. From a digi- 

tal circuitry point of view the peak value of the 
time domain crosstalk waveform is critical. Thus 
we have tabulated the percent reduction in the 
peak value of the negative and positive near end 
and far end crosstalk voltage waveforms in Tables 
I1 and 111 for the open microstrip and packaged 
microstrip structure, respectively. The reduction 
is relative to the peak value of the waveform for 
case 9, that is, the homogeneous case where no 
dielectric strips were placed under the mi- 
crostrips. Case 9 was also plotted as a solid curve 
in all the figures for easy reference. 

As can be seen from the figures and the tables, 

Packaqed Structure Near End Crosstalk Voltaqe vs. Time 
l o o l ' " " " " " " " " " " " 1  

0.0 0.5 1 .O 1.5 2.0 
Time [nsec] 

Figure 6. Packaged structure near end crosstalk, eases 5, 6, 7, 8, and 9. 
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Figure 7. Open structure far cnd crosstalk, cases 1, 2, 3, 4, and 9. 

except for case 2 in the open structure and case 7 
in the packaged structure, all cases resulted in a 
substantial reduction in the peak crosstalk. We 
also note the different crosstalk resulting from 
unsymmetrical structures. For example, cases 1 
and 3, as well as 2 and 4 are equivalent asymmet- 
rical structures but the cases differ as to which of 
the lines is excited. It can be seen that reducing 
the self-capacitance of the active line alone will 
generally reduce the crosstalk more than reduc- 
ing the self-capacitance of the passive line alone. 

In general if both the near end and far end 
crosstalk are of concern then it can be seen that 

the best scenario occurs when we decrease the 
dielectric constant of both dielectric strips as 
much as possible, that is, case 5.  

V. CONCLUSION 

The FDTD technique has been used to analyze 
open and packaged coupled microstrip structures 
where dielectric strips are inserted beneath the 
conducting microstrips. By using dielectric strips 
of low dielectric constant, lower than the sub- 
itrate, a sign~ficant reduction in the far- end and 

O p e n  Structure Far E n d  Crosstalk Voltaqe vs. Time 
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Figure 8. Open structure far end crosstalk, cases 5, 6, 7, 8, and 9. 
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Pockoqed Structure Far End Crosstalk Voltoqe vs. Time 
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Figure 9. Packaged structure far end crosstalk, cases 1, 2, 3,4, and 9. 
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Figure 10. Packaged structure far end crosstalk, cases 5, 6, 7, 8, and 9. 

TABLE 11. Open Microstrip Structure 

Near end crosstalk, Far end crosstalk, 

Case 

percentage (%) decrease in: percentage (%) decrease in: 

8 2  Positive peak Negative peak Positive peak Negative peak 
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TABLE 111. Structure Packaged in a Metal Enclosure 

Near end crosstalk, Far end crosstalk, 
percentage (%) decrease in: percentage (%) decrease in: 

Case &I &2 Positive peak Negative peak Positive peak Negative peak 

near end crosstalk has been achieved. It has been 
demonstrated that there exists a potential to in- 
crease the device density by using this technique 
of substrate compensation. It has also been 
demonstrated that full-wave solvers may be used 
as "drawing boards" to optimize and analyze faster 
and denser electronic systems. 
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