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ABSTRACT 

Two circuit model extractors for complex multilayer microelectronic packages 

based on the Partial Element EquivaJent Circuit (PEEC) technique, namely Univer

sity of Arizona Effective Package Inductance Calculator (UAEPIC) and University 

of Arizona Effective Package Inductance and Capacitance Calculator (UAEPIC^), 

have been developed. The first one, UAEPIC, is based on the magneto-quasistatic 

assumption where the displacement current effect on the derivation of the electro

magnetic field integral equation is neglected and thus the dominant inductive effects 

are modeled in order to extract the RL equivalent model. The second one, UAEPIC^, 

uses a more rigorous electromagnetic model that accounts for displacement (yet non-

retarded) electromagnetic effects to extract the RLC equivalent model of the given 

microelectronic package. 

The development of electrical models of packages of high complexity requires the 

numerical solution of linear systems of several thousands of equations. This makes 

the development of a broadband equivalent circuit to include skin effect computation

ally expensive. To circumvent this difficulty, two model order reduction techniques 

have been utilized. The method of Asymptotic Waveform Evaluation (AWE) hcis 
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been incorporated in UAEPIC, and the Passive Reduced-order Interconnect Macro-

modehng Algorithm (PRIMA) has been applied to UAEPIC^. Apphcations of AWE 

and PRIMA provide orders of magnitude reduction in computation labor and lead to 

a direct multiport Y-matrix representation in terms of the poles and residues. In this 

form, and using a special algorithm, the multiport, frequency-dependent equivalent 

circuit of the package can be incorporated efficiently in a SPICE-Iike circuit simu

lator. This simulation capability facilitates rapid and accurate simulations for the 

analysis of noise generation and signal degradation such as delay, cross-talk, power 

and ground bounces, and Simultaneous Switching Noise (SSN) in the package. 
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CHAPTER 1 

INTRODUCTION 

1.1 Statement Of The Problem 

Integrated circuits tend to become denser and faster as larger functionality and 

increased performance on a single chip is sought. Fast device switching pushes clock 

frequencies to the gigahertz regime. On-chip frequency of high performance comput

ers is just below, if not already passing, the 1 GHz frequency clock. According to the 

1997 edition of the National Roadmap Technology for Semiconductors (NTRS) [1], 

the off-chip frequency (peripheral buses) should reach the gigahertz regime around 

the year 2006 (see Fig. 1.1). For such high frequency clocking, parcisitics due to 

the interconnections become critical factors in circuit design and performance con

siderations. Electromagnetic effects such as the frequency dependence of package 

inductajice, and distributed capacitance become important and need to be taken into 

account for accurate performance prediction. 

The technology generations of choice from 1997 to 2012 are shown in Fig. 1.2 

[1]. The technology generations are categorized by the minimum gate length or the 
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Frequency [GHz] 
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Figure 1.1: On- and off-chip frequencies [1]. 
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Critical Dimension [nm] 
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Figure 1.2: Critical dimension and technology generations[1]. 

critical dimension of the complementary metal-oxide semiconductor (CMOS) tech

nology. The critical dimension is predicted to shrink from 250 nm in 1997 to 130 nm 

in 2003, and to 70 nm in 2009. The critical dimension almost halves every six years. 

This is clearly a case of a rapid-changing technology and a fast-growing industry. To 

maintain the rate of change and growth, accurate simulation and acceptable design 

cycle time are very important. 
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Along with the shrinking of the critical dimension of the CMOS technology, the 

complexity of the package interconnection is increasing. Fig. 1.3 and Fig. 1.4 [1] show 

the anticipated growth in the number of the chip-to-package pads and the number of 

package pins due to the decrease of the critical dimension. The number of pads of a 

high-performance package will reach 3000 in the 2003, about 5500 in the year 2009, 

and about 7300 in the year 2012. The number of pins of a high-performance package 

will reach 2200 in the year 2003, about 4000 in the year 2009, and more than 5000 

in the year 2012. 

Clearly, such trends imply much higher complexity in advanced packages. Any 

simulation techniques to consider the effect of the package on signal integrity will have 

to consider the increase of complexity and the increase in the number of unknowns 

required for the package circuit model to maintain acceptable simulation accuracy. 

Yet such model complexity should not penalize the design cycle time. 

1.2 Thesis Objective and Approach 

A variety of methods have been developed to model microelectronic packages 

and interconnections. It is imperative to model electromagnetic phenomena, such as 

crosstalk, propagation delay, and reflections in the traces, vias, power/ground planes, 

and other structures so that signal distortion caji be predicted and analyzed. Of 

particular interest cire methods that can capture the electromagnetic effects associated 

with the three-dimensional character of the structures. Some of the methods that 



Pad Count [1000] 

7-

6 -

5-
High Performance 

4- / 

Figure 1.3: Pad count vs. year[l]. 
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Pin Count [1000] 
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Figure 1.4: Pin count vs. yeaj[l]. 
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have been used successfully are the Finite-Difference Time Domain (FDTD) method 

[2]-[5] and the time-domain integral equation-based formulation [6]-[9]. Of particular 

interest to high-frequency, high-speed, mixed-signal circuit electrical analysis is the 

Partial Element Equivalent Circuit (PEEC) technique [10]-[11]. The PEEC technique 

is categorized under the time-domain integral equation-based formulation. Unlike the 

FDTD technique that requires discretization of the entire volume of the package, the 

PEEC technique only involves the discretization of the conducting bodies. This 

results in huge savings in computer memory. 

The key advantage of the PEEC technique is that the PEEC output is compatible 

with nonlinear circuit simulators such as SPICE. This means that electromagnetic 

modeling within a SPICE-like, nonlinear, circuit simulation environment can be ef

fected in a very straightforward manner. Also, a systematic procedure can be applied 

to choose a model of appropriate complexity based on the electrical size and the fre

quency of operation of the interconnect structure. As an illustration, consider a low 

frequency case where parasitic impedance due to capacitive effects is much smaller 

than the one due to inductive effects. Under such conditions, displacement currents 

can be ignored. This approximation, where applicable, is extremely useful in the case 

of modeling packaged electronics. 

As package complexity increases, the generated PEEC models are becoming ex

tremely time-consuming to solve. For such conditions reduced-order model techniques 

have been developed and applied with various level of success [12]-[I4]. 



The formulation of the PEEC method is discussed in Chapter 2. The discussion for 

the development of the PEEC model starts with Maxwell's equations and ends with 

an equivalent circuit model consisting of the equivalent inductances, resistances, and 

potential coefficients. One instance of reducing the PEEC model complexity using 

a magneto-quasistatic assumption is also derived. Methods of solution discussed 

include discretization issues to capture effects such as skin-depth and proximity, and 

the nodal circuit analysis and the mesh circuit analysis techniques. 

Chapters 3 and 4 detail two of the software codes that have been developed based 

on the PEEC technique. The first one, developed in collaboration with L. Vakanas, 

is University of Arizona Effective Package Inductance Calculator (UAEPIC) [15] and 

the second one (developed solely by the author) is University of Arizona Effective 

Package Inductance and Capacitance Calculator (UAEPIC^) [16]. UAEPIC was de

veloped using the magneto-quasistatic assumption discussed in Chapter 2. Some 

numerical results and a benchmark against measurements are given. UAEPIC^ was 

developed using a more rigorous electromagnetic model, also discussed in Chapter 2, 

to consider the effect of displacement currents. 

Chapter 5 gives a discussion of model reduction techniques. In particular the 

discussion focused on the Asymptotic Waveform Evaluation (AWE) method [17] and 

the Passive Reduced-order Interconnect Macromodeling Algorithm (PRIMA) [18]. 

Application of these reduced order modeling techniques to UAEPIC and UAEPIC^ 

is the subject of discussion in Chapter 6. Many simulations and numerical results are 
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given through out the dissertation. Finally, conclusions and future work are discussed 

in Chapter 7. 
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CHAPTER 2 

PARTIAL ELEMENT EQUIVALENT CIRCUIT 

Techniques to solve computational electromagnetic problems can be divided into 

two broad groups: the differential equation and the integral equation based formu

lations. The Partial Element Equivalent Circuit (PEEC) technique falls into the 

integral equation based formulation. The expression for the electric field in terms of 

the integral form of the electric scalar and magnetic vector potential functions is first 

derived from the time-harmonic form of Maxwell's equations. Then, the solution is 

developed by expanding the unknowns inside the integral in terms of interpolation 

functions. These interpolation functions result in equivalent circuit elements such 

as resistances, inductances, and capacitances. In general, the corresponding matri

ces associated with these circuit elements are dense because of the coupling terms 

between the elements. After the values of the elements and the coupling terms are 

calculated, the solution is obtained using circuit techniques such as nodal or mesh 

analysis. 
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2.1 Integral Equation 

The integral equation of the Partial Element Equivalent Circuit (PEEC) technique 

is developed from the time-harmonic form of Maxwell's equations: 

V X E{f) = (2.1) 

V x ^ ( f )  =  J i r ) + j u t E { f )  (2.2) 

V - e E ( f )  =  q { f )  (2.3) 

V - f i H { f )  =  0. (2.4) 

where E  is the electric field, H  is the magnetic field, J  is the current density, q  is 

the charge density, t is the permittivity, [x is the permeability, and f is the position 

vector. 

Using the vector identity 

V - V  X i  = 0  

in conjunction with (2.4), we define the magnetic vector potential A :  

V X A(f) = n H { r ) .  (2.5) 

Then, substituting V x A { r )  into (2.1), we obtain 

V X [ E { f }  +ia;A(rO] = 0. (2.6) 

Applying another vector identity, namely 

V x  ( - V $ )  =  0  
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to the previous equation, where $ is an arbitrary scalar function, we obtain 

E { f )  =  - j u A { f )  -  V$. (2.7) 

Equation (2.7) relates the electric field to scalar and vector functions designated as the 

electric scalar potential, and the magnetic vector potential, A. Further derivations 

to solve for $ and A (see Appendix A) ignoring electromagnetic retardation, give 

m  =  (2-s) 
47r J v  |r — r| 

•^(0 = (2-9) 
Are Jv |r — r | 

The integration extends over all points r '  where the J  or the q  sources are not zero. 

Finally, substitution (2.8) and (2.9) into (2.7), and use of Ohm's law J(r) = crE 

gives 

M + = (2.10) 
(T Att JU |r — rI A i r e J v \ r  —  r \  

Current and charge densities are the unknowns in the system of equations (2.10) and 

the continuity equation, V • J = — (see Appendix A for the derivation). 

2.1.1 Discretization of the Integral Equation 

Current and chaxge densities in equation (2.10) are discretized into Inductive Vol

ume Cells (IVCs) and into Capacitive Surface Cells (CSCs). Fig. 2.1 and Fig. 2.2 

show the IVC and CSC discretizations for a one-dimensional case. 

The thicknesses and the widths of the IVCs are chosen appropriately to capture 

the skin effect and the proximity effect. In each IVC, current density is assumed to 
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ID current 
direction 

ABCD; 

Figure 2.1: (a) Inductance Volume Cells (IVCs) of a trace at medium frequency; (b) 
Crossection of a trace showing its IVC discretization at high frequency 

ID current 
direction 

Figure 2.2: Capacitance Surface Cells (CSCs) of a trace 
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be constant and can be written as 

B 
(2.11) 

1=1 

where /, is the current in the i"' IVC (filament), u,- is a unit vector along the length 

of the filament, and 

6[i{n = 

l/a,- inside the z"' filament 

0 otherwise 

where a,- is the cross-sectional area of the i"' filament. Non-uniform grids are gener

ated depending on the given frequency. In each CSC, the charge density is assumed 

to be constant and can be written as 

N 
H QkSqkii^ (2.12) 
fc=i 

where Qk is the charge on the A"* CSC, and 

6qk{f) = 
l/uk inside the surface 

0 otherwise 

where ak is the surface area of the CSC. Charges only exist on the surface of 

conductors. 

Inside the z"' IVC of length /,• in direction u,- (start from a point f - ju, to a point 

f + iui), equation (2.10) becomes 

Jl + ̂  

aoi Aw Jv Ir — PI 

I d 

47re dui 
N 

L Ir — f*| 

^TT ^ Jv\r — r\ 47re;J^ oui yu |r — P| 
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Then, using the following inner product over the volume of the i"' filament, 

/ /(r-)ii,;« - / / K?)d!i'di', 
Oj fl,' J a, Jli 

equation (2.13) gives 

lik + • ^ f f f = 
(TQi b \47ra,a6 Jvi Jv |r — P\J '' 

_J_fnx 
47re;^ "  d u i  J v  | f — P ]  

dv' (2.14) 

Using the following approximation 

L d 
-F{li)dvi « a,-

Ut uUi 

to eliminate the derivative, this gives 

Mi 
aui i t^i\4:iraiabJv,Jvl\r-P\J 

^ O E ® n+ 

47rean+ 

where is one-half cell past the i"' IVC and f~ is one-half cell preceding the 

IVC. This shows that IVCs and CSCs have to be arranged so that CSCs are off by 

half a cell from IVCs in the direction of the current flow. 

Examining equation (2.15), we notice that the first term on the left hand side is 

the voltage drop due to ohmic loss in the conductor. The second term on the left 

hand side is the inductive voltage drop. And finally, the terms on the right hand side 

are the capacitive voltage drop. Defining resistance 

Rii = 
li 

aa; 
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inductance 

Lii = ̂  I / ''"j • 'f'dv-dv . 
47ra,a(, Jv, Jv'^ |r — r | 

potential coefficient 

_ I f ds' 
ATTcaj Js'j |r — ' 

and nodal voltage 

= Y^PuQj ' 
j  

we can write a system of B equations {B is the number of equations): 

(R + juL)h = ^r.^ (2.16) 

Some closed form formulas for and p,j useful for structures of rectangular-shaped 

conductors and for very thin filaments have been derived [11] [19] and are summarized 

in sections 2.3 and 2.4. 

The definition of the nodal voltage in its matrix form is 

m = \p][Q] 

where [p] is the iV by A'^ potential coefficient matrix and [Q] is the vector of charge 

at N nodes. However, instead of using [Q], a more useful definition for modeling 

purposes is the one in terms of branch currents. Since 

Ij = juQj , 

we have 

iu;[p]-n^] - [/c] = 0 (2.17) 
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Figure 2.3: Equivalent circuit of a conductor discretized into two IVCs and three 
CSCs (mutual elements not shown). 

The inverse of [p] is none other than the matrix of capacitance coefficients, and the 

[Ic] is a vector of N displacement currents. 

Equation (2.16) is a system of B  equations with B  +  N  unknowns. As an illus

tration, when 5 = 2, iV = 3, and using capacitances to interpret equation (2.17), we 

have an equivalent circuit as shown in Fig. 2.3. 

