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ABSTRACT 

This thesis considers the application of the finite-difference time-domain (FDTD) 

method to the electromagnetic characterization of multichip-module (MCM) inter

connects with perforated (mesh) reference planes. The limitations of the method in 

finding transmission line propagation characteristics (i.e., characteristic impedance, 

Zo, and phase constant, /?) are investigated. An alternative approach for the char

acterization of MCM interconnects is suggested which exploits the capabilities of the 

FDTD method. This alternative approach uses the results from the FDTD method 

to extract a per unit length delay and an approximate impulse response of the system. 

These results can be used to identify the effects of the perforated reference plane on 

signal propagation. In particular the validity of the TEM approximation for signal 

propagation in realistic MCM structures is examined. For those cases where the 

TEM approximation is valid, a quasi-TEM approach is developed to find equivalent 

transmission line characteristics of MCM interconnects. This quasi-TEM method can 

be used to obtain effective transmission line parameters for both single and coupled 

interconnects, which in turn can be used directly in SPICE-like waveform simulation 

tools for an overall electrical analysis of complex MCM interconnect nets. 
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CHAPTER 1 

Introduction 

As the complexity and speed of integrated circuits increases, high-speed, high-

density interconnection networks are required to support propagation of very broad

band signals with frequency content extending to at least 10 GHz. Multichip module 

(MCM) configurations are being employed to reduce the time delay of signal propa

gation between chips, and reduce the size of the overall package. The typical MCM 

package is a multilayered dielectric where each layer has a different metallization, a 

power/ground plane, an x-signal layer and a y-signal layer, (see Figure 1.1). Through 

a periodic repetition of these layers, a complex packaging structure is achieved. The 

reference (power/ground) planes are periodically perforated in order to facilitate the 

connection between chip and signal lines as well as connections between different 

signal layers. The perforations in the reference planes perturb the propagation char

acteristics of the interconnect from that of a traditional stripline interconnect formed 

by a single strip conductor sandwiched between solid planes. Furthermore, through-

mesh coupling between lines situated on either side of a mesh plane becomes possible, 

especially at higher frequencies. 



13 

In order to quantify the effect of the mesh planes on the wave propagation char

acteristics of these interconnects, full-wave electromagnetic modeling methods have 

been proposed [1],[2], and [3]. The type of interconnect geometry being modeled 

by these methods is shown in Figure 1.2. All these methods utilize the Floquet 

theory for the time-harmonic electromagnetic analysis of periodic structures to ob

tain the propagation characteristics of the interconnect structures for a given fre

quency. The objective of this thesis is the application of a time domain approach, 

the Finite-Difference Time-Domain (FDTD) method [4], to the electrical characteri

zation of such structures, and the investigation of its feasibility as an alternative to 

the frequency-domain methods. 

One of the advantages of the FDTD approach is that a wide range of frequency 

information can be obtained from a fast Fourier transform (FFT) of the time domain 

results generated with a broadband excitation. Also, using the FDTD method the 

actual structure is modeled, i.e. a transient analysis of a pulse propagating down 

the structure of interest is being simulated and no assumptions of the steady-state 

behavior of an infinite periodic structure are made. 

In Chapter 2, the FDTD method is presented wherein the general algorithm, 

boundary conditions, excitation, numerical stability and numerical dispersion are 

discussed. The extension of the method to include lumped elements to simulate 

driver and receiver circuits for the interconnects is also presented, and the equations to 

include a voltage source or a current source are developed. The manner in which the 



Figure 1.1: Layering of metallization in MCM structure. 

71 

7 

7, 77 

77 77 

Figure 1.2: MCM interconnect geometry. 
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voltage, current, attenuation constant, phase constant and time delay are extracted 

is shown. Finally, the considerations necessary for the specific analysis of MCM 

interconnect structures are discussed, and the short-comings of the FDTD method 

to this application are identified. 

The results of the modeling efforts in [l]-[2] and the initial results obtained us

ing the FDTD method, suggest that the fields propagated on such interconnects are 

predominately transverse to the direction of propagation for typical MCM intercon

nection dimensions and frequencies below 10 GHz. Therefore, since the quasi-TEM 

approximation for the fundamental mode of propagation on such interconnects is a 

valid one, an electromagnetic characterization using quasi-TEM electrical parameter 

extraction methods was developed in parallel as a viable and computationally more 

efficient alternative to the aforementioned full-wave techniques. 

In Chapter 3, a methodology for the electrical analysis of interconnections with 

perforated reference planes based on the quasi-TEM approximation is presented. 

The advantage of this approach is that simple two-dimensional electrical parameter 

extraction programs are mainly utilized and, combined with an appropriate electro

magnetic analysis of the periodic interconnect geometry, lead to a computationally 

efficient prediction of the transmission line characteristics of the interconnections. 

The quasi-TEM method is detailed and the development of appropriate formulas 

for the calculation of the equivalent transmission line characteristics of single and 

coupled interconnects in the presence of mesh reference planes is presented. 
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Application of the FDTD method and the quasi-TEM methodology to specific 

MCM interconnect structures is discussed in Chapter 4, and the calculated transmis

sion line parameters are compared with those obtained by other experimental and/or 

full-wave modeling techniques. The frequency range of validity of the proposed tech

niques is considered as well. Chapter 5 concludes this thesis with an overview of the 

two methods and their shortcomings and strengths in the context of the electromag

netic analysis of MCM interconnect structures. 
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CHAPTER 2 

The Finite-Difference Time-Domain Method 

2.1 Introduction 

The FDTD method was introduced in 1966 by K. S. Yee [4]. Since that time, 

much effort has been put into the development and application of the method, [5]-

[6]. The simplicity and robustness of the method make it extremely attractive for 

modeling complex electromagnetic systems. The major drawback of FDTD is the 

extensive computer resources (memory allocation and computation time) required 

for the electromagnetic analysis of very complex problems. As massively parallel 

processing machines become more widely available, computation time will not be a 

limitation. Memory sizes are expected to increase proportionally, since with paral-

lelization problem complexity is expected to increase bringing with it the need of 

more memory. In this chapter, the fundamentals of the FDTD method are reviewed. 

Furthermore, the specifics of its use in modeling MCM interconnect structures are 

presented. 
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2.2 Yee's Algorithm 

In a linear, homogeneous, isotropic, time-independent medium Maxwell's curl 

equations take the form 

V x H  =  e | ^ E  +  J  ( 2 . 1 )  

V x E  =  - ^ H  ( 2 . 2 )  

For simplicity, a source free medium, J = 0, will be considered in a cartesian coordi

nate system. With these considerations, Equations (2.1) and (2.2) can be separated 

into the components 

II I 
S3? 

^
 |C

O (2.3) 

£
 

II 

S
I*

 

(2.4) 

(2.5) 

Tv
e - - -  -4H> (2.6) 

(2.7) 

rx
E'-TyE' = -4"> (2.8) 

Notice that in Equations (2.3)-(2.8) the difference of spatial derivatives of one 

type of field, either electric or magnetic, is equated to the time derivative of the 

other type of field, magnetic or electric. This implies that the current value of the 

field is dependent on its past value through the time derivative, and the circulation 

of the opposite field about it through the spatial derivatives. Yee proposed that by 
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Figure 2.1: FDTD spatial grid. 
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constructing a spatial grid as shown in Figure 2.1 this interconnection between the 

field components could be used to effect a discrete approximation of the interaction of 

electric and magnetic fields in time. In Figure 2.1, the single-headed arrows represent 

the electric field components and the double-headed arrows represent the magnetic 

field components. An important thing to recognize about the grid in Figure 2.1 is 

that it is actually two grids offset by a half-space-step from each other. One of the 

grids is that defined by the electric field nodes, and the other is that defined by the 

magnetic field nodes. Figure 2.2 shows a unit cell of each of these grids offset from 

each other. The size of the unit cells is described by the parameters Ax,Ay, and 

Az. The notation i,j,k is used to denote the discrete location of the field nodes in the 

x,y,z direction, respectively, while the variable n is used for their discrete location in 

time. That is, the position of a node of the grid is given by 

Using this general field component and the grid of Figure 2.1, a central differencing 

scheme, which is second order accurate, can be defined where the spatial derivatives 

are approximated by 

{ i , j , k )  =  ( i A x , j A y , k A z )  (2.9) 

while a general field component, F ,  is described in space and time by 

F n ( i , j , k )  =  F ( i A x , j A y , k A z , n A t )  (2.10) 
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d F n ( i , j ,  k )  _  F n ( i , j , k +  § )  -  F n ( i , j , k - \ )  2  

d z  A z  

and the time derivative is approximated by 

d F n ( i , j , k )  F n + 2 ( i , j ,  k )  -  F n ~ 2 ( i , j ,  k )  

+ 0([Az] ) (2.13) 

+ 0([A*]2) (2.14) 
d t  A t  

Using this central differencing scheme in Equations (2.3)-(2.8) yields 

h k) = £?(i + 1 

• ^ ( H z  +  * ( i  + \ , j  +  ± , k ) -  H z  +  * ( i  +  j  -  k ) )  

+±(Hy + Hi + I, j, k-\)~ Hy + Hi + k + !))1 (2.15) 

£,"+1<>. > + £•*> = +  2 ' ^ )  t ( i , j + ^ , A )  

+  | , t  +  5 )  -  +  § , *  -  ̂) )  

+s(A"+'(' - M + §, *) - + §,*;))] (2.16) 

E:+\i,],k + -) = m , , j , k  +  i )  +  w^  

• ±(/f,"+'(i + J, j, i + 1) - + J)) 

-  J , *  +  } )  -  j +  \ , k  + 1))] (2.17) 

«;+i(M' + i * + i) = + \ , k  +  1) +  

• i(£;(i,j +  i , t  +  i)-£;(i,j + i,t)) 
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+i(£?(i, j, k  + 1) - + 1 ,*+!)) (2.18) 

/fr5(i + U.* + D + SS#iTry 

s(£"(* + fc +1) ~ £?(*> i>fc +1)) 

+ *(££(* + \,h*) - £?(« + |»i> * + !)) (2.19) 

arhi+ i , i + i ,  t )  =  « . - * ( > + u + 1 ,  k)+ 

4 ( ^ ( *  +  § » j  +  1 ,  * )  -  E ? ( i  +  b j ,  k ) )  

+  - k ( E y ( ^ j  +  b k ) ~  E % ( i + l , j  +  | , * 0 )  (2.20) 

From Equations (2.15)-(2.20) it is easy to see the linking of the electric and mag

netic fields in space and time. The new values of the electric fields at t = (n + 1)A< 

are calculated by using the values of the field at that point at i = n(At) and the 

circulation of the magnetic field about that point calculated at t = (n + |)Atf. These 

electric field values are then used to update the magnetic field values in time in a 

similar way. 

