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ABSTRACT 

This dissertation investigates the implementation of S-parameter 

based network techniques for the analysis of mu1ticonductor, high speed 

VLSI integrated circuit and packaging interconnects. The S-parameters can 

be derived from three categories of input parameters: 1) lossy quasi­

static R,L,C and G, 2) lossy frequency dependent (dispersive) R,L,C,G and 

3) the propagation constants, r, the characteristic impedance, Zc and the 

conductor eigencurrents, I, derived from full wave analysis. The S­

parameter network techniques developed allow for: the analysis of periodic 

waveform excitation, the incorporation of externally measured or 

calculated scattering parameter data and large system analysis through 

macro decomposition. The inclusion of non-linear terminations has also 

been developed. 
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INTRODUCTION 
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Analysis of electrical interconnect structures has become an 

important requirement in the design of high speed digital and analog 

systems. Electrical interconnects can, in a simplistic fashion, be defined 

as the electrically conductive elements used to connect a signal source 

to a signal receiver. Tecbnological advances in the microelectronic 

industry have allowed for increasing miniaturization of integrated circuit 

(Ie) geometries leading to higher interconnect densities, larger 

Input/Output (10) count and faster signal speeds. Faster signal speeds 

have led to the requirement that interconnects be treated as transmission 

lines while the increased interconnect densities compound analysis 

problems due to the effects of coupling between interconnect elements. In 

addition, integrated circuit processing and layout rules tend to limit the 

range of materials and structural techniques available in the design of 

interconnects, leading to signal deterioration due to dispersion and 

discontinuities. In summary, as VLSI interconnect density, complexity and 

signal speed increase, interconnect transmission line effects such as 

dispersion, propagation delay, termination mismatch, discontinuities and 

coupling become more pronounced. If neglected, such effects may lead, 

through signal deterioration, to an electronic system failure or to 

suboptimal cost, performance or manufacturability. Therefore, an effort 
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to fully understand the interconnect problem through theoretical analysis 

and modeling becomes important. 

The analysis of transmission lines can be divided into the following 

three general categories1 • The first, the quasi-static model, assumes the 

propagating mode to be purely TEM in nature, that is, the electric and 

magnetic fields lie in the transverse plane perpendicular to the direction 

of propagation. The transmission line is characterized by its equivalent 

electrostatic capacitance, inductance, conductance and in an ad hoc 

manner, its ohmic resistance. The next category, the dispersion model, 

allows for deviations from the quasi-static model by allowing its 

parameters (R,L,C,G) to vary with frequency. The final category makes use 

of fullwave analysis techniques to determine the frequency dependent modal 

propagation constant t characteristic impedance and any other required 

parameters. Traditionally, transmission line analysis of VLSI electronic 

systems has been primarily limited to category 1 analysis due to the time 

domain nature of their simulation. Typically the system transient response 

is found by solving the Telegraphist wave equation with quasi-static 

parameters in the time domain. Category 2 or the dispersive models can be 

developed if the Telegraphist wave equation is solved in the frequency 

domain with frequency dependent parameters. It should be noted that the 

Telegraphist wave equation cannot be extended to include category 3 

analysis. 

The work presented here investigates the implementation of 

scattering parameter (S-parameter) techniques for the category 1 through 
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category 3 analysis of high speed integrated circuit and packaging 