2.2 Magneto-Quasistatic Assumption 

The magneto-quasistatic approximation has been used widely in the past for mod

eling inductive properties of package and interconnect structures [20]-[23]. In partic

ular, the magneto-quasistatic approximation relies on the elimination of the displace

ment current term from Majcwell's curl equation for the magnetic field, i.e. equa

tion (2.2). Thus, any charge accumulation on conductor surfaces is neglected, and 

the assumption is made that inductive effects are the ones dominating the physics of 

the current distribution in the conductors. For claxification, the time-harmonic form 
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of the Maxwell's equations under the magneto-quasistatic assumption is given here: 

V X E{f) = (2.18) 

V x H { f )  =  J { f )  (2.19) 

V- i iHi f )  =  0 .  (2 .20)  

Under this approximation, Maxwell's equations still lead to the same relation be

tween the electric field with the vector and scalar potentials as in equation (2.7), 

and the same magnetic vector potential A (ignoring electromagnetic retardation) as 

in equation (2.8). Combining equations (2.7) and (2.8) with Ohm's law, an integral 

equation is derived for the current distribution J{f) inside the conductors 

^ + = (2.21) 
cr 47r Jv |r — r | 

This equation is combined with the conservation of charge equation, which under the 

assumption of negligible charge accumulation on the conductors is V • J = 0, to solve 

for the current distribution. 

Under the magneto-quasistatic eissumption, the development of the discrete ap

proximation is slightly different than before. All conductors axe discretized into a 

number of filaments (IVCs). Fig. 2.1(b) shows the discretization of traces. However, 

since it is assumed that no charge accumulates on the surface of the conductors, the 

current flow is only down the length of each fUament. So, each trace needs only to 

be discretized into one section lengthwise. There is no need to create CSCs such as 

shown in Fig. 2.2. 
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Within each filament, the current density is assumed to be constant. Thus, as

suming that b is the total number of filaments resulting from the discretization of all 

conductors, the unknown current density can be written in the form 

= (2.22) 
i=l 

where /,• is the current in filament i, li is a unit vector along the direction of the 

filament, and 

where a,- is the cross-sectional area of the i"* filament. 

The integral equation (2.21) combined with the application of KirchofF's current 

law for the discretization of the continuity equation, leads to a linear system of 6 

equations which can be written in matrix form as follows 

where h is the vector of filament currents, Vb is the branch voltage (the voltage drop 

along the filament), R is a, diagonal matrix of filament resistajices given by 

Rii = — (2.24) 
(TUi 

and L is the full matrix of partial inductances given by 

ijoci inside the z"' filament 
Wi{f) = * 

0 otherwise 

{R+juL)h = Vk or Zh = Vi (2.23) 

(2.25) 
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As an illustration and in order to compare the magneto-qucisistatic assumption 

to the more complete model given previously, a conductor that is discretized and 

modeled for currents that flow in x- and y-directions (i.e., planes) results in PEEC 

representations shown in Fig. 2.4. Fig. 2.4(a) shows an RLC-PEEC circuit repre

sentation that includes displacement currents, and Fig. 2.4(b) shows an RL-PEEC 

circuit representation under the magneto-quasistatic approximation. 

2.3 Partial Inductance 

The calculation of parasitic inductances is a problem of great importance in elec

trical engineering, especially in the field of communication, microelectronics, and 

electromagnetics. Here, some of the closed-form expressions needed to achieve such 

a task for some simple structures will be discussed briefly. Most of the material 

discussed here can be found in [19]. 

Partial inductance is a mathematical concept as opposed to the physical concept 

of the loop inductance. We shall distinguish between: 

• Partial Self Inductance 

• Partial Mutual Inductance 

The following subsections provide closed-form expressions for the partial self and the 

partial mutual inductances of straight segments of non-magnetic conductors. The 

given expressions are limited to situations useful for microelectronic packages. 
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(b) 

Figure 2.4: PEEC circuit representation (mutual elements not shown for clarity): 
(a)RLC-PEEC, (b)RL-PEEC 
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W T — or — T W 1000 Ine W T 1000 In e 

0.000 0.00 0.50 2.11 
0.025 0.89 0.55 2.03 
0.050 1.46 0.60 1.97 
0.100 2.10 0.65 1.92 
0.150 2.39 0.70 1.87 
0.200 2.49 0.75 1.84 
0.250 2.49 0.80 1.81 
0.300 2.44 0.85 1.79 
0.350 2.36 0.90 1.78 
0.400 2.28 0.95 1.77 
0.450 2.19 1.00 1.77 

Table 2.1: Error table [19] 

2.3.1 Partial Self Inductance 

The partial self inductance of a cylindrical conductor of radius R is [19] 

'Zir 
(2.26) 

where fio is the permeability of the free space and I is the conductor length. 

For a conductor of rectangular cross section of sides W and T and length /, the 

partial self inductance is [19] 

2T 
(2.27) 

where Ine is found in Table 2.1 [19]. 

For most practical situations the term Ine is negligible. However, equation (2.27) 

is not accurate to calculate the inductajice of a very short conductor. A more accurate 
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formula is found in [20]: 

=  ^ / {  

TT 1 

U) 

\24u 

w ,2 

^2^'"= " + J"*' " s '^°"' (i^) 
u) , f u \ Aj 1 _, fuu)\ 1 ,, , . , 

+ — [In (a; + A2) — AQ] 
24:UU 

•^3^ J / J X 

^1) + ^(^^3 • 

- / IT] 

• A , )  

(2.: 2.28) 

where 

= IIW 

u = 

Ai = 

A2 = 

Az = 

Ai = 

A^ = 

As = 

At = 

T j W  

l+u;2)i/2 

u; + u2)l/2 

1+^2 + ̂ 2)1/2 

/' 1 + Ai N 
" { — )  

fuj + A^\ 

Ai J 

fu+^\ 
Ao ) 
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Figure 2.5: Ratio of L(2.27) to L(2.28) eis a fxinction of Length/Width. 
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As an illustration to compare equation (2.27) to equation (2.28), a 100-micron 

thick conductor with 1 mm width is used. This is a typical conductor as a result of 

discretizing a ground plane. The length of the conductor is varied from 1 mm to 1 m. 

The ratio of the inductance values calculated using equation (2.27) and (2.28) as a 

function of Length/Width is shown in Fig 2.5. The simpler equation (2.27) is very 

accurate when the conductor is very long. However, as the conductor gets shorter 

and its length is approaching its width, equation (2.27) becomes less accurate. For 

this particular example, the inductance value calculated using equation (2.27) has 

an error of 5% when the Length/Width is about 3. Frequently, the discretization of 

a ground or power plane gives many conductors or tiles with a Length/Width ratio 

equal to 1. Fig 2.5 shows that the error of equation (2.27) for these tiles is more than 

Equation (2.28) can be simplified for very thin conductors. When u; —+ 0, equa

tion (2.28) becomes [20] 

2.3.2 Mutual Inductance of Parallel Conductors 

The most-often-encountered situations of parallel conductors are shown in Fig. 2.6. 

Fig. 2.6(a) shows two cylindrical conductors of length li ajid I2, separated by a per

pendicular distajice s, and a coupled length of 6. Assuming filamentaxy currents (i.e. 

20%. 

L  

+ 3  u  In [u-i (u-2 + 1)-'/'] - [uV3 + „-2/3]3/^| (2 -29) 
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(a) (b) 

Figure 2.6: Two parallel cylindrical conductors with unequal length, 

neglecting the cross-sectional dimensions of the conductors), the mutual inductance 

LI2 between the two conductors is [19]: 

Li2 — 
iir 

asinh ' ^ — ^sinh ^ j — 7sinh ' j +^sinh ' 

— \/a^+s'^ + \J-f- — s/S"^ s"^ (2.30) 

where 

OL — L\ I2 — ^ 

0  =  h - 6  

7 = I2- 6 

(2.31) 

When the parallel conductors have the same length and S covers all their lengths 

(i.e. li = I2 = S = I as shown in Fig. 2.6(b) ), using a definition for sinh~^(x), 

sinh ^(x) = In -f v/x^TT) 

equation (2.30) can be simplified to: 

r - i^i 
- 2T 

5 -s 
1 + 72 + 7 (2.32) 
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Figure 2.7: Two parallel filaments with unequal length. 

Fig. 2.7 shows special cases often encountered for parallel conductors. Fig. 2.7(a) 

is the same as Fig. 2.6(a). Fig. 2.7(b) shows a situation similar to that of Fig. 2.6(a), 

except that S is not the coupled length, rather it is the void length between the 

two conductors. For the situation in Fig. 2.7(b), the equations (2.30) and (2.31) are 

still valid with the value of 6 being negative. Alternatively one may use these new 

definitions with 6 positive: 

Q + ̂ 2 + 

0 = k + S (2.33) 

7 = I2 + 6 

along with equation (2.30). 
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Equation (2.30) can be simplified for some special situations. Those special situa

tions are shown in Fig. 2.7(c) and Fig. 2.7(d), namely, when there is no perpendicular 

distance between the conductors (s = 0). When 3 = 0, equation (2.30) simplifies to: 

Ln = ^ [a In (a) - /3 In (^) - 7 In (7) + <5 In { 6 ) ]  (2.34) 
47r 

Further, when the two conductors are attached, as shown in Fig. 2.7(d), we have 

/^o 
^12 = 7- (2.35) 

, y V '2 , 

2.4 Coefficients of Potential 

The coefficients of potential are given by 

Pii = 7^ /, (2.36) 
iireaj Js'^ |r — r | 

Two particular situations are of great interests. These are 

• the potential coefficients between cells that are in the same orientation (parallel) 

and 

• the potential coeflBcients between cells that are perpendicular to each other. 

The closed form formulas of those coefficients of potential are given in the following 

subsections. 
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Figure 2.8: Cells oriented in the same direction. 

2.4.1 Parallel Cells 

For the relative positions of the cells shown in Fig. 2.8, the coefficient p,j is given 

through [11] 

4 4 
m+n — c 

fafbSaSb ^ 
-i (6; - 2c^ + ai) RT - b„ca„ tan-

^—Ojn ln(am + Rt) + ln(6„ + Rt) 

_1 ( bnOr, 

where 

Rt = \/al^ + bl + c^ 

and 

ai 

0.2 

fa Sa 

9 9 

/a Sa 
%•+ C) 9 

(2.37) 
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C 

Figure 2.9: Cells oriented perpendicular to each other. 

fa , 
0.3 = Oti + ^ + y 

fa .  
04 - Uij - — + — 

and 

b x  = b i j - j - -

A k J. 02 - Oij + — - — 

A - A J- J-03 - Oij + — + — 

A - A A , 04 - Oij - — + — 



45 

2.4.2 Perpendicular Cells 

For the relative positions of the cells shown in Fig. 2.9, the coefficient p,j is given 

through [11] 

4 2 2 

= TTTi: ̂  ̂  JaJc^a^b m=l n=l q=l 

where 

and 

and 

^ - | ' ) c , ln (6„  +  i?T)  

+ ( ^ - ^ ] F >n ln(c, + RT )  +  a^BR^c, ln(a„, + RT) - ̂ RT fy 6 / r ^ 

1 / ̂ i?Qm N 
KhnRrJ 

-^Un-' (^ -^ l -^ tan  
6 

f  bjiQ 
~— tan ' 

CqRr J 

Rt = + c; 

fa 

T ~ T 

/a •So 
02 — a.'i + — -

fa , 
as - a.j + — + — 

/a , Sa 
o-A = A,_, - — + — , 

+ ̂  

b2 = 

Cl — Cij + 
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2.4.3 Self Potential Coefficients 

Equation (2.37) can be used to calculate self potential coefficients by taking /„ = 

Sa, fb = Sb, and setting all Uij, all 6,y, and c equal to zero. However, the following 

expression is easier: 

2.5 Discretization Issues 

2.5.1 Skin Effect 

Inside a good conductor at high frequencies, conduction current concentrates just 

under the conductor surface. Thus, only a small amount of current flows deep inside 

the conductor. This phenomenon is called the skin effect. The skin depth, 6, is the 

depth of the conductor where the amplitude of electric field decays to 1/e of its value 

at the surface (see appendix A), and it is defined as: 

where ut is the radial frequency, y. is the permeability, and cr is the conductance. 

For instcince, copper {cr = 5.88 x 10^ Siemen — m) has a skin depth of 212.9 /im at 

100 kHz and a skin depth of 2.129 fim at 1 GHz. A copper conductor trace with 

4irepij = +3fafbsmh ' 

(2.39) 

(2.40) 
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cross-section of 10 ^lm by 10 pLvn carries a very uniform current at 100 kHz. However, 

at 1 GHz most of the current flows closer to the surface of the trace. The non-uniform 

flow of the current has to be considered for the discretization of filaments that make 

up equations (2.10) and (2.21). 

As mentioned before, within each filament of equations (2.10) and (2.23), the 

current density is assumed to be constant. For this reason, the cross-sectional di

mensions of the filaments are chosen appropriately to capture the skin effect (see 

Fig. 2.1(b)). Non-uniform grids are generated depending on the frequency at which 

the solution is sought. In particular, the periphery of the conductor, where current 

tends to accumulate at higher frequencies, is discretized using a finer grid compared 

to the grid in the interior of the conductor. The non-uniform grids are much more 

efficient and accurate in capturing the skin effect compared to uniform ones. 

2.5.2 Planes 

Rectangular planes, either solid or meshed, containing any number of rectangular 

holes are discretized using the methodology suggested in [20]. Fig. 2.10 shows the 

discretization of a plane into tiles. Every tile becomes a path for current in the x-

and y-directions. 

A plane can be connected to power, ground or just be left floating. Currents in

duced in a floating plane are eddy currents, and their impact on inductance reduction 

is not as strong as that of return currents flowing in power or ground planes. Some 
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Figure 2.10: Plane discretization 

of tiie numerical experiments presented later will illustrate the current distributions 

in floating conductors and examine their impact on switching noise reduction. 

2.5.3 Geometric Mean Distance 

Closed form formulas for the calculation of self-inductance and mutual inductance 

discussed in section 2.3 are of practical importance in microelectronic package ap

plications. Years of research and studies have been devoted to the compilation of 

formulas for self and mutual inductances of filaments with negligible cross-sectional 

dimensions [19]. However, as a result of the aforementioned discretization scheme, 

the cross-sectional shape of the filaments are rectangular with a wide variation in 

sizes and orientations. In most cases, filaments such as the ones which result from 

discretizing power or ground planes have width and thickness that are comparable 

to the center-to-center distance between them. Efforts to maJce width and thickness 

very small compared to the center-to-center distajices result in models that are very 

costly in terms of computer memory and CPU time and are in some Ccises impossible 

to analyze numerically. 
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One way to avoid having small cross-section is by using the concept of the Geomet

ric Mean Distance (GMD) [24]. GMD is essentially used to facilitate the modeling 

of the conductors as equivalent filaments with a proper spacing, so that the basic 

formulas for straight filaments [19] can be used directly for conductors with any 

cross-sections. This is very useful in that some interconnections, such as pins, vias, 

and solder bumps, are better discretized into another cross-sectional type. 