As Equations (2.15)-(2.20) indicate, the permittivity and permeability are defined 

at the nodes of the electric and magnetic field components, respectively. At an 

interface where the value of the permittivity or permeability changes, the permittivity 

or permeability for the calculation of the field component on the interface is taken as 

the average of the values across the interface [9]. 
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2.2.1 Stability Criteria 

The aforementioned numerical integration in time is stable only for proper selec

tions of the values of At, Ax, Ay, Az dictated by the so-called stability conditions. 

In [7] the general approach to obtain the stability conditions of central differencing 

techniques is outlined. This approach was used by Taflove and Brodwin [8] to derive 

the necessary condition for stability of the FDTD method and just the results will 

be stated here. Alternative derivations are given by Fang in [9] and Chan in [10]. 

Taflove and Brodwin showed that for a general three dimensional FDTD mesh the 

choice of the discrete parameters, Ac, Ay, Az, and Ai must satisfy 

Umax At ^ 

where v m a x  is the largest velocity of the wave in the grid, 

i 
2 / i \ 2I 2 

(2.21) 

Vmax = . (2.22) 
^Moeo£rm,n 

where a nonmagnetic medium is assumed and po is the permeability of free space, e0 

is the permittivity of free space, and ermin is the smallest relative dielectric constant 

present in the mesh. 

2.2.2 Numerical Dispersion 

The fact that the volume of space has been discretized causes the propagation 

characteristics of the numerical wave to be different than those of the actual wave 
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being simulated. This numerical dispersion is dependent upon the wavelength, the di

rection of propagation and the grid discretization. The numerical dispersion relation 

for the FDTD method can be found in [6],[9]. If not properly accounted for, numerical 

dispersion can distort the pulse, cause artificial anisotropy and pseudo-refraction. 

An important consequence of numerical dispersion is the accumulation of phase 

error as the electrical distance of the domain increases. Cangellaris and Lee [11] have 

shown that the phase error increases as At is reduced from its limiting value obtained 

from the equality in Equation 2.21. In order to obtain minimum dispersion, Equation 

(2.21) should be kept as close as possible to equality as possible. The studies done in 

[11] were done with single frequency excitations. As was mentioned earlier, a pulse 

excitation was used for the studies in this paper to obtain a wide frequency response. 

A final point, made in [11], is that unless attention is paid to the control of 

numerical dispersion, magnitude errors in the numerical simulations using FDTD 

will be mainly due to phase errors caused by multiple reflections for structures with 

multiple scattering centers. This seems particularly pertinent to the applications 

being studied in this thesis due to the structure of the MCM interconnects. Indeed, 

as illustrated in Figure 1.2, the interconnects have periodic discontinuities which give 

rise to multiple reflections of the pulse. 



26 

2.3 Mesh Truncation 

The FDTD method as presented in the previous section assumes an infinite do

main. Since computational resources are limited, it is necessary to truncate the 

domain of solution. Looking at Equations (2.15)-(2.20), it is evident that their im

plementation at these truncation boundaries is impossible since some of the field 

values needed for the calculation are not in the truncated mesh. In particular, if 

the tangential electric field components coincide with the truncation plane then their 

numerical calculation needs special treatment. This special treatment is achieved 

by means of special boundary conditions on the truncation planes. In general, the 

boundary conditions considered in this thesis fall into three categories: perfect elec

tric wall, perfect magnetic wall, and absorbing or radiation boundary conditions. It 

will be assumed throughout this section that the tangential electric field components 

are the ones present on the truncation planes. 

2.3.1 Perfect Electric and Magnetic Walls 

Perfect electric and magnetic wall boundary conditions are the easiest to imple

ment in FDTD. Both conditions will be found useful in our analysis of the MCM 

interconnect structures. Consider the arrangement of an x-signal line in an MCM 

interconnect as an infinitely long periodic structure with a single period as shown 

in Figure 2.3. For a structure consisting of N noncontacting conductors that are 

continuous along the x direction, in general, there will be N — 1 quasi-TEM modes. 
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2 

w_ w ny w4w3 

Figure 2.3: x-signal line unit cell. 

The structure constructed by a repetition of the unit cell shown in Figure 2.3 in the 

x-direction has 3 conductors and thus 2 quasi-TEM modes could exist. In order to en

sure single-mode propagation, it is necessary to connect the two mesh reference planes 

together by a conductive strap. A conductive strap can be achieved using perfect 

electric conductor (PEC) boundary conditions. Recall that on a PEC the tangential 

electric field must be equal to zero, and the normal component of the magnetic field 

must also be equal to zero. For the geometry of Figure 2.3 this corresponds to 

E y (x  = 0, itfi < y  <  w 2 ,0 < z <  nz)  =  0 

E v (x  =  0,W3 <  y  <  w 4 ,0 < z  <  nz)  = 0 

E z {x  =  0,u>i < y  <  W210 < z  <  nz)  =  0 

E z (x  = 0, u>3 < y  <  w 4 ,0 < z  <  nz)  = 0 

(2.23) 

(2.24) 

(2.25) 

(2.26) 
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H x (x  = 0,u>i < y <  w 2 ,Q  <  z  <  nz)  =  0 (2.27) 

H x (x  =  0, u'3 < y <  u>4,0 < z  < nz) = 0 (2.28) 

PEC boundary conditions are applied below and above the metallization of the mesh 

planes at the 2 = 0 and z = nz boundaries of the computation domain. Due to the 

perforations in the reference planes there will be a leakage of energy above the upper 

reference plane and below the bottom reference plane. However, for the dimensions 

and frequencies of interest this leakage is found to be small in comparison to the 

energy propagated. Thus, there will be a minimal impact upon the results from any 

energy reflected back into the propagating signal path. 

The implementation of the perfect magnetic wall boundary conditions is a little 

more difficult than the perfect electric wall boundary conditions. The purpose of 

perfect magnetic walls in the analysis of the MCM interconnect structures is to imply 

a periodicity in the y-direction and thereby reduce the size of the computational 

domain. Referring to Figure 2.3, by applying perfect magnetic walls at y = 0 

and y — ny, the actual structure being analyzed is that shown in Figure 2.4. The 

boundary conditions for the perfect magnetic conductor, PMC, are dual to those of 

the PEC. For the PMC, the tangential magnetic field and the normal electric field 

are equal to zero at the boundary, 

H x {x ,y  =  0 , z )  = 0 (2.29) 

H z (x ,y  =  0 , z )  = 0 (2.30) 

H x {x ,y  =  ny , z )  = 0 (2.31) 
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Figure 2.4: Magnetic wall periodicity. 

Hz{x,y = ny,z) = 0 

Ey(x,y = 0,z) = 0 

Ey(x,y = ny,z) = 0 

(2.32) 

(2.33) 

(2.34) 

Because in our application the computational domain is terminated at the electric 

field components, there are no tangential magnetic field components on the truncation 

plane. Therefore, direct implementation of this condition is not possible. The fact 

that the tangential magnetic fields have odd symmetry with respect to a planar PMC 

is used to rewrite Equations (2.15) and (2.17). At the boundary, y = 0, these become 

+ 1,0,  t  -  i)  -  + 5,0,* + 5)  

e( i  +  5 ,0 ,  k )Az  

(2.35) 

£2
n+1M,fc+ -) = £?»(,-, 0, *:+-) + 

2At 
2 e(i,0,k + ±)A y  
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+ 
At  

e ( i ,0 ,k  + |)Aa: 

H;*Hi  + i, 0, k  + i) - H?>(i  — i, °, fc + i)j (2.36) 

and similarly at y  =  ny  

E: + i ( i  +  ̂ ny ,k )  
E : { i + r n y ' k ) +  e( i  +  lny ,k )Az  

ny ,  k  -  i )  -  Hy +  2 ( i  +  ny ,  k  +  
1 

2 '  

1 

2'J 
2A t  

e ( i  +  \ ,ny ,k )Ay  
Hz  +  *( i  +  ̂ ,ny ,k )  (2.37) 

E ^ ( i , n y , k + - )  
E : { i , n y , k + 2 )  +  e( i ,ny ,k+±)  Ax  

tf»+a(* + + ^)j 

2A t  

e ( i ,ny ,k+ |)A y  
Hx  +  2 ( i ,ny ,k  +  ̂ ) j  (2.38) 

When perfect electric and magnetic walls are used together on a truncation plane, 

a matched load is simulated [12]. The truncation plane at x = nx, the end of 

the computation domain in the x-direction, is treated in such a way. Simulating 

a matched load this way requires that the code be run twice, once with a perfect 

electric wall boundary condition at x = nx and once with a perfect magnetic wall 

boundary condition at x = nx. Finally, the results of the two runs must be averaged. 