interconnects. S-parameter network analysis has been an important design 

tool for the microwave engineer since 1960. However, microwave circuits 

generally have very different system requirements than do high speed 

digital Ie's. Microwave networks tend to operate over a very narrow 

bandwidth centered about a specific frequency, allowing the engineer to 

analyze the system at the single center frequency. If necessary, physical 

modifications to the system can be made to minimize the degenerative 

effects of coupling or discontinuities at the given operating frequency, 

enhancing system performance and ease of analysis. Digital Ie networks, 

on the other hand, require analysis over a very wide bandwidth (the 

signals tend to be in the form of periodic pulses). In addition, due to 

the lossy nature of materials and high density layout rules used in Ie and 

Ie package fabrication, special care must be taken to include frequency 

dependent line losses, frequency dependent discontinuities and line 

coupling into account. Hence, the goal of this research was to extend and 

develop known microwave S-parameter network techniques to handle the time 

domain and frequency domain response of high speed, frequency dependent 

integrated circuit and packaging interconnects. Specifically, this 

required original work in the development of the following: 1) inclusion 

of multi-port connections to the general S-parameter network analysis 

framework, 2) S-parameter extraction of frequency dependent lines for 

analysis categories 1-3 and 3) extension of S-parameter analysis 

techniques to include non-linear terminations. In addition, the 
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time/frequency domain relation for VLSI digital signals was analyzed, 

guidelines for incorporation of externally generated S-parameters were 

developed and S-parameter network models of interconnect discontinuities 

were identified and justified. 

The dissertation proceeds as follows. First, S-parameters are 

defined and time and frequency domain network analysis is explained. 

Next, the S-parameter representation for typical passive elements used in 

VLSI interconnection systems such as frequency dependent resistors, 

capacitors and inductors are described. In addition, the 2N-port S­

parameter matrix used to represent frequency dependent N-coup1ed lines is 

derived. This is followed by a derivation of a sequence of S-parameter 

transformations required to implement non-linear terminations and 

incorporation of externally generated S-parameters. A chapter on the 

spectral analysis of a digital pulse is included so that the correlation 

between the time domain parameters of duty cycle, rise time, fall time and 

clock frequency of the pulse and its related frequency domain power 

spectrum is understood. This leads to the relationship between the pulse 

spectrum and the required system bandwidth. Finally, an overview of a 

computer based implementation of the developed S-parameter techniques is 

given, followed by experimental comparison and examples. 
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S-PARAHETER CIRCUIT ANALYSIS 
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S-parameters are wave variables that are useful for the analysis of 

high frequency networks. This chapter defines the S-parameter and explains 

how S-parameters are used in frequency and time domain network analysis. 

2.1 Frequency Domain S-parameters 

The scattering parameter (S-parameter or Scattering matrix) 

formulation is a useful technique for analyzing multiport microwave 

networks2.3 • S-parameters represent the relationship between variables aj 

(proportional to the incoming wave at the j~ port) and the variables b i 

(proportional to the outgoing wave at the ith port). 

b 1-Sllal+S12a2+· ... . 

b2-S21 al+S22a2+· ... . 

In general for an n-port network 

b-Sa (2.1) 

where S is an nxn matrix and represents the scatter matrix of the network. 
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It should be noted that the wave variables aj and bi are measured 

at an arbitrary point (see Figure 1) along transmission lines of 

characteristic impedances Zi and Zj connected to the i th and jth port 

respectively of the mu1tiport network. The effective circuit voltage and 

current at the i th port can be expressed in terms of the forward and 

reverse traveling waves4 (for the quasi-TEM case) 

Vi-Vi ++Vi --Zi ls(ai+bi ) 

Ii-Ii ++Ii--(ai-bi) /Zils . 

(2.2) 

(2.3) 

Throughout the rest of this dissertation, the characteristic impedance Zi 

will be set to 1 ohm unless stated otherwise. 

2.2 Frequency Domain Circuit Analysis 

The behavior of circuits may be analyzed in terms of the normalized 

wave variables at the ports of the component multiports5 . For a circuit 

component with nk ports as shown in Figure 2, a system of nk equations can 

be written 

(2.4) 

where Sk is its scattering matrix and ak and ~ represent the vectors of 

incoming and outgoing waves at its nx ports. A source can be included into 
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Figure 2. S-parameter network composed of m components. 
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the system and is described by the relation 

(2.5) 

where Cs is the magnitude and phase of the impressed wave and Ss is the 

scatter coefficient of the source (Sc-O for a matched source). 