The GMD formula for two parallel rectangles is [24] (see Fig. 2.11 for variables 

definitions): 

abed In GMD = 

- j { (p+v  

- j{ (p  +  c ) '  

(P + t + cf /?' 
— Wn [ { p  +  b  +  c f  +  i 3 ^  

0 ' -
[P + bf 

- In [(p-h 6)2 + /3^ 

il' 
6 

2 iP + C)' 

+7 P 

1 

^ 6 

2 

- J  j (P  +  6- fc )2  

+  ̂ | (P  +  6)2  

|(P + c)^ 

- [(p + c)* + ̂ ' 

- y} In [p^ + H"] 

2  { p  +  b  +  c ) ^ ]  a " * ! ,  r .  ,  > 2  2  
oc ^> In [(p -I- 6 -t- c) -\-a 

- [(p + 6)^ + 

- y} In [(p + c)2 

2 (P + 6) 
a — 

6 

(P + c)' 

^2 P 
" "6 

i21 
- In + a' 

+£,p + |, + ,)3tan-' 

+Y(P + b + c) tan"^ /p+|_+c 

-^(P + 6)^tan ^ 



50 

-^ (p  +  c r  t an - '  -  ̂(p  +  c)  t an - '  

+1"''^""' (I) 

-|(p + 6 + .)nan-' (^:;^) 

,  >  - 1  /p + ^ + c'\ 
-y(p + ̂  + c)tan ( ^ j 

+|(p + if tan-' + ^(p + 6) tan-' 

+|(p + cf tan-' (^) +y{P + <^)(^) 

-1"''='""' (?) - (a) 

g " ̂  [{p + 6 + c)^ - (p + 6)^ - (P + c)^ + 

— ^abcd ('--41) 

The calculation of the formula over and over again is very tedious and time con

suming. Fortunately there is a way to calculate a GMD from previously available 

and calculated GMD values. The general relation among GMDs is 

ioefi= = (2.42) 
2-t=i 

where Ri is the GMD to the i*'' area A,-, and Rc is the compounded GMD to all the 

n areas (see Fig. 2.12). 

This general relation is very valuable, especially if some calculated GMD values 

can be stored in memory. For instance, referring to Fig. 2.13, if GMDs between 

symmetrical structures in Fig. 2.13(a) and symmetrical structures in Fig. 2.13(b) 

have been calculated, the GMD between imaligned structures in Fig. 2.13(c) can be 
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Figure 2.11: Variable definitions of GMD formula. 

/  R .  

Figure 2.12: General relation of Geometrical Meaji Distance (GMD) 
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Figure 2.13: Using GMD general relation: A particular application 

calculated using the formula in equation (2.41): 

^aide ' Rside ^amatl ' io§ Ramall "I" ^aide ' ^aide 

^aide "i" ^amall "h ^aide 
2 • ^aide log Rjide "t" ^amall log Ramali 

Abig 

^big • ^big ^amall ' Ramali 
2 • Aside 

The unknown Raide is calculated more efficiently using the previously calculated R,maii 

and Rhig than using the more complicated and tedious GMD formula. 

As a final comment on the geometrical mean distcince, GMD is only important 

for conductors that are in very close proximity. As the distance between any two 

conductors gets larger, their GMD approaches their center-to-center distance. 

log Rbig = 

log Rbig = 

log Rside ~ 
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2.6 Circuit Analysis 

The PEEC technique produces passive circuit elements from the discretization 

of the package structures. Circuit analysis is needed to analyze how current and 

voltage behave in the resulting circuit network. Section 2.1.1 has shown that the 

PEEC technique approximates the equation 

By inspection of the terms in the above equation (done in section 2.1.1), it was 

concluded that the equivalent circuit solution defined over the z"* IVC is composed 

of a resistor in series with an inductor, and capacitors of two CSCs on both ends. 

So, the equivalent circuit for the entire system can be constructed entirely in terms 

of circuit elements for inductors, resistors, and capacitors. 

Equation (2.43) is a system of B  equations with B  +  N  unknowns. The case 

B — 2 and N = 3, results in the equivalent circuit shown in Fig. 2.3. In simple 

cases of microelectronic package problems, B and N are in the order of hundreds 

or thousands. Numerical analysis for large circuit networks is effected using either 

nodal analysis and mesh aneilysis. Each analysis has advantages and disadvantages 

from each other. The main consideration is the number of unknowns involved in the 

equations. 

E ( f )  + j u ) A { f )  +  = 0 

with 

(2.43) 



54 

Fig. 2.4 shows the RL and the RLC networks of the PEEC circuits. The RL-PEEC 

circuits have resistances and inductances in series. Each of the series inductance and 

resistance connects to other inductances and resistances either in series or in parallel 

to make some loops or meshes. This nature makes the number of meshes in RL-

PEEC circuits smaller than the number of nodes in many cases. For this reason, 

mesh analysis is better suited for RL-PEEC circuits. 

Unlike the RL-PEEC circuits, nodal analysis is better suited for RLC-PEEC cir

cuits. The reason for this is the presence of the capacitances and the associated 

capacitive coupling between nodes. This nature makes the RLC-PEEC circuit net

works have a larger number of meshes than nodes. Application of nodal analysis, in 

general, will result in smaller number of unknowns for the RLC-PEEC circuits. 

The following subsections explain the equations involved in each analysis. We 

begin first with the nodal analysis equations, then the mesh analysis equations. 

2.6.1 Nodal Analysis Equations 

Fig. 2.3 shows an equivalent circuit of a conductor discretized into two IVCs 

ajid three CSCs. The figure is reproduced in Fig. 2.14 with the addition of two 

independent voltage sources. For clarity of the discussion, the mutual elements will 

be assumed to be zero. 
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s2 

Figure 2.14: An RLC network from two IVCs ajid three CSCs. 

Applying KCL to all the nodes in Fig. 2.14: 

Node ui : -iji + G'l • (ui — y^/i) + sCi • uj = 0 

Node Uj/i : Gi • (y^/i - ui) + z'l = 0 

Node V2 : —ii H" G2 • (^^2 — • ^2 ~ 0 

Node Vgi2 : C?2 • {Vgi2 - ̂2) + ^"2 = 0 

Node 1^3 : —22 — 5C3 • V3 + 1,2 = 0 

where 6',- = 1/i?,. 

There are some problems that must be resolved before we can express the above 

equations into a matrix equation, such as: 

[V-] • [V] = [/] (2.45) 

The conductances of the voltage sources are infinite and their currents are not known. 

Likewise, the inductances will have admittances approaching infinity at low frequen

cies. These problems led to the development of the Modified Nodal Analysis (MNA). 

In MNA, the problems are solved by bringing Branch Constitutive Equations (BCEs) 

into the picture. The BCEs for a voltage source and for an inductance are 

^n+ ^n— — 
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U„+ -  Vn- = sL  •  i l  

respectively, where i;„+ is the voltage at the positive node, and the u„_ is the voltage 

at the negative node. Current flows from the positive node (n"^) to the negative node 

(n"). Applying BCEs to the circuit in Fig. 2.14: 

= l/,! 

Va2 '• V3 = V32 

(2.46) 

^11 :  V g i i  - V 2 -  sLu  - i i  = 0 

•^11 • ^gl2 ~ ~ •SZr22 ' ̂ 2 = 0 

Combining equations (2.44) and (2.46) into a matrix equation, 

Gi + sCii 0 0 -Gi 0 0 0 1 0 0 

0 Gn ^^22 0 0 — GT -1 0 0 0 V2 0 

0 0 SC33 0 0 0 -1 0 1 V3 0 

-Gi 0 0 Gi 0 1 0 0 0 Vgll 0 

0 —Gn 0 0 Gn 0 I 0 0 = 0 

0 1 0 -1 0 sLii 0 0 0 h 0 

0 0 1 0 -1 0 sLn2 0 0 h 0 

1 0 0 0 0 0 0 0 0 is I v,! 

0 0 1 0 0 0 0 0 0 is 2 Vs2 

The Ri and La components are always in series. This is due to the fact that 

they are circuit elements of the IVCs. Each IVC results in one resistance and one 

inductajice. Instead of treating the Ri and La as two separate components, they can 
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be treated as one single impedance component eliminating the Vgu nodes in between. 

This way the number of unknown variables can be reduced. 

Combining the resistance and the inductance of each IVC cell into one single 

circuit element, and modifying the BCEs gives 

^n+ ~ ^source 

Un+ ^n— — "I" 

Nodes Vgii and Vgi2 are eliminated from equations (2.44), and equations (2.46) become: 

= V;i 

V32 : V3 = Vt,2 

L i i  :  V g i i  —  V 2  —  { R i  +  s L u )  •  i i  =  0  

^11 : Vgl2 — V3 — {R2 + SL22) ' 2 2  =  0  

The matrix equation obtained is 

•sCu 0 0 1 0 1 0 0 

0 SC22 0 -1 1 0 0 V 2  0 

0 0 •SC33 0 -1 0 1 V3 0 

-1 1 0 Ri + sLii 0 0 0 i i  
= 

0 

0 -1 1 0 R2 + SL22 0 0 h 0 

1 0 0 0 0 0 0 i i i  

0 0 1 0 0 0 0 is2 

• — 1 1 

(2.48) 

(2.49) 
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Note that we have reduced the number of unknowns for each of the IVC cells by 

one, thus reducing the dimension of the matrix to be solved by two in this particular 

example. There is no reduction of the unknowns for each of the CSC cells. 

Similar derivation taking the mutual elements into account results in the following 

matrix equation: 

1 0 

0 0 

0 1 

0 0 u = 0 (2-50) 

0 0 

1 0 0 0 0 0 0 

0 0 1 0 0 0 0 

The derivation for the matrix equation gets very complicated as the circuit network 

gets bigger. Fortunately, circuit stamps can be created for all the circuit elements. 

Circuit stamps are set of values to put in certain columns and certain rows of the 

circuit matrix every time a certain circuit element exists. Appendix B shows the 

circuit stamps for the circuit elements involved and needed in the PEEC technique. 

•sCii sCi2 sCi3 1 0 

•sC'21 SC22 SC23 -1 1 

•sCai sCz2 SC33 0 -1 

-1 1 0 Ri + sLii SL\2 

0 -1 1 SL21 R2 sL 

0 

V2 0 

vz 0 

i\ 
= 

0 

12 0 

^3\ 

1
 

•} 

i 1 •
 

2.6.2 Mesh Analysis Equations 

The same conductor that was discretized into two IVCs and three CSCs and 

resulted in the equivalent circuit in Fig. 2.3 will give the equivalent circuit of Fig. 2.15 

using the magneto-quasistatic assimiption. In the magneto-quasistatic assumption 



59 

UIX Ul̂  
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Figure 2.15: An RL network from two filaments. 

no displacement currents are present. This assumption results in an equivalent PEEC 

circuit that heis no capacitance elements. A lack of capacitance elements eliminates 

many circuit loops from the PEEC circuit. Fig. 2.3 has three meshes. Application of 

the magneto-quasistatic assumption clearly gives an equivalent circuit with only one 

mesh. Applying KVL to the mesh, we obtain 

^1 — Vi2 = Rl • 2m + -sLii • irn + sLi2 ' + ̂ 2 '  im + •sZ/22 " '  'm 

In the above derivation, it has been assumed that L12 = L21. Their values are positive 

when the current directions inside the coupled inductances are within 90 degrees and 

negative when the current directions are between 90 and 180 degrees. 

In the general case with many meshes, equation (2.51) can be written in matrix 

form as 

This is the system to be solved. Mesh currents are the only unknowns in the magneto-

quasistatic system. 

— [(-^1 + R-i) + ̂ {^11 + 2 • L21 + 1-22)] • im (2.51) 

[Z„| • |/„1 = [Kl (2.52) 
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Matrix [Zm] is a matrix whose elements are calculated based on the discretization 

scheme applied to the conductors. However, unlike nodal analysis where circuit 

stamps can be used directly, the similar application in mesh analysis is less straight 

forward. The elements of the matrices of equation (2.52) can be found using the 

following rules [26]: 

• Vi is the summation of all the voltage sources in the z"' mesh. 

• Ij is the current of the i''' mesh (one of the unknown variables). 

• Zii is the summation of the values of all the impedances which are located in 

the i"* mesh. 

•  Zi j  (z 7^ j )  is the negative of the sum of the values of any impedances which 

are common to the and the j"' meshes. 

The matrix [Z^] can be built by using the above inspection rules or by using the 

following way. From KVL the branch voltages [Vb] are related to the source voltages 

[V5] through the mesh matrix [M], 

Matrix [ M ]  is also known as the incidence matrix. It has O's and I's which depend 

s t r i c t l y  o n l y  o n  h o w  t h e  b r a j i c h e s  m a J c e  u p  t h e  c i r c u i t  m e s h e s .  T h e  s a m e  m a t r i x  [ M ]  

relates the mesh currents to the branch currents: 

[M] • [H] = [v;] (2.53) 

m • [im] = [A] (2.54) 
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where the superscript t  indicates the transpose of the matrix. Using (2.53), (2.54) 

and using the relation [Z| • [/a] = [H]) 

[M] • [Z].  [MY • [Irn] = [K] (2.55) 

Comparing equation (2.51) to equation (2.54), 

[Z^] = [M] • [Z] • [MY (2.56) 

[Zm] can be realized from [M] and [Z]. Matrix [Z] relates branch currents to branch 

voltages. Hence, it can be realized using the circuit stamps used for the nodal analysis. 

Then, using equation (2.56) matrix [Zm] can be constructed. 

2.7 Reduced Form Solution Matrix 

Not all the voltages of the CSC cells and not all the currents of the IVC cells 

are of interest. Most of the time only the values of the currents and voltages on 

the terminal ports are of interest. This is especially true for microelectronic package 

characterizations. The relation between the currents and the voltages at the terminal 

ports is 

[K-ort] = [Zr] • [Iport] (2.57) 

where [Zr] is the reduced form impedance matrix. Application of a voltage source on 

z"' port and ground all others causes currents to flow in or out of every port. The 

ratio between Vi and /,• is Z,-,-, and the ratio between VJ and Ij is Z,j. Using this 
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setup, one can solve for the i"' column of the [Zr] matrix. Application of the voltage 

source to all the ports, each time with grounding all the other ports, gives enough 

information to solve for all of the the [Zr] matrix elements. 

For a PEEC circuit network with m number of meshes and p  number of ports, 

the aforementioned voltage application setup can be utilized to reduce the gigantic 

m by  m [Zm]  ma t r ix  to  p  by  p  [Zr ]  ma t r ix .  App ly ing  the  vo l t age  app l i ca t ion  se tup  p  

number of times, and each time choosing appropriate elements of [7^], gives a p by 

P [/port]. Solving for [Zr], 

= Uportj-' • [Kort] (2.5S) 

Note that magnitude-wise [ Z r ]  = [ I p o r t ] ~ ^  if [ ^ p o r t ]  is an identity matrix. [V^ort] can be 

made as an identity matrix by using a 1-Volt voltage source in the above application 

technique. 