However, for the case of the MCM interconnect, the waveform which is being collected 

at the end of the structure is the one of main concern. Therefore, since the electric 

field is identically equal to zero for the PEC boundary condition only the PMC 

condition needs to be applied for the calculation of the electric field at x = nx when 
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the interconnect is matched. This will become clearer later in the chapter when 

the parameter extraction procedures are discussed in more detail. At the boundary 

x = nx the Equations (2.16) and (2.17) subject to the PMC boundary condition at 

x = nx become 

jsrv-.i + y*) - 4 *)+,(,•«. A t)A, 

Hx + *  (nx , j  +  I ,  fc +  I )  -  Hx +  *(nx , j  +  

2A t  
e (nx , j  +  k)Ax 

^ ( n x - i j  +  i  * ) ]  ( 2 . 3 9 )  

E: + 1 (nxJ ,k+ 1 - )  =  E: (nx , j , k  +  i )  + A t  

2  2 ^  e ( n x , j , k + l ) A y  

Hx  +  *(nx , j  +  | ,  fc +  i )  -  Hx +  *(nx , j  -  ̂, k  +  | )  

2A t  
e (nx , j ,  k  +  ̂ Ax)  

2.3.2 Radiation Boundary Conditions 

(2.40) 

Besides the exact conditions of the simulation of PEC and PMC boundary con

ditions at the truncation planes, it is also desirable that an outgoing wave at the 

truncation plane be effectively absorbed. Such conditions are known as radiation 

boundary conditions (RBC) or absorbing boundary conditions (ABC). Since the in

ception of the FDTD method, many RBC methods have been proposed. Fang [9] 

gives an excellent analysis of the major RBC methods that were developed prior to 

1989. In this section, the ls< order and 2nd order Mur RBC [13] and the Zhang/Mei 

ABC [14] will be discussed. To lend clarity to the discussion, the approach of wave 
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equation factoring, as used in [6], will be used in the explanation of the 2nd order 

Mur RBC. 

2.3.2.1 2 n d  Order Mur RBC 

The general 3-dimensional scalar wave equation in a linear, homogeneous, isotropic 

medium is given by 

0 '  Q2 d 2  l d 2  
F j  F  -1 p  F  — 0 

dx 2  dy 2  dz 2  v 2 dt 2  (2.41) 

where F is a scalar field component and v  is the speed of light in the medium. This 

can be written in operator notation as 

L 2 F =  0  (2.42) 

where the operator L is defined as 

2 _ 82 (P_ 

~  dx 2  +  dy 2  +  dz 2  v 2  dt 2  (2.43) 

Viewing the operator L as a difference of squares, the wave equation can be factored 

as 

L 2 F =  L + L~F = 0 (2.44) 

For an RBC at the x  = 0 boundary the operator L~ is given by 

L~ = r~~Fi y / r ~^  ox  v  a t  
(2.45) 

where 

5 = 
' JL ' 

d y  

IJL  
v d t  ,  

+ 
d _  
d z  

\d_  
v  d t  

(2.46) 
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The operator L +  is similarly defined except with a "+" sign before the radical. The 

operator L~ applied to F will absorb a plane wave incident on the x = 0 boundary at 

an arbitrary angle from inside the computation domain, while L+ applied to F works 

at the x = nx truncation plane. The operator L~ can not be directly implemented 

in a discrete format. A two term Taylor series expansion is chosen to approximate 

the radical 

1 ~ (2-47) Vl^S?  ~ 1 - is2 

giving for L~ 

L~  =  
dx  vd t  +  2 | + 2 i  

(2.48) 

Applying Equation (2.48) to F and multiplying through by J^, the differential form 

of the 2nd order Mur RBC at x = 0 is found 

d  d  I d 2  v  d 2  v d 2  

dt dx  v  d t 2  2 dy 2  2 dz 2  
F = 0, x  = 0 boundary  (2.49) 

Similarly, the conditions for the five other boundaries can be found to be 

d  d  I d 2  v  d 2  v  d 2  

dt  dx  v  d t 2  2  dy 2  2  dz 2  

1  d 2  d_d_  

d t  dy  

d_d_  \_ (P_  

d tdy~^v  d t 2  

v  d 2  v  d 2  

v  dt 2  2  dz 2  2  dx 2  

v  d 2  

2d?  

v  d 2  

2 d? 

d_d_  
d t  dz  

1  d 2  v  d 2  v  d 2  

v  d t 2  2  dx 2  2  dy 2  

d  d  I d 2  v  d 2  v  d 2  

dtdz^v  d t 2  2  dx 2  2  dy 2  

F = 0, x  =  nx  boundary  (2.50) 

F = 0, y  = 0 boundary  (2-51) 

F = 0, y  — ny  boundary  (2.52) 

F = 0, z  = 0 boundary  (2.53) 

F = 0, z  =  nz  boundary  (2.54) 
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The conditions of Equations (2.49)-(2.54) are applied to the tangential field compo

nents  a t  the  t runca t ion  boundary .  For  example ,  a t  the  x  = 0 boundary ,  E y  and  E z  

need to be calculated using Equation (2.49). 

In order to implement Equations (2.49)-(2.54), it is necessary to define the differ

enc ing  scheme for  the  double  der iva t ives .  Us ing  the  genera l  f i e ld  component  F n ( i , j ,  k )  

and considering the x = 0 boundary, the necessary double derivatives are defined as 

(2.55) 

dtdx  ;  2AtAx  
k )  — F n ~ 1 (0 ,  j ,  k )  

2AtAx  

& cni  ̂  ^  F»+ 1 (0 , j , k ) -2F"(0 , j , k )  +  F»- \0 , j , k )  
d t*  l 2 , J '  ;  "  2At 2  

,  F*"( l , j , k )  -  2F n ( l , j ,  k )  +  F n ~ l ( l , j ,  k )  , n  
+ 2^2 (2.56) 

a2 , ,, F"(0,j + 1,A) - 2F"(0,;,*) + F"(0,j -],(•) 

w  { r h  )  =  W  
F'( l , j  +  l , k ) -2F ' ( l , j , k )  +  F ' ( l , j - l , k )  

+ 2Ay* (2'57) 

A2 
:  ,  F ' fO. j . k  + 1) -2F"(0,j,t) + F"(0J.fc- 1) 

a ? F ( r } ' k )  =  5 a ?  

, F"(l,j,fc + l)-2F»(l,j,lc) + F«(l,.i,J:-l) 
+ ^ (2.58) 

Using these in (2.49) and solving for F n + 1 (0 , j ,  k )  gives 

F"+' (0 , , , k )  =  -F»-'(i,j,t) + ̂ j=^[f»+i(i,j-,i) + /—'(0,j,t)] 

F"W, j , k )  +  F°( l , } , k )  I 2Ax 
"""vAt+Ax 

I (vAt)2Ai 
2AyJ(t/At+Ax) 
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•  F n (0 , j  +  1  , k ) -  2F n (0 , j ,  k )  +  F n (0 , j  - l , k )  

+F n ( l , j  +  1 ,  * )  -  2F n ( l , j ,  k )  +  F n ( l , j  -  1,  k )  

• (vAQ2AJ 
2&z2 (vAt+Ax) 

• Fn(0,j, k  + 1) - 2F"(0,j, *) + F"(0,j, A: - 1) 

1) - 2F»(l,j,fc) + - lfc)] (2.59) 

Expressions for the other boundaries can be similarly derived or written by inspection 

from (2.59). 

In using this boundary condition, the values of the field components along the 

truncation plane and the plane one space step from the truncation plane for the 

current time step and the two previous time steps are needed. This adds to the 

storage requirements of a code utilizing this type of RBC. However, the 2nd order 

Mur RBC is one of the simpler RBC to implement and limits reflections from the 

truncation plane to approximately 5 % or less [6]. 

The nodes used for calculation of the field component on the truncation boundary 

are the four nodes surrounding the component. Therefore, this condition can not be 

used in the form represented by Equation (2.59) on the edges or corners of the grid. 

Special corner conditions have been developed for those points [6]. For the structures 

considered in this thesis, waveguiding effects are dominant, making the impact of the 

corner RBC on the solution accuracy unimportant. In the next two sections, RBC 

which take advantage of the waveguiding nature of the structure are presented. 
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2.3.2.2 1" Order Mur RBC 

The 1st order Mur condition is derived in an analogous way to the 2nd order 

condition and will therefore be abbreviated. The major difference is that a strong 

waveguiding behavior is assumed to prevail in the structure so that the wave incident 

on the boundary of interest will be almost normally incident. Again, using the x = 0 

boundary as an example, the assumed waveguiding behavior simplifies the scalar 

wave equation to 

d ' 2  1  d 2  

P-60) 

which gives 

d  Id  
F =  0 (2.61) 

dx  v  d t  

for the Is' order Mur condition at x  = 0. When written in difference form this 

becomes 

f + ' (0 , j , k )  = (2.62) 

In comparison to the 2 n d  order Mur condition, this 1st order condition only requires 

knowledge of the field values at the previous time step. The storage requirements 

are therefore lessened. The strong waveguiding requirement is observed in Equation 

(2.62) from the fact that the field at the truncation plane and a single space step 

before it are used. Conditions for the other truncation planes can be similarly defined. 

In [15] this condition is explained and extrapolated. There the fact that only a 

plane wave with the velocity v will be exactly absorbed is emphasized. It should be 
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stressed that this velocity, v ,  is the frequency dependent guided wave phase velocity 

and not the velocity of the medium. To improve this boundary condition for pulse 

waveforms, it is suggested that the method be extended to include multiple velocities. 

2.3.2.3 Zhang/Mei ABC 

The 2nd order Mur condition is a general RBC, while the l4t order Mur condition is 

a specialization to waveguiding structures. The Zhang/Mei ABC is another condition 

which is specially formulated for waveguiding structures. Let us write Equation (2.21) 

as 

v A t  < h  to  
AT - Ti  (2'63) 

where Ai  is Ax,Ay, or Az, (i.e., the grid size in the waveguiding direction), and h  is 

defined as 

h  =  (2.64) (i) + (i?) + 

The ratio ^ can be set to a constant P.  By choosing P to be a ratio of integers 

[14] it is known how far the wave travels (number of discrete spatial steps) in a 

given amount of time (number of discrete temporal steps). As an example, consider 

Ax = Ay = Az, for which Equation (2.63) becomes 

vA t  _  1  ,  
A7 = P i T 3  (2M) 

Since = 0.577, a logical choice for P is |. Again, considering the x  = 0 truncation 

plane, the implementation of this condition amounts to equating the tangential field 
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at the truncation plane to the field one step away in the waveguiding direction and 

two time steps earlier, 

=  E f ( l , j , k )  (2.66) 

F? + 1 (0 , j , k )  = Er ' ihhk)  (2.67) 

The major attractiveness of this method is its simplicity. 

2.4 Excitation 

The choice of excitation for the analysis of microwave interconnects and disconti

nuities is discussed in [10] and [14]. In general, a Gaussian pulse 

(t  - <0)2 g( t )  = exp 
T 2 

(2.68) 

is the preferred excitation. The basic requirements on the parameters t 0 ,  the time 

offset of the pulse, and T, the e-1 point of the pulse, are that the turn-on and turn-off 

of the pulse are smooth. These requirements can be quantitatively stated as 

T > 15At  (2.69) 

and 

to  >  2T (2 .70)  

Both of these results can easily be verified through simple numerical experimentation. 

The placement of the excitation into the grid is most easily achieved by directly 

setting the fields at some point in the grid equal to the Gaussian pulse value at that 
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time step and using superposition. However, Sui et al. [16] have presented a method 

for the introduction of active and passive lumped elements into the FDTD grid. For 

this work, the method [16] was used to place voltage and current sources into the 

grid using a Gaussian pulse as the excitation waveform. 

Amperes circuital law 

V x H  =  j t D  +  J  ( 2 . 7 1 )  

is a statement that the circulation of the magnetic field is equal to the summation of 

the currents. These currents include the displacement current density 

Q 
J d  = q-D (2.72) 

and the conduction current density 

J e  = oE (2.73) 

and any currents due to local sources, Jj. Assuming lossless media, the conduction 

current term is absent and Equation (2.71) becomes 

V x ^ ^  +  J ,  ( 2 . 7 4 )  

Looking at the location of the voltage source between the signal line and the 

nearest reference plane, Figure 2.5, one finds that the excitation will only cause a load 

current with a component in the z-direction. Consequently, only the z-component of 

Equation (2.74) will be affected 

TxHy ~ lhtHx = Ft+ Jii (2-75) 



Figure 2.5: Placement of a voltage source in the FDTD grid. 

Figure 2.6: Location of a current source in the FDTD grid. 
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Written in finite difference form this becomes 

At  
4 

e( i , j ,  k  +  | )  Ax  

+ 5, J, * + 5) - * + j)] 

At  

e ( i , j , k+ | )  Ay  

H^hhi - * + 5) - j£+l(i, j + 5, t + i) (2.76) 

where Jiz is the discrete current density. The voltage between point 1 and point 2 is 

defined as 

V u  = -  £  E • d l  (2.77) 

which for the polarity shown in Figure 2.5 is written as 

V l 2  = £ VL(i,j,*+i) = -£ + (2.78) 
k=ki  Z k=ki  

where k\ and k2 are used to denote the discrete limits of the integral. The voltage 

drop, Vz, Figure 2.5, is written as 

V,  =  V,  -  R. I ,  (2.79) 

Using Equation (2.78) in Equation (2.79), one can obtain an equivalent finite differ

ence expression that may be written as 

Equating the current density J i z  to the current over the surface Ax Ay ,  one finds 

V.  

(2.80) 

_  ^  Az 

h*  2AxAy 
[£?+,(>,j,t + i) + £T(i,j,i + |)] = 

Ax Ay  
-R,J,, (2.81) 
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Solving for J i z  yields 

'<• = T * + |) '+ **<-'• * + 5>] + R^TY '2 82' 

In order to make this a distributed source, a scale factor is used. The scale factor, s ,  

is equivalent to the number of nodes over which the source is to be distributed, 

s = — Atj —|-1 (2.83) 

+ rt 1* A (2-84) 
sR 3 AxAy  

The discrete current density then becomes 

J' -  -  wtkSy k+l) + * +  ̂

This expression can be put into Equation (2.76) and the resulting equation can be 

solved for E"+^(i,j,k). This gives 

E n + 1 ( i i k  +  - )  =  2 s R ^^ k  + \ ) A x A y~ A t A z
c  rfl- jr. • ^ 

z ' ' 2 2sRat(i,j, k + |)AxAj/ + AtAz z ' ' 2 
2sR,AtAy  

+• 
2sR s e( i , j ,  k  4- i)AiAy + AtAz' 

r H;*h '  +  \ , j , k  + i) - K+'(i - \ J ,  k  + 1-)i 

2sR,AtAx  

2sR s e(i, j, k 4- | )AiAy +  AtAz S  

H 'r+hiJ  - i, t + i) - j  + i k  +  I)] 

2At  
• s  •  V?  (2.85) 

2sR a e( i , j ,  k  + |)AxAy + AtAz^ 

When used in the FDTD grid, the variable Vs
n is replaced by the Gaussian pulse of 

Equation (2.68) evaluated at t = nAt. In order to model a current source in parallel 

with a conductance, Figure 2.6, Rs —> and V*G, —• Is changing Equation (2.85) 
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to 

E»+Hi  i  k+- )  =  +  1  
*  ( , h  2  2 s e ( i , j , k  +  \ ) A x A y  +  G a A t A z  z { , h  + 2 }  

2sAt  s >  

2se(i,j ,  A; + |)AxAy + G a AtAz"  '*  2 
2sAtAy  

+ 

2se ( i , j ,  k  + |)AxAy + G a AtAz  

H?Hi + h » + 5) " - J, J, * + |)] 

2A<Ax 

2se(?,j, + \ )AxAy  + G,AtAz S  

»:*hi,3 - k + i) - j + 1 k + i)] (2.86) 

An ideal voltage source is defined as a device which has a voltage drop across its 

terminals which is independent of the current through it. To model such a source 

Equation (2.85) should be replaced by Equation (2.78). An ideal current source is 

defined as a device which delivers a constant current regardless of the magnitude 

of the load resistance or voltage across its terminals. For an ideal current source 

Equation (2.86) reverts to Equation (2.76) with J/2 replaced by 

Ji-= (2-87) 

For the analysis of structures with perforated planes the choice of the size of ex

citation is critical. The minimum size of the excitation pulse in time is dictated by 

Equations (2.69) and (2.70). These are in turn linked to the size of the space dis

cretization by the relation of At to Ax, Ay, and Az governed by the demands of 

stability and numerical dispersion. Figure 2.7 shows the received pulse for three sizes 

of discretization in the direction of propagation, x, with Ay and Az kept constant, 
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Figure 2.7: Resolution as a function of pulse size. 
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and correspondingly three sizes of discretization in time. The resolution of the re

ceived pulse is greatly increased, i.e. the main pulse is separated from the trailing 

pulses which are caused by reflections at the discontinuities. The physical signifi

cance of this effect is that the size of the pulse in space must be significantly smaller 

than the size of the perforations in order for the multiple reflections to be adequately 

resolved. 

2.5 Parameter Extraction 

In this section three different methods for extracting the electrical and propaga

tion characteristics of structures simulated by the FDTD method are given. With 

regards to SPICE-based or transmission-line system simulators, the desired results 

are the propagation characteristics of the interconnect structure, the characteristic 

impedance and the propagation constant, which are used to define an equivalent 

transmission line model. The first two methods discuss the recovery of these char

acteristics. The third method takes a slightly different approach. The results of the 

FDTD simulation are used as an approximate impulse response to find the effect 

of the system on a general input signal. Throughout this section, results from the 

FDTD analysis of pulse propagation along an x-signal line in a standard stripline con

figuration will be used to validate the methods. Figure 2.8 shows the cross-section 

of the stripline used. Obviously, the stripline is the degenerate case of the MCM 

structure when the perforated ground planes are replaced by solid ground planes. 
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Figure 2.8: Stripline structure used for validation of analysis techniques. 

Using UAMOM [17]-[18], a two dimensional method-of-moments parameter extrac

tor, a per unit length capacitance, C = 2AlpF/cm, and a per unit length inductance, 

L = 4.38nH/cm, are found for the structure of Figure 2.8. From these results an 

impedance, ZQ = 42.7ft, and a normalized velocity, td ~ 1.0, are calculated from 

Zo = (2.88) 

id=IJM (2-89) 

where CQ is the speed of light in vacuum and er is the relative dielectric constant of 

the medium between the reference planes. 
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2.5.1 TEM Analysis 

In order to obtain the propagation characteristics of the MCM interconnects, we 

used the concepts presented in [10] and [12]. For these methods to be valid, the fields 

must be quasi-TEM in nature and only a single mode can be propagating in the 

structure. These assumptions will be validated with the results obtained from the 

numerical studies discussed later in this section. 

To find the impedance of the signal line the TEM definitions of voltage and current 

V  =  -  J *  E - d T  (2.90) 

I  =  J > H D L  (2.91) 

are used with appropriate selection of paths as shown in Figures 2.9 and 2.10. 

Figure 2.9: Path used for calculation of the voltage. 

These values are used to calculate the characteristic impedance of the interconnect 

as 

(2.92) 

where U is the angular frequency, and V(U>)  and I (LJ)  are the Fourier transforms of 

the time dependent voltage and current waveforms, respectively. 
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Figure 2.10: Path used for calculation of the current. 