A similar technique can be used to solve for the reduced admittance matrix [VJ-]. 

The following summarizes the procedures to solve for the reduced impedance matrix 

[Zr] and the reduced admittance matrix [Fr]-

A. The procedure to solve for the reduced impedance matrix [ Z r ] :  

• Connect a voltage source of 1 Volt to the i"' port and short circuit all other 

ports. 

• Solve for the currents Ivs- These currents comprise the i"' column of the inverse 

of the impedance matrix, Zr. 
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• [Zr] = [Rr]-VMLr] 

B. The procedure to solve for the reduced admittance matrix [Vr]: 

• Connect a current source of 1 Ampere to the 2"' port and open circuit all other 

ports. 

• Solve for nodal voltages 

• Select only the nodal voltages at each port. These voltages comprise the i"' 

column of the inverse of the admittance matrix, VJ.. 

• [ Y r ] ^ [ G r ] + M C r ]  

The use of the reduced [ Z r ]  or [K] matrix instead of their original gigantic PEEC 

matrix in SPICE simulations is definitely preferable in terms of computation time. 
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CHAPTER 3 

MAGNETO-QUASISTATIC EXTRACTION TOOL 

3.1 UAEPIC 

The magneto-quasistatic assumption discussed in Chapter 2 was utilized for the 

development of the University of Arizona Effective Package Inductance Calculator 

(UAEPIC). The magneto-quasistatic assumption gives only inductance and resistance 

parasitics, hence the name "Inductance Calculator". It neglects any displacement 

current effects. 

UAEPIC is intended to be used as a 3D frequency-dependent inductance extrac

tor, for modeling electronic packaging structures containing multiple solid/meshed 

planes, pins, vias and traces eis shown in Fig. 3.1. The mathematical formulation 

is such that proximity effects and the frequency dependence of the current distri

butions in the conducting parts of the package are taken into account. Thus, with 

displacement currents assumed negligible, the solver generates an equivalent resis

tance/inductance (R/L) circuit with frequency-dependent elements which capture 

the frequency dependence of the current flow through the package. An interface to a 
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PWRl 

Floating Metal 
(Heat Sink) GNDl 

Traces 
Ground Plane 

Signal Layer 

External Ports: PINl, PWRl, GNDl, PI, P2, P3 

Figure 3.1: A generic example of a single chip carrier. 

circuit solver (SPICE) has been developed so that the generated model can be used 

as a subcircuit for signal integrity simulations. 

Starting from a geometrical and material parameter description of the package, a 

reduced impedance matrix representation (Zr) and then a SPICE subcircuit model 

are generated. The outside connections of the package Hke the pins (PINl, PWRl, 

GNDl) and some traces that connect to the wirebonds (Pi, P2, P3) eventually 

become the nodes of the SPICE subcircuit as shown in Fig. 3.2. UAEPIC can also 

produce vector axid magnitude plots of currents in the planes of the given package. 
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Pwrl 

Gndl 

n Pwrl 

Gndl 

U 

V2.—^ 

Package 
'5 

n 

Pwrl 

Gndl 0 KJ 

Pinl ^0 
Zr 

h 
0 

I 
V = Z,. I 

1 
SPICE INPUT FILE (Circuit model for the package) 

.SUBCKT packagel Pwr1 GND1 Pin1 P1 P2 P3 
R1 PI 0 1.23 
L1 PI 0 0.45 nH 

.ENDS 

Figure 3.2: The impedance matrix and SPICE model for the package in Fig. 3.1 
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3.2 Validation Studies 

Several structures were simulated using UAEPIC. For validation purposes, results 

from some of the simulations were compared to those obtained using a commercially 

available inductance extractor which was based on the Partial Element Equivalent 

Circuit (PEEC) method. The structures modeled were also built and impedance 

measurements were obtained using the HP4291A Impedance Analyzer. The following 

five structures were simulated and measured among others: 

• Case 1: Two 2-by-2-cm ground planes connected by a single via. 

• Case 2: Two 1-by-l-cm ground planes connected by a single via. 

• Case 3: Two 1-by-l-cm ground planes connected by two vias. 

• Case 4: Two 1-by-l-cm ground planes connected by three vias. 

• Case 5: Two 1.414-cm long traces on top of each other connected by a via. 

For an illustration, Fig. 3.3 shows the Printed Circuit Board (PCB) structure of 

Case 4 showing the three vias as well as the probe necessary for the measurements. 

The results from the measurements and the simulations are shown in Table 3.1. 

Inductance values shown in the table are the loop inductances measured or calculated 

at the probes. Each probe has two terminals. One terminal attaches to the top 

plane or trace, and the other terminal attaches to a via coming up from the bottom 

plane or trace. In general, the results obtained from UAEPIC were closer to the 
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Probe 

Planes 

Vias 

Figure 3.3: Printed Circuit Board 

measured values compared to the results obtained from the commercially available 

tool. It should also be mentioned that the CPU run times for UAEPIC were lower 

compared to those for the commercially available tool (see Table 3.2). UAEPIC and 

the commercial tool do not use exactly the same parameters to set solution accuracy. 

Efforts were done to make simulation parameters for both tools comparable. It was 

possible to have a similar plane discretization. However, discretization schemes for 

vias and traces are very different. For instance, UAEPIC considers the extraction 

frequency to maJce an intelligent decision on how to discretize traces. The commercial 

tool gives its user an option for the trace discretization level. Table 3.2 data applies 

when the commercial tool was used at its highest accuracy. 

3.3 Case Studies 

UAEPIC was used to simulate and investigate some package structures. In the fol

lowing subsections, certain structures such as a simple floating plane with traces and 

a Flex Tape Ball Grid Array (FTBGA) structure, are discussed. In each subsection 
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HP4291A^ Comm. Tool % Error UAEPIC % Error 

Case 1 1.74 nH 2.25 nH 24.28 1.91 nH 9.84 
Case 2 1.15 nH 1.32 nH 10.64 1.24 nH 7.05 
Case 3 0.82 nH 0.95 nH 10.41 0.88 nH 7.42 
Case 4 0.69 nH 0.81 nH 10.69 0.74 nH 7.56 
Case 5 3.09 nH 3.19 nH 3.02 3.03 nH 2.08 

Table 3.1: Inductance measurements at 0.1 GHz, and results from UAEPIC and from 
a commercially available tool. 

Comm. Tool UAEPIC 

Case 1 9443 sec. 4.0 sec 
Case 2 9504 sec. Isec 
Case 3 5094 sec. Isec 
Case 4 5590 sec. •"C Isec 

Table 3.2: CPU time at 1 MHz. 
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a floating plane 

Figure 3.4: Top view of the 2 geometries under consideration 

the emphasis is on the interesting results and their significance. An "unexpected" 

error in neglecting skin effect is discussed in the leist subsection. 

3.3.1 Single Trace and Trace Loop Over a Floating Plane 

In this subsection, the current distribution on a floating plane due to a trace close 

by was studied. The two cases shown in Fig. 3.4 were considered. The traces are 

100 fim wide, 50 fim thick aJid the distance to ground is 100 fim. The space between 

the traces of the "loop" trace is aJso 100 /zm. The length of the traces is 0.1 cm, 

while the plane is a 0.2 by 0.2 cm square plane with a thickness of 50 /zm. The metal 

was assumed to be copper. 

Table 3.3 compares the partial self-inductance for three cases: the trace by itself 

(no plane present), the trace with the floating plane present and the trace"loop" 

with the floating plane present. The frequency was varied from DC up to iGHz. 
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Inductance nH) 
frequency Trace Trace + plane Loop + plane 

1 kHz 0.624 0.624 0.718 
1 MHz 0.624 0.559 0.669 
16 MHz 0.614 0.534 0.618 
64 MHz 0.597 0.517 0.577 

250 MHz 0.586 0.507 0.553 
500 MHz 0.583 0.504 0.545 

1 GHz 0.581 0.501 0.540 

Table 3.3: Inductance for the trace, trace with floating ground and loop trace with 
floating ground configurations 

Note that the skin effect is well developed for frequencies greater than about 50 MHz 

for the dimensions and the material of the structures we are considering. Table 3.4 

compares the resistance for the same three configurations. Indeed, it is observed that 

for frequencies over 50 MHz, the resistance increases roughly proportional to the \/J 

which indicates that the skin effect is already well developed at that frequency. 

Notice that the partial inductance of the trace in the presence of the floating plane 

decreases faster with frequency compared to the trace with no floating plane present, 

even though the return path for the trace current is not the floating plane. Notice 

also that the difference between the inductance for the second and third cases of Ta

ble 3.3 is higher at DC and decreases as the frequency is increased. The reason is that 

the total inductance for the "loop" trace is the sum of the partial self inductances 

of each section of the trace plus the partial mutual inductances (which are negative 
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Resistance (mf2) 
frequency Trace Trace + plane Loop -f plane 

1 kHz 3.4 3.4 7.48 
1 MHz 3.4 3.6 7.65 

16 MHz 4.9 5.1 11.44 
64 MHz 9.0 9.2 21.12 

250 MHz 16.9 17.1 39.84 
500 MHz 23.7 23.9 55.81 

1 GHz 33.11 33.4 78.21 

Table 3.4: Resistance for the trace, trace with floating ground and loop trace with 
floating ground configurations 

in this case, since the currents are opposite in each section of the "loop"). The par

tial self inductances decrease with frequency due to skin effect. The partial mutual 

inductances increase due to stronger coupling. Since the partial self inductance de

creases and the partial mutual inductance increases (in absolute value) the difference 

between the total inductance for ca^es 2 and 3 decreases as frequency increases. 

The current flow in the floating plane is illustrated in Fig. 3.5. At low frequencies 

the current uniformly spreads over the entire plane, while at higher frequencies it 

concentrates more under the trace [27]. The direction of the current induced on the 

floating plane in the region under the trace is opposite to the current flowing on the 

trace. However, since this plane is floating, the current has no path to escape, so 

eddy currents are formed. This is also indicated by the two vortices generated on 

either side of the trace. It is interesting to note that at high frequencies these vortices 

come closer together and to the region under the trace. The vortices come closer as 
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Figure 3.5: Current distribution on the floating plane. Top left: trace at 1 kHz. Top 
right: loop trace at 1 kHz. Bottom left: trace at 500 MHz. Bottom right: loop trace 

at 500 MHz 
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Figure 3.6: Cross-section of the FTBGA structure 

eddy currents try to find and follow the path of least inductance, which is under the 

trace. 

3.3.2 FTBGA Example With and Without a Heat Spreader 

In this subsection, the effects of a floating plane on the inductance, current dis

tribution, and the simultaneous switching noise for a realistic packaging structure 

are investigated. The structures chosen are part of a Flex Tape Ball Grid Array 

(FTBGA) with and without a heat spreader (copper slug) [30]. The cross-section 

and top view of the structure are shown in Fig. 3.6 and Fig. 3.7 respectively, along 

with the relevant dimensions. Trace 1 is connected to a ground plane in the mother 

board. Traces 2-6 are terminated at the ball grids. 

The FTBGA structures were simulated at several frequencies ranging from 10 Hz 

up to 1 GHz. Fig. 3.8 and Fig. 3.9 show the variation of the self-inductance of 

Trace 1 with frequency and the mutucil inductance between Trace 1 and Trace .5 with 
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Figure 3.7: Top view of tlie FTBGA structure 

frequency. Just like in the previous subsection the figures show that the floating 

plane (heat spreader) reduces the self and mutual inductances. 

Fig. 3.10 shows the current flow on the heat spreader at both low and high fre

quency. Once more, we notice that the current on the heat spreader is opposite in 

direction to the current on the traces, and that at high frequency, the bulk of the 

current concentrates in the region directly underneath the traces. The eddy current 

phenomena is apparent. 

3.3.3 Skin Effect 

In this subsection, as tin example, we use the one-metal-tape TBGA structure 

shown in Fig. 3.11. Some of the important dimensions of the TBGA are shown 
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Figure 3.8: Self inductance Ln with and without the heat spreader(slug) 
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Figure 3.9: Mutual inductance Lis with and without the heat spreaderfslug) 
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Figure 3.10; Current vector plots on the floating heat spreader. Top; at 10 Hz. 
Bottom; at 100 MHz 
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Figure 3.11: One-metal-tape TBGA crossection and illustration of the simulation 
structure 

in Table 3.5. The TBGA structure in Fig. 3.11 was modeled using UAEPIC [15]. 

The skin effect in UAEPIC is incorporated by carefully selecting the size of filament 

discretization of conductors. 

For the TBGA structure in Fig. 3.11, when the heat spreader is floating we con

sidered one ground trace for every 4 signal traces. All traces are 1.5 cm long. The 

thickness of the heat spreader is 750 fim and the vertical distance to the traces (thick

ness of the tape) is varied (150, 100, 50, and 25 /im). UAEPIC allows us to extract 
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Heat Spreader Thickness 750 /im 
Traces Thickness 

Width 
Spacing 

50 fim 
50 ^m 
50 fim 

Tape Thickness 150, 100, 50, 
and 25 

Table 3.5: Some important dimensions of the One-metal-tape TBGA crossection. 

frequency dependent effective self and mutual inductances of the traces in the pres

ence of the heat spreader. The induced current behavior in the heat spreader when 

one of the trace is active is investigated also. The results are compared to ones from 

another PEEC tool [31] that neglected skin effect. 

Fig. 3.12 and Fig. 3.13 show some of the partial self and mutual inductances of 

the traces when the heat spreader is floating. Fig. 3.12 and Fig. 3.13 show L12 and 

Z,2i as the thickness of the tape is varied. Trace #1 is the ground trace and Trace #2 

is a signal trace directly to the right of Trace ^1 (see Fig. 3.11). We can see that 

the effect of the floating heat spreader at high frequency is very strong, especially 

when it is very close to the trace. With the vertical distance of 25 /zm, the self 

inductance goes down by 34.11% at 1 GHz from its DC value. As a comparison, the 

£-22 with no spreader only goes down by 6.86%. This decrease is due to the reduction 

of internal inductance, as frequency increases. At high frequency skin effect 

occurs. Current flows essentially close to the surface and Li„t decreases to very small 

values. 
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Figure 3.12: Self inductance [L22) of TBGA structures with the heat spreader float
ing. 
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Figure 3.13: Mutual inductajice (Xji) of TBGA structures with the heat spreader 
floating. 
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The effect of the floating heat spreader caji be captured by Lijjp in 

Lij = L'ij — Lijjp (3.1) 

where L i j  is the effective partial inductance between traces i  and j, L \ -  is the partial 

inductance between traces i axid j when the heat spreader is at oo, and Lijjp is the 

contribution of floating heat spreader on L,j {i = j for self inductance). L,j,/p is a 

function of frequency, conductivity, heat spreader dimensions, heat spreader distance 

to the traces, and conductor structures surrounding the heat spreader. The heat 

spreader of Fig. 3.11 has dimensions larger than the traces. Thus skin effect starts 

to develop in the heat spreader at lower frequency compared to the traces. The 

combination of the two gives the humps on the curves of Fig. 3.12. 

As mentioned before, the Z,„t(Z)C) of the traces is less than 7% of the total partial 

self inductajice value at a low frequency. At higher frequencies, after the skin depth 

fully developed, Lintif) goes to zero. Even though the reduction in the total partial 

self inductance value is less than only 7%, neglecting this reduction (due to the skin 

effect) is a big mistake as the following calculations will show. Table 3.6 shows L221 

L21, and Lxi at DC, the contribution of internal inductance Lint (calculated at DC) 

on them, and the partial inductajice with and without skin effect (w/ and w/o 6 in 

Table 3.6) taken into account for the TBGA structure with tape thickness of 25 fj.m 

and 50 fim at f = 1 GHz. For the 25 fim tape, the effective loop inductance at I GHz 

of a current flowing into Trace #2 and return in Trace ^^1 taking the skin effect into 

account is 4.232 nH. If the skin effect is neglected the effective loop inductance is 
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o
 internal L 

~ Lint 

Tape = 
w/ 6 

25 ^m 
w/o 6 

Tape = 
w/ 6 

50 fim 
w/o 6 

Z-22(nH) 
L2i{nE) 
LninE) 

18.611 
14.131 
18.611 

1.277 
0.296 
1.315 

12.262 
10.063 
12.096 

13.539 
10.359 
13.411 

13.602 
10.640 
13.550 

14.879 
10.936 
14.865 

Table 3.6: Some partial inductances of TBGA structure for tape thickness of 25 f.im 
and 50 fim. 

6.232 nH. These values correspond to impedances of 26.58 and 39.14 Q. respectively; 

a ratio of 1/1.47. Similar calculations give a ratio of 1/1.34 for the TBGA structure 

having tape thickness of 50 nm. 

Some simulations were done to prove this point. Trace #2 was excited by a one-

volt source and the return current was forced to flow in the ground trace (Trace #1), 

while the other signal traces were silent (see Fig. 3.14). For the TBGA structure 

with 25 fim tape, the current inside Trace #2 taking the skin effect into account and 

neglecting the effect are 38.79 mA and 23.18 mA respectively. A ratio of 1.67. For 

the structure with 50 /im tape, the currents are 28.82 mA and 22.05 mA respectively 

(a ratio of 1.31). These results cleaxly support the need to include the skin effect for 

high frequency simulations, even though the effect appears to be small considering 

the partial inductances individually. 

Assuming that the filaments run paxailel to the x-eixis, Fig. 3.15 and Fig. 3.16 

show the magnitude of the current inside the heat spreader at x = 500 fim. The 

heat spreader was discretized into 16 rows of 120 filaments (see Fig. 3.14). Fig. 3.15 

and Fig. 3.16 show the currents at / = 1 GHz for tape thickness of 25 and 50 /xm 
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X = 500 m 

Figure 3.14: Simulation set up. 

respectively, with and without taking skin effect into account. The two figures show 

the discrepancy we have been discussing. For a complete illustration, the vector plot 

of the current flow inside the heat spreader at 10 Hz and 1 GHz are shown in Fig. 3.17. 
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Figure 3.15: Fileiment current of the floating heat spreader: with tape thickness = 
25 (at 1 GHz). 
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Figure 3.16: Filaxnent current of the floating heat spreader with tape thickness = 
(at 1 GHz). 
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Figure 3.17: Current flow in the floating plane. 
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CHAPTER 4 

RLC EXTRACTION TOOL 

As shown in Chapter 3, UAEPIC is a very accurate tool. However, it does not 

account for capacitive effects. As a result, effects associated with package resonances 

and capacitive loading and coupling can not be taken into account in the signal 

integrity analysis of the packages. 

In this chapter, we include the displacement current effect that has been neglected 

in UAEPIC to have consistent RLC equivalent circuits for three-dimensional inter

connect and package structures. The resulting computer tool is called University of 

Arizona Effective Package Inductance and Capacitance Calculator (UAEPIC^) 

4.1 UAEPIC^ 

An integrated frequency-dependent RLC equivalent circuit model extractor for 

microelectronic packaging structures, called UAEPIC^, has been developed. The 

extraction methodology is based on the discretization of the frequency-dependent 

integral equation formulation discussed in Chapter 2 for the calculation of the current 

and charge distribution in complex interconnect structures. 
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The extractor is developed to capture the effect which multiple solid/meshed 

ground/power planes, pins, vias and traces have on overall package parasitics. It 

can account for floating conductors, electric shorts between any point on the pack

age, different placements of source and sink points on power/ground planes, and 

terminations by independent sources and passive elements, and provides current and 

voltage distribution plot data. The calculator takes into account proximity effects 

and the frequency dependence of the calculated inductance and capacitance values. 

UAEPIC^ [16] was developed in addition to UAEPIC [15] to establish a con

sistent RLC equivalent circuit for the package. Traditionally, the RLC extraction 

was done by using a three-dimensional electrostatic solver and a three-dimensional 

magnetoquasistatic field solver such as UAEPIC or Fasthenry [22], independently. 

However, the resulting circuit may not constitute an acceptable electrical model for 

the structure. For example, combining an inductive package equivalent circuit, cal

culated using a magnetoquasistatic simulator, with a capacitive circuit, calculated 

using a 3D electrostatic potential solver, may result in an equivalent LC circuit with 

eigen-frequencies very different from the actual resonant frequencies of the package. 

4.2 Simple Test Studies 

4.2.1 A Single Trace 

The single trace of Fig. 4.1 is simulated using UAEPIC and UAEPIC^. Its width 

is 5 mils, its thickness is 2 mils and its length is 0.5 cm. UAEPIC' simulations were 
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L = 0.5 cm 
T =2 mils 
W = 5 mils 

W 

Figure 4.1: Single trace 

performed on a DECstation 5000/133 and UAEPIC simulations were performed on 

a Sun SPARC 2 station. Simulations were done in the frequency range starting 

from 1 Hz up to 1 GHz. The results are shown in Table 4.1 and Table 4.2. Ta

ble 4.3 shows the percentage differences of resistance and inductances calculated by 

UAEPIC^ vs. UAEPIC. The CPU time can not be compared directly since the DEC

station 5000/133 is a faster system compared to Sun SPARC 2 station (about 3-4 

times faster). Also, UAEPIC^ considers more variables (to calculate capacitance) 

than UAEPIC does. Table 4.3 shows very good agreement between the two calcula

tors. The inductance values at a specific frequency are within 0.5 % of each other for 

the test frequency range. The resistance values axe within 2 % at a frequency point 

between 1 Hz to 500 MHz, and about 5 % at the highest frequency point of the test 

range. 
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Frequency 1 Hz 1 MHz 10 MHz 50 MHz 100 MHz 500 MHz 1 GHz 
R [mfi] 13.176 13.223 17.39 35.0 48.27 104.8 147.4 
L [nH] 4.536 4.536 4.485 4.39 4.359 4.318 4.308 
CPU time s 0.2 0.4 1.3 1.2 2.0 1.9 

Table 4.1: Single trace results (UAEPIC) vs. frequency, using the default discretiza
tion level. 

Frequency 1 Hz 1 MHz 10 MHz 50 MHz 100 MHz 500 MHz 1 GHz 
R [mn] 13.176 13.221 17.509 36.54 49.24 104.1 1.39.5 
L [nH] 4.536 4.534 4.484 4.393 4.361 4.340 4.337 
C[pF] 0.0657 0.0657 0.0657 0.0657 0.0657 0.0657 0.0657 
CPU time [s] 0.07 0.10 0.24 0.48 1.51 2.68 2.75 

Table 4.2: Single trace results (UAEPIC^) vs. frequency, using the default discretiza
tion level. 

Frequency 1 Hz 1 MHz 10 MHz 50 MHz 100 MHz 500 MHz 1 GHz 
R 0 -0.015 0.68 4.40 2.01 -0.668 -5.36 
L 0 -0.044 -0.022 0.068 0.046 0.509 0.673 
C N/A N/A N/A N/A N/A N/A N/A 

Table 4.3: Percentage differences of single trace results (UAEPIC vs. UAEPIC^), 
using the default discretization level. 
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L = 1 cm 
T =2mils 
W = 5 mils T 
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(a) 

T 

W W W 
(b) 

Figure 4.2: Two parallel coupled traces (a) Uneven lengths; (b) Even lengths. 

4.2.2 Two Coupled Traces 

There are two cases of two coupled traces tested in this section (see Fig. 4.2). All 

traces have widths of 5 mils and thicknesses of 2 mils. Fig. 4.2(a) is a case of uneven 

length coupled traces. One of the trace is 0.5 cm long and the other is 1 cm. This 

case is simulated using UAEPIC and UAEPIC^ from 1 Hz to iGHz. 

Fig. 4.2(b) are simulated using UAEPIC^, UA2DL [28], and UAMOM [29]. Here, 

both traces are 1 cm long. The length is very much larger than the width and 

thickness. We can expect that the ends effect is insignificajit, so that we can make 

comparison between the results of the 3D calculator (UAEPIC^) and those obtained 

from the 2D calculators (i.e. UA2DL and UAMOM). 
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Frequency 1 Hz 1 MHz 10 MHz 50 MHz 100 MHz 500 MHz 1 GHz 
Rii [mfi] 13.176 13.251 17.979 36.57 50.598 110.39 155.35 
Ri2 [mfi] 0.0 -0.006 -0.466 -1.23 -1.795 -4.292 -6.262 
R22 [mfl] 26.352 26.503 36.045 73.47 101.7 222.05 312.56 
Ui [nH] 4.536 4.535 4.467 4.366 4.332 4.289 4.279 
Li2 [nH] 3.391 3.409 3.416 3.423 3.425 3.426 3.426 
L22 [nH] 10.45 10.447 10.309 10.105 10.038 9.952 9.931 
CPU time [s] 0.4 1.0 3.2 5.4 5.4 

Table 4.4: Uneven length coupled traces results (UAEPIC) vs. frequency, using the 
default discretization level. 

Results of the first case are shown in Table 4.4 and Table 4.5. They are for 

extractions from UAEPIC and UAEPIC^ respectively. Again, the resistance and 

inductance values from the two software tools are in good agreements. 

For the second case (the even length coupled traces), the UAEPIC^ simulations 

use the SGND switch [16] for one of the traces. Such option treats the trace as a 

return current path of the current flowing on the other trace for the inductance value 

calculation, and treats the trace as a ground conductor for the capacitance value 

calculation. The frequency used is varied between 1 Hz to 1 GHz. Results of the 

simulations are shown in Table 4.6. 

UAMOM and UA2DL calculate loop inductances, while UAEPIC^ calculates par

tial inductances. To make the comparison, the partial inductances of UAEPIC^ on 

Table 4.6 have to be converted to loop inductances using: 

Lioop = Lii -t- L22 — 2 X L\2 
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Frequency 1 Hz 1 MHz 10 MHz 50 MHz 100 MHz 500 MHz 1 GHz 
Ru [mfi] 13.176 13.250 18.103 38.141 51.619 109.78 147.68 
Ri2 [mfi] 0.0 -0.006 -0.465 -1.209 -1.869 -5.587 -9.206 
R22 [nifi] 26.352 26.501 36.293 76.634 103.76 220.80 297.18 
Lii [nH] 4.536 4.533 4.466 4.369 4.335 4.311 4.308 
Li2 [nH] 3.391 3.409 3.416 3.424 3.425 3.429 3.430 
L22 [nH] 10.450 10.443 10.308 10.111 10.043 9.995 9.988 
Cii [pF] 0.115 0.115 0.115 0.115 0.115 0.115 0.115 
C12 [pF] -0.080 -0.080 -0.080 -0.080 -0.080 -0.080 -0.080 
C22 [pF] 0.169 0.169 0.169 0.169 0.169 0.169 0.169 
CPU time [s] 0.227 0.297 1.156 2.883 10.616 19.764 19.761 

Table 4.5: Uneven length coupled traces results (UAEPIC^) vs. frequency, using the 
default discretization level. 

Frequency 1 Hz 1 MHz 10 MHz 50 MHz 100 MHz 500 MHz 1 GHz 
Lii [nH] 10.450 10.441 10.272 10.062 9.990 9.938 9.930 
Li2 [nH] 6.783 6.818 6.834 6.851 6.853 6.862 6.863 
L22 [nH] 10.450 10.441 10.272 10.062 9.990 9.938 9.930 

C[pF] 0.1864 0.1864 0.1864 0.1864 0.1864 0.1864 0.1864 

Table 4.6: Coupled traces simulation results (UAEPIC^). 
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1 Hz 1 MHz 10 MHz 50 MHz 100 MHz 500 MHz I GHz 
EPIC^ [nH] 7.334 7.246 6.876 6.422 6.274 6.152 6.134 
UA2DL [^1 7.812 7.589 7.193 6.665 6.676 6.595 6.590 
% diff. 6.12% 4.52% 4.41% 3.65% 6.02% 6.72% 6.92% 

Table 4.7: Inductance values comparison of coupled traces simulations (UAEPIC^ 
vs. UA2DL), each using the default discretization level. 

Tool UAEPIC^ ( f  = 1 GHz) UAMOM % di f f .  

T  n H  
^ l7;frl 6.134 5.98 2.58 % 
C [2:] rm 0.1864 0.1849 0.811 % 

Table 4.8: Simulation results comparison (UAEPIC^ vs. UAMOM) of coupled traces. 

The simulation results of UA2DL and UAMOM, and the comparison to UAEPIC^ 

results are shown in Table 4.7 and Table 4.8 respectively. Frequency for the UA2DL 

simulations are varied from 1 Hz to 1 GHz. However, UAMOM is a frequency inde

pendent calculator. It assumes lossless materials. In other words, skin depth = 0. 

Such condition would happen at f = oo in UAEPIC^. Table 4.8 shows comparison 

between UAMOM results to UAEPIC^ results at 1 GHz. 

Table 4.7 and Table 4.8 also show the percentage difference of the UAEPIC^ 

simulation results to corresponding UA2DL and UAMOM results respectively. The 

percentage difference are all within 7 %. 