By assuming that a single mode is propagating with a behavior of the form 

E = E 0 e~ y x  (2.93) 

the propagation factor 

7 = a  •+ j (3  (2.94) 

can be found by taking the ratio of the field at two different points. If the field E Z l  is 

sampled at i\ and is sampled at i2, where i2 > ®i, the propagation constant can 

be found by 

exp7( i !  -  i 2 )  = E J 2 ^ \  (2.95) 
EZl (u;) 

from which equations for a  and can be found 

o(u) = _L_ln|Msl! (2.96) 
*1 — *2 |^z,(w)| 

(2.97) 

0 ( u )  =  -  ( 2  9 8 )  
?1 — ?2 

Liang et al. [12] state that a typical separation between the points and i 2  is 10-15 

space steps. A 0 that is too small is inappropriate due to numerical errors and one 
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that is too large is problematic due to phase errors. If the spacing chosen is too small, 

the change in phase of the wave as it propagates from z'i to i2 may be insignificant for 

meaningful results. If the spacing is chosen too large, the accumulation of phase error 

due to numerical dispersion causes the results to be more indicative of the numerical 

grid than the structure being modeled. 

The value of /?, as calculated using Equation (2.98), is used to calculate the phase 

velocity 

vp = ^ (2.99) 

which is normalized to the speed of light in the medium 

id = — (2.100) 
Cmed 

where 

cmed = . 1  (2.101) 
y /e T eo f io  

Periodic structures, such as the MCM interconnects, are slow wave structures [20] 

which implies that the value of tj < 1. 

In order to validate the TEM assumption, a comparison is made of the magnitude 

of the FFT of the longitudinal and transverse fields. Figure 2.11 shows this compar

ison for the example case of the stripline configuration. As expected the transverse 

field is significantly stronger than the longitudinal field. This same method of ver

ification will be used for the more complicated MCM interconnect structures. 
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Figure 2.11: (a) Magnitude of longitudinal field (b) Magnitude of transverse field. 
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Figure 2.13: Propagation characteristics as a function of frequency. 
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The use of Equation (2.92) to find the impedance results in values as shown in 

Figure 2.12. The value of the impedance as calculated at four different locations in 

the structure is shown along with the average of these four values. The average value 

gives a four percent error when compared with the value obtained from UAMOM, 

well within reasonable error. 

Figure 2.13 shows the behavior of the propagation constant, /?, as given by Equa

tion (2.98), and the normalized phase velocity, t<j, as given by Equation (2.100), 

versus wavenumber and frequency, respectively. The wavenumber is taken to be that 

of the medium, ko = 2t^. Since the stripline structure is strongly quasi-TEM, the 

value of the phase velocity is expected to be extremely close to that of the velocity 

of the medium, as Figure 2.13 verifies. 

2.5.2 Transmission Line Analogy 

A measurement technique developed by Deustch et al. [21] was adapted to the 

computer simulation results. The method calls for using two different lengths of the 

structure and sampling the field value at the absolute end of the structure. In this 

manner no back reflections are included in the pulse. The values of a and j3 are 

then calculated via Equations (2.96) and (2.98). The quasi-TEM transmission line 

definition of the propagation constant is 

7(cj) = a(u;) -f j/?( u )  =  \ f ( R  +  j u ; L ) ( G  +  j u C )  (2.102) 
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where R,  L ,  G ,  and C are the per unit length resistance, inductance, conductance 

and capacitance, respectively. The quasi-TEM transmission line definition of the 

characteristic impedance is 

z°(u) * <2103) 

where the conductance is set to zero because the dielectrics are assumed to be lossless. 

The characteristic impedance can then be found in terms of the propagation constant 

as 

-

The value of the capacitance is taken to be the low frequency value limit. 

Figure 2.14 shows the results for the propagation constant, /?, and the normalized 

phase velocity generated with this method. The graph of the propagation constant 

and the normalized phase velocity obtained with this method are the same as those 

generated with the previous TEM approximation. This agreement is expected. Since 

no discontinuities are present in this structure, there are no reflections that might 

affect the phase. Therefore, the answers must be equivalent. Using this value of the 

propagation constant and the value of the per unit length capacitance calculated by 

UAMOM, we obtain the impedance of the stripline, and plot it versus frequency in 

Figure 2.15. Using this method the impedance value is in strong agreement with 

that of UAMOM. This exercise, of course, is simply a check of self-consistency, since 

the value of capacitance obtained from UAMOM is used in the calculation of the 
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impedance. The purpose was to establish the validity of the parameter extraction 

techniques presented in this section. 

2.5.3 System Analysis 

The main purpose of any interconnect structure is to propagate the signal from one 

point to another with minimum delay and minimum distortion. The FDTD method 

can also be used to quantify these requirements. By sampling the field at two different 

locations, ii and where i2 > i\, on the line and by identifying the corresponding 

times, Hi and n2, at which the peak value of the field pass the observation points, a 

normalized effective propagation velocity is calculated 

(«2— «'i)Ax 
U = ("2~"l)A' (2.105) 

V^r'OMO 

where the normalization is to the speed of light in the medium. Equation (2.105) is 

directly related to the delay time of the interconnect. The distortion of a clocking 

signal can be quantitatively identified by assuming that the response of the FDTD 

simulation to a very short Gaussian pulse excitation is an approximate impulse re

sponse of the system. This assumption is valid as long as the bandwidth of the FDTD 

result is much greater than the bandwidth of the clocking signal. By performing a 

numerical convolution, the degradation of the clocking signal can be identified. 
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Figure 2.16: Clocking signal configuration under consideration. 
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Figure 2.17: Received voltage pulse forms. 
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Figure 2.18: Smoothing of leading edge due to transmission. 
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Figure 2.16 shows the type of signal being considered. The period, T, is related 

to the frequency of the clocking signal, /o, by 

T = \ -  (2.106) 
Jo 

and the rise and fall times are shown as t T  and t j .  The results of the convolution of 

a pulse of the form shown in Figure 2.17 with a 100MHz clocking signal with 50ps 

rise and fall times is shown in Figure 2.18. The pulse train is assumed to have a 50% 

duty cycle and equal rise time and fall time so that only the region about the leading 

edge is shown. The effect of the stripline is to cause a delay of the pulse train and a 

slight smoothing. 

In Figure 2.17 the two curves are the received pulses at the distances, z\ = 1.76mm 

and Z2 = 1.98mm, which are indicated in the legend. The horizontal lines in the figure 

mark the locations of the maxima of each pulse. Using these values and Equation 

(2.105), id — 1.0 is calculated, a similar result to that obtained by the two previous 

methods. 

The simple test case of the stripline has proven useful in showing that these meth

ods are suitable for "well-behaved" structures. By "well-behaved" we imply that the 

structures exhibit strong TEM-like behavior and propagate only a single mode. The 

validity of these methods for use with more complicated structures involving multiple 

reflections remains to be seen. The application of these extraction methods to the 

results of FDTD analysis of MCM interconnects is presented in Chapter 4. 
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CHAPTER 3 

A Quasi-TEM Method 

3.1 Introduction 

The structures which are being considered in this thesis are essentially a variation 

of a stripline structure. The stripline structure is capable of supporting a TEM mode; 

and by considering the MCM interconnect to be a perturbed stripline, it is under

standable that a quasi-TEM mode will propagate. Furthermore, if the transmission 

line characteristics are the desired quantities, it is reasonable to view the MCM in

terconnect structure as nothing more than a periodically loaded transmission line. 

An ABCD matrix method is well developed for the analysis of such structures and 

can be found in most texts on Microwave Engineering, [20], [23]. In this chapter, this 

method is adapted for the analysis of MCM interconnect structures. 

3.2 General Theory 

The interconnection geometry of Figure 3.1 will be used as the vehicle for the 

development of the proposed method. It is assumed that the periodically perforated 

reference planes extend to infinity in the direction of the interconnect. This allows 
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the structure to be modeled as a periodic geometry generated by the unit cell defined 

by the truncation planes T\T[ and TIT'2. The unit cell is then modeled by means of 

cascaded segments of two transmission lines with different cross sections. The first 

cross section is for the segments of the strip conductor that run over a perforation in 

the ground (see Figure 3.2), while the second cross section represents the segments 

that run over the plane metallization (see Figure 3.3). Notice that in Figures 3.2 

and 3.3 the cross sections for the interconnect geometries are shown truncated at 

the planes through the center of the second plane perforation on either side of the 

interconnect. In general, the cross-sectional distance, dc, for the positioning of the 

truncation planes should be chosen so that no significant change in the interconnect 

transmission-line parameters occurs when the truncation planes are moved further 

away from each other. The distance dc will be dependent on the interconnect dimen

sions, the dimensions of the mesh pattern, the distance between the interconnect and 

the adjacent interconnects and mesh planes, as well as the electrical properties of the 

substrate dielectric. 

Figure 3.4 shows the equivalent transmission-line representation for the unit cell 

defined in Figure 3.1. The factors 71, Z\ and 72, Z% are, respectively, the complex 

propagation constants and characteristic impedances for the interconnect geometries 

shown in Figures 3.2 and 3.3. It is noted that fringing effects associated with the junc

tions between the two types of cross sections are neglected in this model. However, 

we can take into account these fringing effects by introducing lumped capacitances 
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Figure 3.1: Interconnection geometry 

Figure 3.2: Perforation cross-section 

Figure 3.3: Metallization cross-section 
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between points A, A' and B, B', that can be obtained using three-dimensional ca

pacitance extraction tools [22]. The transmission matrix for this unit cell is given by 

[20] 

A B 

C D TR 

cosh^i 11 Zisinhfili 

Y\sinh^il\ coshjili 
cosh^h Z-isinh^zl?, 

Y2sinhf2h cosh^h 
coshfili Z\sinh~i\l\ 

Yisinh~/ili coshfili 
(3.1) 

•e 

V i  

D-^-QID-^r 

Y ,Z 
1 1 

£ED—a 
A B 

'1 >2 '3 

Figure 3.4: Transmission line equivalent of unit cell 

Knowing the transmission matrix, the voltage and current at the input of the unit 

cell, V„ and In, can be related to the voltage and current at the output of the unit 

cell, Vn+1 and Jn+i 
•Vn] I" A B1 [K+i" 

(3.2) 
. j-fl . Ai+i. 