97 

Trace #6 ^66 

WYYV <-^VW -o 

,.*> * R2J 
•s^Vvv^—wmr 

Trace #2 

Trac 

<—^vVv—;-wm 
KO<T âi» 
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Figure 4.3: FTBGA circuit model (mutual elements are not shown) 

4.3 Simulations 

4.3.1 [/?], [ L ] ,  and [ C ]  Extractions at Single Frequencies 

In this subsection, UAEPIC^ was used to simulate an FTBGA type of package 

similar to one shown in Fig. 3.6. However, different traces are used, and the heat 

spreader is grounded. This FTBGA structure was simulated to show the UAEPIC^ 

capability of extracting [ii], [Z], and [C] elements of a microelectronic package at 

single frequencies from 1 Hz to 10 GHz. The circuit model of the extractions for the 

FTBGA is shown in Fig. 4.3 and some of the results are shown in Fig. 4.4, Fig. 4.5, 

and Fig. 4.6. 

The extractions show the expected behaviors of the parasitic elements. Fig. 4.4 

shows that the resistance values are constants at low frequencies, and increases after 

the skin depth starts to develop inside the conductors. Fig. 4.5 shows that the 
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Figure 4.4: Simulation results: Resistances. 
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Figure 4.6: Simulation results: Capacitances. 
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Figure 4.7: Twenty-eight lead Plastic Quad-flat Package. 

inductance values are constants at low frequencies. Then, they decrease showing the 

skin effect and flatten again as the internal inductances are approaching zero. Fig. 4.6 

shows that the capacitance values are constants. 

4.3.2 Simultaneous Switching Noise Simulations 

In this subsection, UAEPIC^ and UAEPIC were used to create lumped circuit 

macromodels for the purpose of Simultaneous Switching Noise (SSN) simulations. 

Two type of packages are extracted for the macromodels. The first one is a 2S-lead 

Plastic Quad-Flat Package (PQFP). An illustration of the package and some of its 

dimensions are shown in Fig. 4.7. The second type of package is the FTBGA package 

used in the previous subsection. 

UAEPIC^ was used to extract lumped RLC macromodels, and UAEPIC was used 

to extract lumped RL macromodels. Than, the two macromodels were utilized in 
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Figure 4.8: PQFP SSN Simulations: Setups. 

some SSN simulations using SPICE. The output voltages of the quiet drivers are 

compared. The difference should be due to the capacitances of the modeled package. 

The setup for the first set of simulations are shown in Fig. 4.8. The setup shows 

only the RL macromodel extracted using UAEPIC. This lumped RL macromodel 

was replaced by its corresponding lumped RLC macromodel for SSN simulations 

that took the package capacitance into account. 

Only three leads out of the 28 available leads were used. The others were ignored. 

Trace T1 was connected between the sources of the NMOS and Vss (ground). Trace 

T7 was connected between the source of the PMOS and Voo (5 V), and Trace T4 

was connected between the output of the quiet driver and a 15-pF load Vout- The 

active and the quiet drivers had the same size. The size was chosen arbitrarily for 

the sake of convenient. After the buffer size was determined some SSN simulations 
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were performed by varying the rise time of Vi„ of the active driver. Vout of the quiet 

driver of two different rise times are shown in Fig. 4.9 and Fig. 4.10. They are for a 

rise time of 500 ps, and for a rise time of 50 ps respectively. 

Fig. 4.9 shows that the effect of the PQFP capacitances at rise time = 500 ps 

is very small. Fig. 4.10 shows that the effect of the package capacitance is more 

pronounce when the rise time is decreased to 50 ps. The package capacitance reduces 

the switching noise. However, the difference shown in Fig. 4.10 might not be a big 

concern for some engineers who try to achieve 10-15 % accuracy out of their circuit 

simulations. The added complexity from a lumped RL macromodel to a lumped RLC 

macromodel might no be justified for them. 

A second set of simulations are applied to the FTBGA package used in the previous 

subsection. The simulation setup is shown in Fig. 4.11. The figure shows the lumped 

RL macromodel extracted using UAEPIC. For SSN simulations that took the package 

capacitance into account, the lumped RL macromodel was replaced by the lumped 

RLC macromodel extracted using UAEPIC^. Traces #1 and ^6 are connected to 

a 5V power supply. Traces #2, #3, #4 , and #5 are connected to outputs of four 

drivers. Three of these drivers are active and one is quiet. The other ends of Traces 

#2, #3, #4 , ajid #5 were terminated by 5 pF capacitors. The three active drivers 

were excited simultaneously ajid then the switching noise was measured at the end 

of Trace #5. 
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Figure 4.9: PQFP SSN Simulations: Rise time = 500 ps. 
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Figure 4.10: PQFP SSN Simulations: Rise time = 50 ps. 
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Figure 4.11: FTBGA SSN Simulations: Setups. 

Some results are shown in Fig. 4.12, Fig. 4.13, Fig. 4.14, and Fig. 4.12. They show 

the switching noise at the V'out of the quiet driver when the rise time at the input of 

the active drivers are 500 ps, 400 ps, 300 ps, and 100 ps respectively. 

As the rise time is decreased from 500 ps to 100 ps, the effect of the package 

capacitance on the reduction of the SSN is more and more pronounce. With rise 

time = 100 ps, the reduction is about 50 %. This is definitely a factor that can 

not be ignored. The FTBGA package shows a bigger decrease in its SSN compare 

to the PQFP package, because the FTBGA package has significantly higher package 

capacitance due to its grounded heat spreader. A package that has power and ground 

planes will have higher package capacitance compaje to one that consists of traces 

only. Structures which have significant capacitance (e.g. structures with reference 
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Figure 4.12: FTBGA SSN Simulations: Rise time = 500 ps. 
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Figure 4.13: FTBGA SSN Simulations: Rise time = 400 ps. 
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Figure 4.14: FTBGA SSN Simulations: Rise time = 300 ps. 
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planes) are best modeled with RLC modeling techniques (UAEPIC^) for fast rise-

times. For relatively "slow" risetimes, RL modeling techniques (UAEPIC) give good 

simulation results. 
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CHAPTER 5 

REDUCED-ORDER BROADBAND MODEL 

Chapters 3 and 4 demonstrate the use of software tools to extract the parasitic 

elements of some microelectronic package structures. The extractions show the dis

persive behavior of the parasitic elements of the package structures. However, so far 

the extractions were done at a predefined single frequency. In other words, many 

simulations had to be done to extract the parasitics values over a range of frequency. 

The equivalent circuits must be solved for several frequencies over a frequency range 

broad enough to include skin effect. Considering that systems of several thousands 

equations axe involved for packages of high complexity, the extraction is computa

tionally expensive. 

Furthermore, parasitic extraction at multiple frequencies by itself is not suflB-

cient for those cases where a frequency-dependent equivalent circuit model of the 

microelectronic package is needed for the purposes of transient time domain analysis 

such as simultaneous switching (SSN) of output drivers. Some SSN simulations were 

performed in Chapter 4. However, in every SSN simulation in Chapter 4, a single 
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frequency equivalent circuit model (a lumped circuit model) was extracted and uti

lized. In such simulation, the dispersive nature of the package parasitics is ignored. 

The accuracy may not be sufficient. 

To circumvent this difficulty, two broadband extraction methods will be discussed 

in this chapter, namely the Asymptotic Waveform Evaluation (AWE) [17] and the 

Passive Reduced-order Interconnect Macromodeling Algorithm (PRIMA) [18]. The 

two methods will be applied to UAEPIC and UAEPIC^. The applications lead to a 

direct, frequency-dependent, multiport Y-matrix representation of the reduced par-

cisitic network in terms of the poles and residues of the multiport. In this from the 

multiport, frequency-dependent, inductive equivalent of the package can be incor

porated efficiently in a SPICE-like circuit simulator such as AZSpice [25], and thus 

facilitates rapid and accurate SSN simulations. 

5.1 Asymptotic Waveform Evaluation (AWE) 

AWE is a model order reduction technique [17]. It simplifies a very large linear 

circuit into a low order pole-residue model that includes only a few dominant poles. 

It has been shown that the numerical approximation of the integral equation state

ment of the magnetic diffusion problem for predicting the current distributions in the 

package leads to the following linear circuit 

([fl] + ̂ [il)-[J,W] = (V.I (5.1) 
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where R denotes the matrix of resistances and L the matrix of inductances, while J-p 

is the vector of unknown currents and V, is the voltage source vector. One way to 

solve for the current is by inversion: 

[w] = ([^]+^wr'-[v^.] (5.2) 

However, instead of inverting the matrix {R + sL), the solution can be effected as 

follows. Using a MacLaurin series expansion for J{s) 

[ J , i s ) ]  =  [ M o ]  + 3[MI] + s ' [ M2 ]  +  • • •  (5.3) 

in equation (5.1) and using the fact that the sources are of constant magnitude and 

phase, one obtains 

([i?] + 3[I]) • ([Mo] + s[Mi] + S'[M2] + •••) = [K] (5.4) 

From (5.4) equating coefficients of same powers of s, one obtains 

= [V,l 

or 

[Mo] = [i?]-MK] 

[Mi] = -[R]-'[L][Mi.i] (5.5) 
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A Fade approximant [17] to the unknown J { s )  is developed using standard moment 

matching techniques [17], For example, for the ith element, of the vector Jp we 

have: 

« 4'\s) 

= >>,-1^'" + •• • +1"^ + (.5.6) 
+ • • • + fll-S + 1 

where q is the degree of approximation. The objective is to find the coefficients b,-

and a,. From equation (5.5), it is clear that J(s) can be calculated by performing 

a single LU decomposition (for the inversion of R) and a series of forward and back 

substitutions which are computationally efficient. 

From (5.3) we have 

= mjj'^ + rriih + + • • • (5.7) 

Combining with Jp^{s) in (5.6), utilizing Fade' Approximation and matching the first 

2q moments, we have 

6o = rno 

bi = mi + moCi 

62 = 7712 "f" Tn\0,\ + 771012 

bq-i — 77LG_i + 77LG_2ai + * * * + TTLQCLQ-l 

0 = 771, + 77l,_iai H h 77loa, 
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0 = m2q-l + m2q-2(^l + • • * + T^0O.2q-l 

Solv i n g  t h e s e  equations for coefficients a,, I < i < q yields (in matrix notation) 

TTlq—l TTlq^2 mo ai rriq 

rriq ruq-i • nil 02 
= 

TTlq+l 

TTl2q-2 ^2q-3 ' • TUq-l ^2q-l 

(5.S) 

Instead of solving for coefficients 6,-, I  <  i  <  q ,  equation (5.6) may be rewritten in 

terms of poles and residues as 

j=i 5 - Pi 
(5.9) 

where pj and kj are the pole and residue. The poles are the roots of equation (5.9) 

denominator. Once these poles are found, the residues can be found by taking n"' 

derivative of (5.3) and (5.5) to have 

m„ = — 
1 <i"y(3) 

" n! d s  

Solving for th e  first q residues, one has 

(5.10) 
a=0 

X 
Pi P2 Pi kx mo 

1 1 X 
p? k2 

= — 
mi 

1 
. ̂  

1 
pf 1 % •

 

m,_i 

(5.11) 
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Equations (5.8) and (5.12) is used to find VJ. at a range of frequency. Given a 

specific frequency value, inductance and resistance at the frequency of interest can 

be provided. 

5.2 Passive Reduced-Order Interconnect Macromodeling Algorithm 

The second broadband method is called Passive Reduced-order Interconnect Macro-

modeling Algorithm or PRIMA. PRIMA is a combination of Block Arnoldi [33] and 

Congruence Transformation [34] for the purposes of passive model order reduction of 

interconnect circuits. 

Many reduction methods can produce unstable poles. The unstable poles usually 

have a very small residues. AWE gets rid of such poles by simply discarding them 

[17]. However, passivity can not be guaranteed. As a result, there is a possibility 

that the resulting macromodel generates energy as if there are sources inside the 

macromodel. This is an unexpected behavior out of aji interconnect macromodel. 

PRIMA uses Congruence Transformation to produce provably peissive reduced order 

macromodels for interconnect systems [18]. 

An example circuit shown in Fig. 5.1 will be used to illustrate the starting point 

of an application to the PRIMA algorithm. Fig. 5.1 is the same as Fig. 2.3 with 

some sources added. Fig. 2.3 is aji equivalent circuit of a conductor discretized into 

two Inductive Volume Cells (FVCs) and three Capacitive Surface Cells (CSCs) with 

no mutual elements shown. Solving for the reduced impedance matrix, two voltage 

sources are applied resulting in a circuit shown in Fig. 5.1. Using Modified Nodal 
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Analysis (MNA) technique and assuming non-zero mutual element values, the circuit 

in Fig. 5.1 produces the following matrices: 

Cu C12  Ci3 0 0  0  0  0  0  Ul  

C21  C22  C23 0 0  0  0  0  0  V2 

C31  C32 C 33  0 0  0  0  0  0  V3 

0 0  0  0  0  0  0  0  0  Vgtl 

0 0  0  0  0  0  0  0  0  igl2 
= 

0 0  0  0  0  Li i  LI2  0 0  i i  

0 0  0  0  0  £21 L22  0 0  h 

0 0  0  0  0  0  0  0  0  hi 

0 0  0  0  0  0  0  0  0  h2 

Gt 0  0  -Gi  0  0  0  1  0  0  0  

0  G'2  0  0  --G'2  -1  0  0  0  V2 0 0  

0  0  0  0  0  0  -1  0  1  V3 0 0  

-G i  0 0  Gi  0  1  0  0  0  Vgll 0 0  

— 0 -G2  0 0  1^2 0  1  0  0  V5/2  
+ 0 0  

0  1  0  - I  0  0  0  0  0  I'l 0  0  

0  0  1  0  -1  0  0  0  0  12 0  0  

-1  0 0  0  0  0  0  0  0  i l l  -1  0  

0  0  -1  0  0  0  0  0  0  h2 0 -1  

In general we can write the above matrix equation as  follows: 

(5.12) 

Ui 

U2 

[C] • [in] = -[G] • [X„] + [B ]  •  [Up]  (5.13) 
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Figure 5.1: A conductor discretized into two IVCs and three CSCs for PRIMA ap
plication. 

where [ C ]  and [G] are the susceptance and the conductance matrices, [ B ]  is the port 

index matrix, [x„] is the vector of unknown voltages and currents, and [up] is the 

vector of the port voltages. Although the notation [C] and [G] is used, these matrices 

actually consist of resistance, inductance, capacitance, and conductance elements. 

Taking the Laplace transformation of (5.13) and rearranging the terms, we have 

where the port current selector matrix [L\ is equal to [ B ]  for PEEC applications. 

However, the [X] notation will be used through out this section for the sake of gen

erality. 