Assuming wave propagation in the -f x-direction of the periodic structure, the voltage 

and current have the form 

V ( x )  =  V(0)e"^ (3.3) 
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I ( x )  =  / ( 0 ) e  —*yx (3.4) 

with a phase reference at x = 0. The effective complex propagation constant for the 

periodic structure gamma is obtained as follows [20]. Since each unit cell has the 

total length 

d  =  2 h + 1 2  (3.5) 

the voltage and current at the n -f 1 node are related to the voltage and current at 

the n node by 

K+i = Vne-* (3.6) 

7n+1 = Ine~'>d (3.7) 

Substituting these relations in Equation (3.2), one finds 

' K+i 

+i J 

= 0 (3.8) 
\ A - e l d  B  

C  D - e ^  / „  

For nontrivial solutions of this matrix equation to exist, the determinant of the coef

ficient matrix must vanish. This yields the characteristic equation 

AD + e27d - (A + D)e<d - BC = 0 (3.9) 

Since A,B,C, and D are known, Equation (3.9) will be used to obtain 7.  

In addition to the effective propagation constant, the characteristic impedance can 

also be found. Defining a characteristic impedance at the output terminals of a unit 

cell as [20] 

Zfl = ' n+l 

ln+l 
(3.10) 
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we obtain from (3.8) 

*' - TH* <311> 

Solving (3.9) for e7d 

, ,  ( A  +  D ) ± J ( A + D ) > - H A D - B C )  
e — 

and substituting this result into Equation (3.11) yields 

Z% = . ~W (3.13) 
A - D i p  y / ( A  +  D ) 2  - 4 ( A D - B C )  

For the special case of symmetrical ( A  =  D ) ,  lossless ( A  D  —  B  C  = 1), unit cells, 

Equation (3.13) simplifies to 

Zg = ,±B (3.14) 
B y/A2 - 1 V ^ 

3.3 Coupled Lines 

The previous approach can be extended to the development of an equivalent cou

pled transmission line model for coupled interconnects in the presence of mesh ref

erence planes in the following manner. The coupled interconnect periodic structure 

is modeled as a periodic repetition of two systems of coupled transmission lines of 

different cross sections, similar to the single line analysis. Assuming, for simplicity, 

lossless symmetric interconnects, each system is characterized by its per unit length 

(p.u.l.) inductance matrix [L\ and capacitance matrix [C]. The diagonal elements 

of these matrices have the special form L\\ = L22 and C\\ = C22. The even- and 

odd-mode parameters can be used for the transmission-line representation of each 
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coupled interconnect system. They are defined as 

r(«)  _  r(0  4 .  r(»)  
•^e,o — L\i ^ ̂ 12 (3.15) 

Cg = C{? ± CS (3.16) 

(3.17) 

(3.18) 

where the superscript, i = 1,2, is used to distinguish between the two cross sections. 

The + sign corresponds to the even-mode parameters denoted by the subscript e, 

and the — sign corresponds to the odd-mode parameters denoted by the subscript o. 

Next, the single interconnect analysis presented earlier is used to obtain the ef

fective propagation constants and effective impedances for the even- and odd-mode 

of the coupled periodic structure. This results in the parameters (Pi**, and 

, ZgJ,) for the even- and odd-mode, respectively. Finally, using equations sim

ilar to (3.15)-(3.18), the p.u.l. effective inductance and capacitance matrices for the 

desirable equivalent coupled transmission line model are obtained 

L\{> = L'jJ = ̂ Z'b'W + Zh'SK") 

Vjj = L&' = - zyiK") 

(3.19) 

(3.20) 

(3.21) 

(3.22) 
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The extension of this approach to non-symmetric coupled lines can be accomplished 

in a straightforward manner following the theory presented in [24]. 

Using the results in Equations (3.19)-(3.22), the capacitive, KC, and inductive, 

KL, coupling coefficients can be calculated 

KC = -CFT/CLI1 (3-23) 

KL = (3.24) 

They may be used in turn for the prediction of the saturated near-end noise, Vjv, and 

far-end noise, VF, by means of the following equations [25] 

VJv = + Kc)Vs (3.25) 

YF = \L \JL\[SCL{S(I<L - KC) VS / T  (3.26) 

In the above, Vs is the voltage amplitude on the active line, I is the line length, and 

T is the input pulse rise time. 

3.4 Validity 

In the previous chapter, a stripline structure was used to show the validity of the 

methods developed. Using the analysis presented in this chapter on such a structure 

amounts to the trivial case of a unit cell made of a single transmission line segment. It 

is felt that such a case would therefore prove inconclusive for validating the method. 

Thus, the validation is left until the presentation of the results from the analysis of 
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MCM interconnects where comparisons can be made with FDTD analysis as well as 

available published results obtained using different methods and/or experiments. 
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CHAPTER 4 

Results 

4.1 Introduction 

Three specific configurations were considered in the course of this research. Figures 

4.1, 4.2, and 4.3 show these layouts with the signal line in the presence of vias and 

y-lines. The figures are oriented to be a top view when the upper reference plane 

is stripped away. In all three cases the perforations are taken to be 0.4mm square 

and the metallization is 0.1mm wide and 0.025mm thick. The signal lines are also 

modeled as 0.1mm wide and 0.025mm thick. The vias are modeled as squares that 

are 0.16mm on a side. These metallization layers reside in a uniform dielectric with 

relative permittivity er = 9.5. These values are chosen so that comparisons with the 

work done by Rubin [2] can be made. 

4.2 FDTD Analysis 

4.2.1 Propagation Constant 

Two methods were presented in Chapter 2 for the extraction of the propagation 

constant of an MCM interconnect structure. The two methods use the same equations 
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Figure 4.1: Signal line oriented over reference plane metallization. 
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Figure 4.2: Signal line oriented over reference plane perforation. 
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Figure 4.3: Signal line oriented 45° to reference plane metallization, 

but different sampling locations. In the TEM analysis (Section 2.5.1) the sampling 

probes are allowed to be located anywhere in the grid while the transmission line 

analogy (Section 2.5.2) requires that the probes be located at the end of the grid to 

minimize reflections in the calculated signal. However, both methods make use of 

Equations (2.96) and (2.98) to solve for the attenuation and phase constants. 

The basic requirements for these equations to be valid is that only a single mode 

propagates and the fields are approximately TEM. The requirement of a single prop

agating mode is questionable for the case of the MCM interconnects. Due to the 

reflections at the discontinuities introduced by the perforations and any y-lines or 
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vias present, waves will be propagating in the direction opposite to the desired prop

agation direction. The discontinuities are not severe, in the sense that if a backward 

traveling wave is developed, it is of a much lower amplitude than that of the forward 

mode. If such a wave does exist, its effect on the phase of the signal may be severe. 

Thus, form Equation (2.98), its effect on the phase constant may be severe. The 

transmission line analogy was developed with this in mind. It is hoped that by hav

ing a probe at the end of the grid, the collected signal will be free of any backward 

traveling waves. 

The multiple reflections generated by the mesh perforations will eventually lead to 

Floquet-type modes. However, the periodicity is such that any Floquet-type modes 

are essentially at cutoff in the frequency range of interest in electronic packaging 

applications. The theory of Floquet modes is appropriate for an infinite periodic 

structure. Of course, an actual physical structure is going to be finite in extent. 

Further, the size of the grid used in the FDTD analysis only consisted of five to 

seven periods of the structure, due to computation limitations as well as numerical 

experiment considerations. A structure of this size is not believed to be long enough 

to have the Floquet modes fully developed. 

Even though the requirements for Equations (2.96) and (2.98) to be valid are 

thought to be satisfied, it is found that the propagation constant can not be calculated 

reliably. The discontinuities in the structure cause a sufficient number of reflections 

to occur so that even after the main pulse is recovered, the value of the field at the 
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probe location remains nonzero. In many of the simulations it was found that after 

1000 time steps beyond the time it takes to receive the signal, the field was still 

significantly different from zero. 
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Figure 4.4: Received electric field for a signal line over metallization. 

The simplest structure under consideration is that of a signal line over the met

allization of the reference plane with no crossing signal lines or vias in the vicinity. 

Figure 4.4 shows the received electric field in such an interconnect. The type of be

havior shown in this figure is typical for these periodic structures. The main pulse 

arrives distorted by oscillations whose frequency corresponds to the periodicity of the 

structure. This main pulse then reaches an approximate constant value after which 

the field goes negative. After this dip in the field the residual reflections from the 
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grid arrive at the probe location. These residual reflections exhibit no specific pattern 

and are dependent upon the probe location in the grid. 
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Figure 4.5: Normalized velocity using full data sets from probes at the end of the 

Due to this type of behavior it is impossible to define a time at a given position 

where the main pulse ends and residue from the periodicity of the structure begins. 

Figures 4.5 - 4.8 show the normalized velocity as defined in Equation (2.100). Fig

ures 4.5 - 4.7 use data sets from probes at the end of the grid, as described in the 

transmission line analogy of Chapter 2. Figure 4.8 uses data sets which are located 

inside the grid. The only difference in these data sets is their lengths. Figure 4.8 is 

the longest, then in decreasing order, Figure 4.5, 4.6, and Figure 4.7. What these 



76 

1.030 

1.028 

S 1-026 

1.024 

1.022 

1.020 
5 10 15 20 0 

f (GHz) 

Figure 4.6: Normalized velocity using data sets to first zero crossing. 
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Figure 4.7: Normalized velocity using data sets to approximate constant. 
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Figure 4.8: Normalized velocity using full data sets from probes located in structure 
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figures show is that as the length of the data set is varied, the velocity is found to 

vary as well. This is due to the fact that the signal does not effectively end. As 

was stated earlier, the residual reflections occur for a long time after the arrival of 

the initial pulse. The multiple reflections impact significantly the phase of the trans

formed FDTD time histories, making the use of Equation (2.98) for extracting the 

propagation constant /? questionable. 

To better understand the error introduced by the reflections from the discontinu

ities in the structure, consider the example shown if Figure 4.9. A rectangular pulse 

of spatial width 2d and temporal width 2T is propagating in the x-direction towards 

an PEC. Two probes are placed along the path at the distances 2d and d from the 

PEC. Space and time are related to each other by the velocity of propagation as 

The pulses collected at Probe 1 and Probe 2 have the forms shown in Figure 4.10. If 

the time histories are truncated at t = 3T, the value of /? calculated will be correct. 

However, if the time histories up to t = 6T are used, the value of /? will erroneous. 

Since the pulses in this example are rectangular functions, it is simple to consider 

the two cases analytically. The definitions of rectangular pulses and the Fourier 

transform scaling and shifting theorems will follow the forms given in [26]. For the 

case of the time history terminated at t = 3T, the received signal at probe 1 as a 

function of time can be written as 

v 
(4.1) 

(4.2) 
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and at probe 2 as 

p2(t) = met (j-yjT-) • (4-3) 

The Fourier transforms of these signals are given by 

Pi( u>) = 2Tsinc(u>)e~iwT (4.4) 

and 

P z i f j j )  = 2 Tsinc(u>)e~iw2T (4.5) 

respectively. Using Equation (2.98) with the two transformed signals, P\(w) and 

P2{OJ), we obtain the following value for /3 

U 2 T - u j T  
P d 

2  * T f  
d 

_ 
T' 

In order to get /3 into the desired form, we rewrite Equation (4.1) as 

(4.6) 

A = £ (4'7) 

Equation (4.6) gives the value of /? expected for free space propagation. 

If the time histories are taken to include the reflected pulses, then the received 

signals are going to be equal to 

' t - T \  .  / t - 5 T >  
p,(() = r") ~ rcc'("IF") '4'8' 

» ( 0  -  - < ( ^ ) — < ( ^ ) -  ( 4 . 9 )  



81 

Taking the Fourier transform of these signals gives 

P,(w) = 2Tsinc(u) (e~ju,T - e~jw5T) (4.10) 

P2(u>) = 2Tsinc(u>) (e~'u2T — e--""47) . (4-11) 

By using Euler's formulas, these can be rewritten as 

PiH = 2y/2Tyj\ — cos(u}4T)sinc(t)e*61 (4-12) 

where 

P2(u>) = 2\f2T\J\ - cos(u2T)sinc(t)eje2 (4.13) 

f fsin(u;T) — sin(u>5T)] 1 
= arCtanl"|coS(^)-cos(c5r)]) (4'14) 

«2 = arctanj-'sin'"^'-'in("42}. (4.15) 
\ [cos(w2r) — cos(a;4T)] J cos( 

By applying Equation (2.98) one finds the value of /? to be 

/3=6j~I-• (4-16) 

The value of /? is now different from the value of Equation (4.6) and is in error. 

This simple example is an extreme case of the situation encountered in the numer

ical analysis of MCM interconnects. The fact that the error is introduced in the phase 

implies that even reflections of a small amplitude will cause erroneous results. It is 

possible in this specific example to tell where the original pulse ends and the reflected 

pulse begins. However, in the numerical analysis of the MCM interconnects, such a 

distinction can not be made due to the dispersion effects of the structure, making 

use of Equation (2.98) impossible. 
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Figure 4.9: Rectangular pulse propagating towards an PEC. 
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Figure 4.10: Time histories of Probe 1 and Probe 2. 
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4.2.2 Characteristic Impedance 

We have just illustrated that the method described as the transmission line anal

ogy, which uses the value of the propagation constant to calculate the characteristic 

impedance, is of no use in characterizing MCM interconnects. The TEM approxi

mation for the impedance as the ratio of voltage to current must now be examined. 

Obviously, the same problems which are affliated with the dependence of the results 

upon the length of the data set are still a concern. However, since the impedance is 

the ratio of the Fourier transforms of the voltage and current calculated at the same 

point, it should be less sensitive to phase variations than the propagation constant 

is. 

Again the simple structure of a signal line over a metallization of the ground plane 

is considered. Figures 4.11 - 4.13 show the impedance calculated from the FDTD 

analysis using three different size data sets. Figure 4.11 uses the full data set, Figure 

4.12 uses the data to the first zero crossing, and Figure 4.13 uses the data to just 

after the main pulse. As can be seen, the value of the impedance is affected by the 

size of the data set but the variation is less than 5%. This should be compared to 

the cases for the propagation constant where the variation is as large as 23% between 

data sets. 

Since the impedance depends minimally on the size of the data set, meaningful 

comparisons with published results can be made. Rubin [2] performed an analysis 

of this structure using a full-wave frequency domain approach for various possible 
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Figure 4.11: Impedance found using full data sets obtained by FDTD analysis. 
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Figure 4.13: Impedance found using data sets to approximate constant. 
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configurations. Table 4.1 shows a comparison between the impedance found using 

the FDTD analysis and those found in [2]. In the calculation of the impedance 

FDTD Full-Wave [2] % difference 
signal line 45.0 45.4 0.9 
y-lines 42.4 43.4 2.3 
vias 41.4 40.5 2.2 
both 40.0 39.8 0.5 

Table 4.1: Comparison of impedance in (17) from FDTD analysis and [2]. 

the largest data set obtained in the FDTD analysis is used. As seen in the table, 

the agreement is within 3% for each of the cases considered. The frequency for 

which the results in [2] were found is not explicitly stated and is taken to be a low 

frequency value. The FDTD results are therefore taken at the low frequency limit 

for comparison. 

Table 4.2 shows the results obtained for the other two configurations under con

sideration. Only the case of the x-signal line with no y-lines or vias present is con

sidered and the results are taken again at the low frequency limit. The value of 

FDTD 
line over perforation 45.3 
line at 45° to perforation 43.9 

Table 4.2: Impedance in (fl) for a signal line over and at 45° to the perforations. 

the impedance for the case of the signal line centered over the perforations is found 

to be larger than for the case of the line at 45° to the perforations. 
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The results of this section show that a reasonable value for the impedance can be 

found from the FDTD analysis of MCM interconnects. If the value of the capacitance 

can be found either by using another numerical tool or obtained from measurement, 

then an approximation of the propagation constant can be calculated as 

(3(u>) ~ U>CZ((UJ). (4-17) 

Since the value of the normalized phase velocity must be less than one due to the 

slow-wave nature of the structures, the value of the propagation constant found by 

this method is again self-checking. If the value of the normalized phase velocity is 

found not to be less than one, either the value of the capacitance or of the impedance 

is in error, requiring further validation. 

4.2.3 TEM Validation 

Figures 4.14-4.17 show the magnitude of the FFT of the longitudinal and trans

verse electric field for the four configurations of the signal line above the metallization 

which have been considered. In Table 4.3, the minimum value of the ratio 

are given. Recalling that the quasi-TEM assumption requires that the ratio 

be very large [27], the results in this table demonstrate that in the frequency range 

of interest quasi-TEM conditions can be safely assumed. 

Figures 4.18 and 4.19 show the same comparison for the configurations of a signal 

line centered above the perforations and a signal line oriented at 45° to the perfora

tions. The minimum of the ratio of the FFT of the transverse field to the FFT of 
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Figure 4.14: Signal line over metallization: (a)magnitude of longitudinal electric field, 
(b) magnitude of transverse electric field. 
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Figure 4.15: Signal line over metallization in presence of y-lines: (a)magnitude of 
longitudinal electric field; (b) magnitude of transverse electric field. 



91 

- 6  
3.6*10 

- 6  3.4x10 

3.2x10 
E 
> 
>»• 

3.0x10 
I LlI 

2.8x10 

2.6x10 

2.4x10 

0 5 10 15 20 

f (GHz) 

(o) 

"3 1.300x10 

1.290x10 

-3 

-3 1.270x10 

"3 

1.250x10 

0 5 10 15 20 

f (GHz) 

(b) 

Figure 4.16: Signal line over metallization in presence of vias: (a)magnitude of lon
gitudinal electric field; (b) magnitude of transverse electric field. 
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Figure 4.17: Signal line over metallization in presence of y-lines and vias: 
(a)magnitude of longitudinal electric field; (b) magnitude of transverse electric field. 
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mm 

signal line 
y-lines 
via 
both 

204.8 
141.8 
366.7 
308.6 

Table 4.3: Comparison of longitudinal and transverse field for signal line over metal
lization. 

Table 4.4: Comparison of longitudinal and transverse field for signal line over perfo
ration and at 45° to perforation. 

the longitudinal field is given in Table 4.4. Again, the ratio of the fields is found to 

be well suited to a TEM approximation. 

4.2.4 Pulse Propagation and Distortion 

The results obtained using a TEM analysis approach have been presented in the 

previous three sections. In this section results obtained using the systems analysis 

approach outlined in Section 2.5.3 are presented. Only the effects on signal propa

gation with no y-lines or vias present are considered. The excitation signal is taken 

to be a 100 MHz clocking pulse train with 50 ps rise and fall times and a 50% duty 

cycle. 

Figures 4.20-4.22 show the received signal in the three configurations considered. 

The legends of the figures give the distance from the excitation plane that the probes 

over perforation 
45° to perforation 206.1 

Etrans{w} 
Elongiw)  

min 
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Figure 4.18: Signal line over perforations: (a)magnitude of longitudinal electric field; 
(b) magnitude of transverse electric field. 
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Figure 4.19: Signal line at 45° to perforations: (a)magnitude of longitudinal electric 
field; (b) magnitude of transverse electric field. 
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are located and the time the peak of the received signal arrives. Table 4.5 shows the 

normalized velocity, calculated for these configurations using Equation (2.105) and 

the numerical data. The value obtained for the normalized velocity is the same in all 

three cases. In [2] the value of id for the case of the signal line over the metallization 

is given as 0.980 which is less than a 1% difference from the results found using the 

FDTD method. The fact that the results do not vary is not surprising considering 

how strongly quasi-TEM they are, as is shown in the previous section. 

id 
over metallization 0.989 
over perforation 0.989 
45° to perforation 0.989 

Table 4.5: Normalized velocity found for signal line propagation in the three config
urations considered. 