From equations (5.16) ajid (5.17), we can get the Y-paxameter matrix as 

M  =  [ B ] - ' { l G ] + s [ C ] ) [ x r . ]  (5.14) 

The port current [ip] relates to the unknown vector as follows: 

li,] = [LY • [x„l (5.15) 

[YAs)] = (il''((Gl + 3[Clr'[B) 

(5.16) 
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where [/„] is the n by n identity matrix. Introducing new notations, namely [i4] = 

— [G]~'[C] and [i2] = [G]~^[JB], we can rewrite (5.18) as 

K(s)] = [iF((/„l-^[/l|r'lJ?| (5.17) 

From the above equation, it is cleax that the eigenvalues of [A] are the poles of 

[V^(5)]. The Block Arnoldi part of PRIMA reduces the n by n matrix [/I] to a small 

9 by 9 block upper Hessenberg matrix [Hq]. The poles of the reduced 9-order system 

can be found by eigen-decomposing [H^]. The [>1] and [Hq] matrices are related as 

follows 

(A) • (.Y] = [ X ]  •  [ H , \  (5.18) 

subject to the orthonormality of [X]: 

[.?]'• • [A-] = [/,] (5.19) 

where [X] is an n by 9 matrix of orthonormai columns spanning a properly constructed 

Krylov space [32] and [/,] is the qhy q identity matrix. In the absence of round-ofF 

error, the accuracy of the reduced system gets better as the order of the approximation 

is increased. However, the higher the order the more expensive the implementation 

of the reduced order model in the SPICE simulation. 

Combining (5.20) and (5.21), we obtain 

[ X f  •  [4| • [X] = [a,| (5.20) 
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This is the Congruence Transformation [34] part of the PRIMA algorithm. The 

matrix [X] is used to reduce the system of equations (5.14) and (5.15) through trans

formation of the unknown variable vector: 

(I„l = (5.21) 

Applying the above transformation to (5.14), 

(CI • (XI • |i,] = -(Gl • [X]. (i,| + [B] • [uj (5.22) 

Multiplying both side by [X]^, 

((Xf • [CI • [X]) . [i,] = - ([X]'- • [G| • [X]) • [x,] + ([X]'' • [ B ] )  •  [ u , ]  (5.23) 

Then, we define 

[cj = [xf. [C] • [X] 

[6] = [ X f . [ G l - ( X l  ( 5 . 2 4 )  

[B] = (X]'".[B] 

where [C], [G], ajid [ B ]  axe the ^-order approximation of matrices [C], [G], and [5]. 

Using its q-order approximation, equation (5.14) is written cis 

[C] • [i,] = -[(^ • [i,] + [B] • [Up] (5.25) 

Simileirly, equation (5.15) is written using its ^-order approximation as 

[y = [L]'^ • (i,I (5.26) 
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where 

[i| = [ X f  • [I| (5.27) 

The new system of equations (5.23) and (5.25) is much smaller than the original 

system of equations (5.14) and (5.15). The new system can be realized cis a new circuit 

network in SPICE which approximate the original circuit network using capacitors, 

conductors, and dependent sources [18]. 
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CHAPTER 6 

APPLICATION OF REDUCED-ORDER MODEL 

TECHNIQUE 

Chapter 5 explains the technique of Asymptotic Waveform Evaluation (AWE) 

and the technique of Passive Reduced-order Interconnect Macromodel Algorithm 

(PRIMA). This chapter shows the application of these techniques to the tools that 

have been developed and explained in Chapter 3 and Chapter 4. AWE technique was 

applied to UAEPIC, and PRIMA was applied to UAEPIC^. 

6.1 AWE-Enhanced UAEPIC 

AWE technique vfas applied to UAEPIC. This section will show some compar

isons of accuracy and simulation time of the single-frequency vs. the reduced-order 

technique solutions. First, some simple structures will be considered, followed by 

the modeling of more complex structures. The AWE application to Simultaneous 

Switching Noise (SSN) simulation will be shown last in this section. 
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6.1.1 Single-Frequency Solutions vs. Broadband 

The objective here is to compare the accuracy of the AWE technique to the single-

frequency solutions. Some examples such as a single trace, coupled traces, and a 

simple ground plane are used. 

For the first example, extractions of a single trace are compared. The single 

trace has a 5-mil width, a 2-mil thickness, and a 0.5-cm length. The single-frequency 

solutions Weis performed on the trace from 1 Hz up to 1 GHz. The broadband solution 

wcis extracted once using discretization at 10 MHz. This discretization frequency 

is not the same as the expansion frequency of MacLaurin series (which is / = 0) 

discussed in Chapter 5. The discretization frequency is used to caJculate skin depth 

which determine the smallest filament thickness underneath conductor surfaces. It 

has been discussed in Chapter 2 that the current density inside each filament is 

uniform. By choosing the discretization frequency at 10 MHz, the resulting PEEC 

circuit model will fail to model the non-uniform current density beyond a certain 

frequency point above 10 MHz. 

Fig. 6.1 compaxes the AWE technique results (solid line) to the the single-frequency 

solutions (extracted for three point per decade above 1 MHz). Fig. 6.1 shows that the 

broadband solution is accurate up to 100 MHz. The broadband solver of UAEPIC 

is equipped with an algorithm to truncate the calculated impedance curves beyond 

a frequency where the solutions are no longer accurate. Fig. 6.1 shows that the 

impedance curves axe truncated at 100 MHz. It means that beyond 100 MHz the 
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broadband solutions have diverged and are inaccurate. This is consistent with the 

fact that the PEEC circuit model was discretized for / = 10 MHz. 

In the second example two coupled parallel traces are considered. Both have a 

width of 5 mils and a thickness of 2 mils. One is 0.5 cm long and the other one is 1 cm. 

The separation between the two traces is 5 mils. The results are shown in Fig. 6.2. 

Only a few single frequency extractions were done. However, the results show good 

agreements between the AWE technique and the single frequency solutions. 

In the third example the resistance and the inductance of a 2 by 2 cm ground 

plane with a short trace, a via, and a pin (see Fig. 6.3) are extracted. The trace, the 

via, and the pin are arranged such that the resultant current travels diagonally inside 

the plane. The results and comparisons between the AWE technique solution and 

the single frequency solutions are shown in Fig. 6.4. Both resistance and inductance 

value comparisons show good agreements. 

All examples in this subsection show that the broadband solutions using the AWE 

technique are accurate. For each example, the AWE technique is applied once to get 

the inductance and resistance vaiues. However, the single frequency solutions have 

to be applied as many times as the number of frequency points. In the following 

subsection, the cpu time of the AWE technique extraction and the single frequency 

extractions on a practical package are compared. 
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Figure 6.1: Single Trace 
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Figure 6.2: Two Coupled Traces 
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(2,2) 
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a trace 
and a via 

Figure 6.3: A Solid Plane with a Short Trace/Pin 

6.1.2 Simulation Time Comparison and SSN Simulations 

The method of Asymptotic Waveform Evaluation was applied to a typical lead 

frame of a plastic quad flat pack (PQFP). The structure and dimensions of the PQFP 

used is the same with the ones shown in Fig. 4.7. Fig. 6.5 and Fig. 6.6 show some 

self and mutual inductances of the PQFP as a function of frequency. The frequency 

dependence of the inductances is illustrated clearly. The time needed to extract the 

values of the parasitics elements using the single-frequency (one point per decade) vs. 

the broadband solvers are shown in the table in Fig. 6.7. The discretization frequency 

for the broadband solution was chosen to be 100 kHz. A time savings ratio of 57 was 

achieved in paxasitic extraction using AWE compare to using the single-frequency 

solution method. 
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Figure 6.4: Inductance and Resistance of a Solid Plane with a Short Trace/Pin 
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Figure 6.5: Some self inductances as a function of frequency. 
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Figure 6.6: Some mutual inductajices as a function of frequency. 
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frequency 
[kHz] 

time 

UAEPIC 

sec.] 

AWE 

0.010 0.87 

0.100 0.89 

1.000 1.24 

10.00 4.10 

100.0 117.57 150.55 

1,000 8563.23 

Figure 6.7: Time saving ratio w 1 : 57 

As mentioned in Chapter 5, the dispersive nature of package parasitics can not 

be simulated in a circuit simulator using the package model provided by the single-

frequency solution method. The single-frequency solution method carries only par

asitic element information at one single frequency. To show the diiferences, some 

SSN simulations were performed to compare the model given by the AWE technique 

to the model given by the single-frequency solution method. The PQFP in Fig. 4.7 

and the SSN simulation setups in Fig. 4.8 axe used again here. The rise time of 

the input signal at the input of the active driver is 2 ns. The SSN simulation com

parisons were done by treating the interconnect inductance and resistajice, first as 

independent of frequency using a lumped circuit macromodel, and second by consid

ering the frequency dependence of the elements using a direct multiport Y-matrix 

representation of the reduced parasitic network in terms of poles and residues of the 
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Figure 6.8: SSN Compajisons. 

multiport (a broadband macromodel). The SSN simulation for the lumped circuit 

was performed in a Berkeley SPICE environment, and the SSN simulation for the 

broadband macromodel was done in an AZspice [25] environment. 

The results are shown in Fig. 6.8. The SSN simulation for the lumped circuit is 

labeled UAEPIC-SPICE, and the SSN simulation for the broadband macromodel is 

labeled AWE-AZspice. The first figure compajes the ground bounce and the second 

figure compares the switching noise at the output of the quiet driver. The impact 

of the frequency dependence of the inductance on noise amplitude is clearly demon

strated. 
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6.2 PRIMA-Enhanced UAEPIC^ 

6.2.1 Simultaneous Switching Noise Simulation Compeirisons 

The PQFP structure in Fig. 4.7 was aJso used to show the UAEPIC^ capability 

to create macromodels using the PRIMA algorithm. The macromodel was then 

used to run a Simultaneous Switching Noise (SSN) simulation in AZspice with the 

same circuit configuration shown in Fig. 4.8. This is the same exact simulation 

configuration and setup with the SSN simulation in the previous section using an 

AWE macromodel. The PRIMA macromodel, just like the AWE macromodel, brings 

the interconnect frequency dependence behavior into the SSN simulation. Results of 

the SSN simulations are shown in Fig. 6.9. These results are virtually identical with 

the results shown in Fig. 6.8 using the AWE macromodel. This supports some earlier 

SSN simulation results in Chapter 4 that show that the capacitance of the PQFP 

package is not significajit. 

6.3 Broadband vs. Lumped Macromodels 

Some SSN simulations in Chapter 4 showed that structures with some reference 

planes have significaxit capacitance that affect the magnitude of the switching noise. 

In this section, a pajticular structure was chosen to compare its RL and RLC in

terconnect macromodels, both lumped and broadband, in the SSN simulations. The 

structure chosen was shown in Fig. 6.10. It has a power and a ground plajies, and two 
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Figure 6.9: SSN simulation results: ground bounce and Vout-

Planes Thickness 50 fim 
Traces Thickness 

Width 
Spacing 

50 fim 
50 
50 fim 

Dielectrics Cr 4 

Table 6.1: Planes and traces dimensions. 

signal traces that can be used for interconnection of one active and one quiet drivers. 

Table 6.1 shows some important dimensions of the structure and its characteristic. 

Four different macromodels were extracted: a limiped RL macromodel, a broad

band RL macromodel, a lumped RLC macromodel, and a broadband RLC macro-

model. As cin illustration, the lumped RL and RLC macromodels axe shown in 

Fig. 6.11. These two macromodels, along with their broadband macromodels, were 

used in SSN simulations performed in the AZspice environment. SSN simulations for 



136 

VDD 

SPWR 

SGND 

Outl 
Out2 

3S0|I • • 1-

Figure 6.10: Power and ground planes with two traces. 
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Figure 6.11: Lumped RL and RLC models. 

the lumped macromodels in the AZspice environment is identical with ones in the 

Berkeley SPICE environment. 

The active and the quiet drivers for the SSN simulations were chosen so that the 

switching noise was in the order of 50 mV. The characteristic of the drivers cind their 

strength are shown in Fig. 6.12 and Fig. 6.13. The rise time of the signal at the gate 

of the active driver was 1 ns. 
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Figure 6.12: Driver characteristics: Vi„ vs. Vout 
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Figure 6.14: SSN simulation results: Vout with rise time = 1 ns. 
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Figure 6.15: Simplified SSN circuit models: (a) for the lumped RL macromodel, and 
(b) for the lumped RLC macromodel. 

Fig. 6.14 shows switching noise at the output of the quiet driver. All curves 

follow similar trends with varying magnitude. Two of the curves in Fig. 6.14 show 

switching noise for a lumped RL macromodel (labeled RL) and for a lumped RLC 

macromodel (labeled RLC) in the absent of decoupling capacitors. Fig. 6.15 will be 

used to illustrate the different in the SSN magnitudes between the two qualitatively. 

Fig. 6.15 actually shows circuit models for the ground bounces at the SGND node. 

For the sake of simplicity, the qualitative behaviors of the SSN at the output of 

the quiet driver and the ground bounce at its ground connection (SGND node) are 

assumed to be the same. The resistances and mutual inductances will be ignored. 

The following discussion is not intended to give a detailed explanation of SSN. 

Fig. 6.15(a) is the SSN circuit model for the lumped RL macromodel, cind Fig. 6.15(b) 

is the SSN circuit model for the lumped RLC macromodel. Fig. 6.15(a) shows that 
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the switching noise VSSN for the lumped RL macromodel is 

(6.1) 

However, the SSN for the lumped RLC macromodel is 

(6.2) 

When the active driver is switching, IssN = /i + /2, so 

dIssN ^ dix 
dt ^ dt 

This explains why the VSSN of the lumped RL macromodel has a higher noise mag

nitude than the VSSN of the lumped RLC macromodel during the switching. 

Input voltage of the active driver has a rise time of 1 ns. However, IssN does not 

go to zero instantaneously. After the input voltage completed its transition, some 

mechanisms in the driver are still active. For instance, the parasitic capacitances of 

the active driver has to be charged and discharged. Because of these, ISSN decreases 

in a less instantaneous way and reverses direction. These mechanisms are responsible 

solely for the VSSN of the lumped RL macromodel. 

For the VSSN of the lumped RLC macromodel, in addition to the similar mecha

nisms in the active driver, the capacitance C of the macromodel is also responsible for 

some noise. During switching, current I2 is charging the capacitance C to a maximum 

voltage. After the switching stops, I2 decreases and reverses its direction to discharge 

C. The combination of ^ and Vc causes a bigger voltage swing in the VSSN for the 

lumped RLC macromodel than the VSSN for the lumped RL macromodel. 
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The other two curves in Fig. 6.14 show the switching noise for an RL broadband 

macromodel (labeled RL-Broadband) and for an RLC broadband macromodel (la

beled RLC-Broadband) in the absent of decoupling capacitors. The two curves show 

higher SSN during the input switching. This is due to the dispersive behavior of the 

inductance of the interconnect. The lumped macromodels only capture the inter

connect inductance behavior at a single frequency. A low frequency point had been 

chosen. The broadband macromodels capture the interconnect inductance behavior 

at low as well as high frequencies. The effective inductances looking into node SGND 

are higher at the higher frequency range. This causes higher VSSATS due to 

After the input voltage completed its transition, the VssN of the RL broadband 

macromodel hcis a larger swing compare to the VSSN of the lumped RL macromodel. 