Figures 4.23-4.25 show the rising edge of a 100 MHz clocking pulse convolved 

with the received signal. In the figures, the only major effect on the pulse due to the 

perforated plane is a smoothing of the pulse. Comparing Figures 4.23-4.25, one finds 

that the smoothing becomes more prominent as one proceeds from Figure 4.23 to 

Figure 4.25. It is only in the case of the signal line oriented at 45° to the perforations 

(Figure 4.25) that a more pronounced effect is found. There is a noticeable smoothing 

in the convolved pulse. The signal line oriented at 45° to the perforations exhibits 

some filtering of the higher frequency components causing this effect to be seen. 
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Figure 4.20: Pulse received for signal line over metallization. 
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Figure 4.21: Pulse received for signal line over perforations. 
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Figure 4.22: Pulse received for signal line at 45° to perforations. 
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Figure 4.23: Rising edge of pulse convolved with received signal of the signal line 
over the metallization. 
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Figure 4.24: Rising edge of pulse convolved with received signal of the signal line 
centered over the perforations. 
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Figure 4.25: Rising edge of pulse convolved with received signal of the signal line at 
45° to perforations. 
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4.3 Quasi-TEM Method 

Results from using the method described in Chapter 3 will be presented in this 

section. Only two of the three configurations, those of the signal line above the 

metallization and the signal line centered above the perforation, will be considered 

because of their orientation to the xy axes. 

4.3.1 Signal Line Above Ground Metallization 

In order to consider all possible configurations of a signal line with y-lines and vias, 

the transmission line parameters for four cross sections must be known. These four 

cross sections are shown in Figures 4.26 - 4.29. Using these cross sections in varying 

lengths and combinations to define the transmission line stubs, the unit cells for four 

different configurations can be formed. The cases of the signal line a) by itself, b) in 

the presence of y-lines, c) in the presence of vias, and d) in the presence of y-lines 

and vias can be formed. Tables 4.6 - 4.8 show a comparison of the values obtained 

for the impedance, capacitance, and inductance, respectively, with the values found 

in [2]. The values found using this simple method compare reasonably to 

Quasi-TEM Full-Wave [2] % difference 
signal line 
y-lines 
via 
both 

45.6 
44.4 
41.7 
40.7 

45.4 
43.4 
40.5 
39.8 

0.4 
2.3 
3.0 
2.3 

Table 4.6: Impedance in (Q) of signal line above metallization. 
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Quasi-TEM Full-Wave [2] % difference 
signal line 2.25 2.31 2.6 
y-lines 2.31 2.51 8.0 
vias 2.48 2.79 11.1 
both 2.54 2.87 11.5 

Table 4.7: Capacitance in (pF/cm) of signal line above metallization. 

Quasi-TEM Full-Wave [2] % difference 
signal line 4.68 4.76 1.7 
y-lines 4.58 4.73 3.2 
vias 4.31 4.57 5.7 
both 4.22 4.55 7.3 

Table 4.8: Inductance in (nH/cm) of signal line above metallization. 

the values found in [2]. The accuracy which this method shows as compared to the 

full-wave results is astonishing considering its simplicity. 

z 

* ^ 

X 

Figure 4.26: Cross section of line in vicinity of perforations. 

By defining the cross sections of Figures 4.30 - 4.33, cross-talk calculations can 

be made. Table 4.9 shows a comparison, once again, with the corresponding values 

found in [2]. These results show that some questions remain to be answered with 
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=i 

Figure 4.27: Cross section of line in vicinity of metallization. 

sal 
Figure 4.28: Cross section of line in vicinity of y-line. 

0 

Figure 4.29: Cross section of line in vicinity of via. 

Quasi-TEM [2] % difference 
horizontal 3.64 3.64 0.0 
vertical 1.33 0.98 35.7 

Table 4.9: Near end voltage noise in (% sat.) of signal line above metallization. 
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regard to this method. The fact that the vertical crosstalk value shows such a great 

difference needs to be examined. 

si y - ® 
X 

Figure 4.30: Horizontal coupling cross section in vicinity of perforations. 

=1 

Figure 4.31: Horizontal coupling cross section in vicinity of metallization. 

4.3.2 Signal Line Centered Above Perforation. 

Figures 4.34 - 4.37 show the four cross sections necessary for the modeling of the 

signal line centered above the perforation. As in the previous section, using various 

combinations of these cross sections, we can calculate the impedance, capacitance 

and inductance for this structure. Table 4.10 shows the signal line values obtained 

by this method in its various configurations. The value of the impedance for the 
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=1 

Figure 4.32: Vertical coupling cross section in vicinity of perforations. 

Figure 4.33: Vertical coupling cross section in vicinity of metallization. 



108 

Zo(ft) C(pF/cm) L(nH/cm) 
signal line 47.2 2.18 4.86 
y-lines 47.2 2.18 4.86 
vias 47.8 2.15 4.91 
both 46.9 2.20 4.83 

Table 4.10: Quasi-TEM results for signal line centered above perforation. 

case of the signal line in the presence of vias is higher than expected, based on the 

trend shown by the impedance in Table 4.6. For the case of the signal line alone, the 

impedance predicted by FDTD analysis was 46.617. The quasi-TEM result shows a 

difference of only 1.3% with that result, lending some validity to the FDTD approach. 

Figure 4.34: Cross section for signal line in vicinity of perforation. 
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Figure 4.35: Cross section for signal line in vicinity of metallization. 
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Figure 4.36: Cross section for signal line in vicinity of y-lines. 

Figure 4.37: Cross section for signal line in vicinity of vias. 



CHAPTER 5 

Conclusions and Future Work 

The FDTD method has proved useful in the analysis of the MCM interconnect 

structures considered in this thesis. The value of the impedance can be found within 

engineering accuracy. If the capacitance of the interconnect can be found from mea

surement or alternate calculations, then a value for the normalized velocity can also 

be obtained. It would be interesting to be able to successfully model these structures 

using a capacitance extractor in order to find the trend that the normalized velocity 

follows. However, it is thought that the way in which the FDTD method is formu

lated in this thesis is not the best way to solve for the propagation characteristics 

of these types of structures. The main strength of the FDTD approach is that the 

actual finite structure can be modeled. Other methods developed for the analysis of 

periodic structures are based on the assumption of an infinite propagation distance. 

As the comparison of the FDTD results with those available in the literature shows, 

the difference in the impedance values is less than 5%. Subsequently, one reaches 

the conclusion that an assumption of an infinite structure is reasonable and gives ac

curate results. This conclusion lends further validation to the proposed quasi-TEM 

method for the expedient analysis of these interconnect strucutures. 
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The parameter extraction approach of viewing the results from an FDTD simu

lation as an approximate impulse response, shows that the pulse is not significantly 

degraded by propagation over the perforations. This is to be expected since for a 

100 MHz clocking signal with a 50% duty cycle, the time the pulse is on is 5 ns. 

This time period corresponds to a spatial width of 486.3 mm in a medium whose 

relative dielectric constant is 9.5. This size of pulse is over a thousand times larger 

than the 400fim perforations being modeled. Only when the pulse is on the order of 

the size of the perforations will significant degradation occur, which corresponds to a 

frequency of 243 GHz. This kind of effect is seen in Figure 2.7 where the resolution 

as a function of pulse size is shown. As the pulse which is propagating down the 

structure is increased in width, the effects of the perforations become less evident. 

This effect is "traded-off" with the severity of the discontinuities. The configuration 

of the signal line at a 45° angle to the perforations showed a slight overshoot in the 

convolved pulse due to this effect. The magnitude of the reflections due to the dis

continuities and the size of the pulse width in relation to the size of the perforations 

will determine the overall degradation of the signal. Not until clock frequencies ap

proach the GHz range will perforations of the size needed for practical via geometries 

cause severe degradation of the signal. This leaves the effects of the discontinuities 

as the major influence on pulse degradation which need to be controlled. However, 

for all the configurations considered, the effect is seen to be small. As more complex 
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environments are considered for the signal line, this effect may become worse and is 

an area which should be considered for future research. 

The quasi-TEM method which was presented in this thesis gives a good approx

imation for the propagation characteristics of MCM interconnects while avoiding 

the difficulties and complexities of the FDTD analysis. Since the FDTD analysis 

shows that an infinite periodic structure approximation is acceptable, the quasi-

TEM method's simplicity is very attractive. It is desirable to know if the model will 

improve when the discontinuities are better modeled by introducing a lumped ca-

pacitive element at the junction between interconnects with different cross sections. 

Also, the case of the signal line at 45° to the perforations was not considered. By 

using a staircase approximation, even this structure should be able to be successfully 

modeled. 

As was alluded to early in this section, the FDTD method can be reformulated 

to better characterize periodic structures and thus avoid the difficulties encountered 

in this research. Since we have shown that the assumption of an infinite structure 

leads to meaningful results, we can introduce it into the FDTD formulation by using 

periodic boundary conditions. If the structure were assumed to be infinite, Floquet's 

theorem would be valid. Floquet's theorem states that the form of the solution to a 

problem with periodic boundary conditions is of the form 

F{x,y,z) = Fp(x,y,z)e~'rx (5.1) 
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The vector F represents any general field value, and Fp is periodic with period d: 

Fp(x + nd,y,z) = Fp(x,y,z) (5.2) 

with the periodicity assumed to be in the x-direction, the direction of propagation. 

By using this assumption in Maxwell's equations and forming a finite difference ap

proximation of the resulting equations, one finds that it is possible to model a single 

period of the structure and obtain the desired propagation characteristics. Further 

development and discussion of this method is left for future work. 
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