Again, this is due to a larger inductance of the RL broadband macromodel than 

the inductance of the lumped RL macromodel. The VSSN of the RLC broadband 

macromodel heis a smaller swing compare to the VSSN of the lumped RLC macro-

model, because the capacitance of the RLC broadbcind macromodel is distributed 

on the interconnects. Each capacitance elements charge and discharge to a smaller 

maximum voltage. The closer its location to the system ground, the smaller its max

imum voltage. Only a few capacitance cells are actually charged and discharged to 

a value closed to the maximum voltage of the lumped capacitance C in the lumped 

RLC macromodel. This causes a smaller swing in the VSSN of the RLC broadband 

macromodel. 
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Figure 6.16: Impedajice magnitude looking into SGND. 
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An RLC macromodel is expected to capture the harmonic frequencies of the mod

eled package. For instance, using the poles and residues of the broadband macromodel 

of the structure shown in Fig. 6.11, we can plot the impedance magnitude looking 

into the ground interconnect. Fig. 6.16 shows the impedance magnitude looking 

into SGND. The two break-out frequency points are the harmonic frequencies of the 

two-plane-two-trace structure. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

The Partial Element Equivaient Circuit (PEEC) technique discretizes formulation 

of electric field integral equation to provide solution to an electromagnetic problem 

using circuit elements such as inductors, capacitors, and resistors. The PEEC tech

nique provides a way to reduce the complexity of the given problem by removing 

unneeded circuit elements. 

We have used the magneto-quasistatic cissumption to develop frequency-dependent 

package inductance extractor, UAEPIC, that is able to model very general and com

plex package structures. Comparisons with both measurements and commercially 

available extractor, demonstrated that UAEPIC is both accurate and efficient. The 

effects of floating planes on inductance and on the simultaneous switching noise were 

investigated using both a generic example and a realistic ball grid array structure. 

The heat spreader of the FTBGA structure was shown to reduce the inductance and 

the Simultaneous Switching Noise (SSN) at the output of a quiet driver. The cur

rent distributions on the floating planes provide an important insight on the current 

behavior, especially at high frequencies and in understanding the interactions that 

take place in a complex interconnect structure. 
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The impact of the heat spreader on the electrical chaxacteristics of interconnections 

of the TBGA structure have been investigated. It is shown that although the skin 

effect only contributes to less than 7% change in the partial inductance values at high 

frequency, neglecting the effect can cause significant error on the magnitude of the 

current. 

The discretization of planes usually produces a large number of filaments. Thus, 

it is desirable to find an optimal way to effect their discretization, in order to obtain 

acceptable engineering accuracy with cis small a number of filaments as possible. 

One factor that affects the size of a plane filament is the presence of signal traces 

in the vicinity of the plane. It has been shown that crowding of the current occurs 

on the part of the plane directly under a trace. This crowding of the current must 

be modeled accurately for correct calculation of the inductances in the equivalent 

circuit. Thus, a finer discretization is required in those regions of the plane with 

traces running above them. Such a non-uniform gridding of the planes will lead to 

significajit reduction in the size of the matrix resulting from the discretization of the 

integral equation. This will have an obvious impact to decrease the amount of CPU 

time to run simulations. 

Using a more complete approach than the magneto-quasistatic assumption used 

in UAEPIC, RLC equivalent circuits can be extracted using UAEPIC'. The RLC 

model provides a way to see the effect of the displacement current in the given 

microelectronic package. The most complete approach will be to take the retardation 
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factor, r, into account. The full-wave, retarded, RLC-r PEEC model results in 

the most general and complex solution. The retardation factor will become very 

important in a package structure that has dimensions comparable to the wavelength: 

A =7^ (7.1) 

where / is the frequency of operation, /< is the permeability, and e is the permittivity. 

Future work to improve UAEPIC^ has to consider this. 

PEEC technique application to a package structure results in a circuit represen

tation of the system. The circuit elements can thus be inserted into a SPICE file and 

connected to other linear and non-linear circuit elements. This seamless and ease 

incorporation of PEEC elements are very beneficial to engineers and designers to do 

simulations for signal integrity purposes. 

Model order reduction techniques have been applied to the large circuit equiva

lent resulted from the development of electrical models of complex packages. The 

AWE method has been incorporated in UAEPIC. The PRIMA algorithm is used in 

UAEPIC^. The methods can model frequency dependent paxeisitics of interconnec

tions and provide a way for taking into account the frequency dependence of package 

parasitic elements in the transient analysis performed by a SPICE-like circuit simu

lator. As the operating frequency of the integrated circuits increases, such frequency 

dependent package parasitic element Veiriations need be taken into account for ac

curate signaJ integrity simulations. Since the macromodel takes into account the 
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frequency dependent elements, the results of the transient ajiaiysis simulations can 

be expected to be more accurate. 

The effect of the dispersive behavior of interconnects on the SSN simulations 

has been investigated using an RL broadband macromodel and an RLC broadband 

macromodel. The comparisons to the lumped frequency independent macromodels 

have also been presented. The four macromodels representing four different model 

complexities gave different SSN noise magnitude. The choice on which macromodels 

to use will depend on the acceptable accuracy for simulation results. Measurements 

to check on the model/tool accuracy are needed. 

It was also shown in the body of this dissertation that an RLC broadband macro-

model captures the harmonic frequencies of the modeled package. 
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Appendix A 

Some Vector Identities and Electromagnetic Equations 

A.l Vector Identities 

V • V X A — 0 (A.l) 

V X (V$) = 0 {A.2) 

V X V X A = V (v • A) -  V^A (A.3) 

V- = (A.4) 

V ($1 + $2) = V$1 + V$2 {A.5) 

V-(A + 5) = V - A  +  V - B  (A.6) 

V X (A + 5) 
= V  X  A  +  V  X  B  (A.7) 

= $lV$2 + $2V$i (A.8) 

V- ($A) = A • • A (A.9) 

V  •  (A  X B )  = B  V  X  A  -  A - V  X  B  (A.IO) 

<
 

X
 = V$ X A + $V X A (A.ll) 

V X (A X 5) = AV-5-BV. A+(5-V) A - [A -V )B  (A.12) 
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v { A - B )  =  (A-V)5+(j5-V)A + AX (Vx5) 

+J5x(VXA) (A.13) 

A  B x C  =  B  C  X  A  =  C  A x  B  (A.14) 

A x ( B X C )  =  B ( A - C ) - C ( A - B )  (A.15) 

A.2 Maxwell's Equations 

V X E ( f )  =  — j ( j J n H { f )  (A.16) 

V X H { f )  = /(f) + j u e E { r )  (A. 17) 

V-tE{f) = (7(r) (A.18) 

V-^#(f) = 0 (A.19) 

A.3 Vector and Scalar Functions 

MajcweU's equations can be solved through two auxiliary functions cailed the vec-

tor potential, A, and the scalar potential, The vector potential A is defined as 

fiH = VxA (A.20) 



151 

to satisfy vector identity equation (A.l) in Maxwell's equation (A.19). Substituting 

(A.20) in (A.16) yields 

Vx(^ + ia;i)=0 (A.21) 

Then, using vector identity (A.2) in above equation, we define the scalar potential 

- V $  =  E - [ •  j u A  

E  = (A.22) 

To define A  uniquely, we have to specify V • A ,  which is done using the Lorentz 

condition: 

V  •  A  + =  0  (A.23) 

Substituting (A.20) and (A.22) in (A.17) yields 

V X V X A =/ZJ+JW/XE (A.24) 

Noting vector identity (A.3), we obtain 

V ( V - A )  - V ^ A  =  F I J  +  U ^ F I T A - J U F I E V ^  ( A . 2 5 )  

and applying the Lorentz condition yields 

+ uj^fieA = -ftJ. (A.26) 

Equation (A.26) has three components. Expanding the equation in rectangulcir 

coordinates: 

+ cj^eA^ = -fiJr ( A.27) 
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+  U J ^ f i C A y  =  - f l J y  (A.28) 

+u>^fieAz = —fiJz (A.29) 

We can obtain an integral form of the solution to each of above equation: 

(A.30) 

(A.31) 

(A.32) 

>4.X II r  J  
f • dv' 

J v  r  

Ay 

11 / dv' 
J v  T 

A, II / dv' 
J v  r  

where 

0  = 

Combining (A.30) to (A.32) gives the vector expression 

-,11 r 
(A.33) 

4x J v  \ r  —  r I 

To solve for the scalar potential we substitute (A.22) in (A.18): 

V- (-jwi-V$) = ̂  

- i w V - A - ^  ( A . 3 4 )  
e 

Then, applying the Lorentz condition, we obtain 

V2$+a;V^ = -^. (A.35) 

The solution to (A.35) in an integral form is 

$ = 7^- / (A.36) 
47re J v  |r — r | 

The integration of the vector and scaJax potential functions extends over all points 

i n  v o l u m e  v .  
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A.4 Conservation Law 

Starting from Maxwell's equation (A.17), and take the divergence of both sides: 

V - V  X  ̂  =  V  - [ j + j ^ t E )  

Considering that the divergence of a curl is equal to zero (i.e. vector identity (A.l)) 

and substituting (A.18), we obtain 

V-J+yu;9 = 0 (A.37) 

or, in the time domain-

V-/+|| = 0 (A.38) 

Equation (A.38) is called the continuity law for current and charge densities, or it is 

also known as the law of conservation of electric charge. In a static Ccise, equation 

(A.38) becomes 

V-/=0 (A.39) 

A.5 Skin Depth 

Maxwell's equation in a conducting medium (devoid of any sources) can be written 

clS 

V X E { r )  = — j u j f i H { f )  (A.40) 
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V X H { r )  =  j u } t E { r )  (A.41) 

V-cE(f) = 0 (A.42) 

V - n H { f )  = 0 (A.43) 

where e = e — j^. By taking the the curl of equation (A.40) and using equation 

(A.42), we obtain the wave equation: 

(V^+u;V)^ = 0 (A.44) 

One of the solutions to the above wave equation is 

E = xEoe-''" (A.45) 

H = (A.46) 

where 

k  = (A.47) 

ri = yf (A.4S) 

The k  and TJ are the wave number ajid the intrinsic impedance respectively. Because 

k is a. complex number, we can rewrite k cis 

k  =  k R ~  j k [  

( o- \ 1/2 
= j (A.49) 

For a very good conductor, for which a I uje ̂  1, we obtain 

k  «  ^ -  j )  (A.oO) 
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The electric field in equation (A.45) decays inside conductors. Skin depth, 6, is 

defined as the depth when the electric field decay to 1/e of its value at the surface 

(z  =  0):  

kiz = kiS=l (A.51) 

Hence, for a very good conductor, we have 

S = x l —  (A.52) 
" uficr 
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Appendix B 

Circuit Stamps 

This appendix gives some of the matrix entries used for circuit elements for the 

Modified Nodal Analysis (MNA). Each section gives the unknowns and the branch 

constitutive equation (BCE) of the associated stamp. 

B.l Resistor and Conductor 

R- -L 
G 

^/vv 
v„+ v„_ 

Figure B.l: A resistor or conductor. 

Unknowns: u„+ and t;„_. 

• BCE: None. 
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The stamp for a resistor or conductor shown in Fig. B.l is: 

^n+ 

R  

- 1  

R 

Vn-

- 1  

R 

R 

n+ 

K,-

(B.l) 

B.2 Inductor 

L 
Vn+ • WYin 'Vn, 

Figure B.2: An inductor. 

• Unknowns: u„+, u„_, and i^. 

• BCE: 

fn+ Vn— — L  
dil 

d t  



The stamp for an inductor shown in Fig. B.2 is: 

Vn+ Vn- il 

: ; 1 ••• 

1 

..
 

..
. 

+
 

1 

i : -1 ••• Vn-

1 

T
 

B.3 Capacitor 

Vn+ • 1( • V„-

Figure B.3: A capacitor. 

• Unknowns: t;„+ and u„_. 

• BCE: None. 
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The stamp for a capacitor shown in Fig. B.3 is: 

K n+ 

C— ^ dt 

—C— ^ dt 

Vn-

^ dt 

C —  ^ dt 

K n+ 

Vn-

(B.3) 

B.4 Independent Voltage Source 

Vval 

n+ •G -Vn-

Figure B.4: An independent voltage source. 

• Unknowns: u„+, ajid XK-

• BCE: 

Uji+ ^n— ~ ̂val 
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The stamp for an independent voltage source shown in Fig. B.4 is: 

K . +  i K  

:  :  1  • • •  0 

:  :  - 1  • • •  K.- 0  

1  - 1  IK 

B.5 Independent Current Source 

lyal 

V„+ • © -Vn-

Figure B.5: An independent current source. 

• Unknowns: and Un-. 

• BCE: None 
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The stamp for an independent current source shown in Fig. B.5 is: 

1 
+
 

..
. 

.. 

•
 1 

1 
..

 
..

. 

1 

1 

..
. 

. 
1 

•
 1 1 

B.6 Voltage Controlled Voltage Source 

Eval 

V„+ O -Vn-

Figure B.6: A voltage controlled voltage source. 

• Unknowns: t;n+, Vn-, and tfc. 

• BCE: 

Un+ ^n— — Eyal '  (^c+ ^c—) 
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The stamp for a voltage controlled voltage source shown in Fig. B.6 is: 

v;_ K. iK 

; : : i 1 ••• 

1 
+
 

..
. 

.. 

•
 

f 
-

o
 

•
 

: : : : -1 ••• 

..
 

. 
1 0 

1 1 ^val ^val 

1 1 
o
 

B.7 Current Controlled Current Source 

Fval 

v„+.—^—.v„_ 
>K 

Figure B.7: A current controlled current source. 

Unknowns: t;„+, t;„_, and iK-

BCE: 

IK = Kal • i j  
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The stamp for a current controlled current source shown in Fig. B.7 is: 

0 i K  

i 1 ••• 
1 

+
 

..
. 

.. 

•
 

0 

: -1 ••• Vn- 0 

— Kal 1- ih' 0 

B.8 Voltage Controlled Current Source 

^val 

v„+.—^—.v„_ 

Figure B.8: A voltage controlled current source. 

• Unknowns: Vn+ and t;„_. 

• BCE: None 
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The stamp for a voltage controlled current source shown in Fig. B.8 is: 

K-

Gyal Gval 

..
 
+
 

1 1 
o
 

i 

Gyal Gyal 

1 

..
. 

. 

•
 1 

o
 

I 

B.9 Current Controlled Voltage Source 

Hval 

v„+ •—O—.v„_ 
' k  

Figure B.9: A current controlled voltage source. 

• Unknowns: «„+, t;„_, and in-

• BCE: 

Vn+ -  Vn-  = Hyal  * i j  
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The stamp for a current controlled voltage source shown in Fig. B.9 is: 

Vn+ Vn- ij ih' 

1 

+
 

..
. 

.. 

0 

:  :  :  - 1  • • •  K.- 0  

1 1 

..
 

B
 

•
 

i K  0  
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