The overall system equation for all n components including sources 

is 

b-Sa+c (2.6) 

where S will be block diagonal and whose n sub-matrices along the diagonal 

will correspond to the n circuit components, and a, band c will be row 

vectors representing incoming, outgoing and impressed waves. 

The interconnections of the various components impose constraints 

on incoming and outgoing waves at the component's port which may be put 

in the form 

b=ra (2.7) 

where r is an nxn matrix and represents the interconnection status of the 

a and b waves. The elements of r for two or more interconnected ports can 
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be found by analyzing the properties of a fictitious ideal interconnect 

element. The desired properties of this ideal interconnect element can be 

summarized as follows: 

1) The interconnect contain no preferred current paths 

2) All interconnect ports must be perfectly matched (no reflections) 

3) The sum of the interconnect port currents must be consistent with 

Kirchoff's current law. 

Imposing Kirchoff's current law at the ports of an interconnect element 

composed of m ports (note Zi-1 ohm) 

or, from equation 2.3 

From b=ra 

b1-a1r 1l+a2r 12+· . +Bu1 1m 

b2-a1 r 21 +~r 22+· . +Bu1 2m 

(2.8) 

(2.9) 

---.-- .------



Substitution into KCL (equation 2.8 and 2.9) gives 

To satisfy KCL for all values of ai requires that 

l-rll-r2C' .-rm1-0 

l-r12-r22- •• -rm2-o 

20 

The additional constraint given by the second interconnect element 

property above (no reflections) requires that ru-o for i-l,2, .. m. With the 

above two constraints and from the first property (no preferred current 

path), the elements of the interconnect matrix are 

rij-l/(m-l) 

rij-o 

for i,j-l,2, .• m i"j 

for i,j-l, 2, .. m i-j. 

(2.10) 

(2.11) 

Hence, the elements of r are zero if there are no port connections, unity 

for a single port and l/(m-l) for m ports. 
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Substitution of b-ra into b-Sa+c prcvides an equation in a 

(r-S)a-c (2.12) 

from which a can be found in terms of the S-parameters and the 

interconnection matrix. b can then be calculated from eqcation 2.7. 

Application of frequency domain S-parameter techniques to circuit 

analysis proceeds as follows. First the time domain input signal c(t) is 

subjected to an N point FFT producing c(W1) , i-l, 2 .. N. Then, after 

calculating the S(w1 ), the impulse responses of a(wi) and b(wi) are found 

from 

a(Wi)-[r-S(Wi)]-lU 

b(w1)-ra(wi) 

(2.13) 

(2.14) 

where U is a unity vector with elements set to 1 (corresponding to unit 

excitation) or zero. 

Finally, the time domain response is found by Inverse Fast Fourier 

Transforming (IFFT) the sum or difference of a(wi) and b(wi) multiplied by 

C(Wi) , representing voltage and currents respectively 

V(t)-IFFT[(a(wi)+b(wi»c(Wi)] 

I(t)-IFFT[(a(w1)-b(wi »c(wi)]· 

(2.15) 

(2.16) 
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Note that in utilizing the unit excitation U, the S-parameters of the 

overall system can easily be found. By setting Ui-1, and Uj-O i,j-1,2, .. m 

jJ06i, the resulting S-parameters are Si,j-bj for ai-Ui . This allows for the 

reduction of large mu1ticomponent n-port systems to a compact single 

component m-port (n ~ m). The IFFT of the resulting m-port S-parameters 

produces the time domain impulse response S(t) which is useful for time 

domain analysis. 

2.3 Time Domain Circuit Analysis 

The time domain S-parameter circuit description for network analysis 

is given ass 

b(t)-S(t)*a(t) (2.18) 

where * is the convolution operator. Note that S(t) is the system impulse 

response as described in section 2.1. Solving a linear system using 2.18 

is computationally inefficient when compared to the frequency domain 

algorithm described in section 2.1. 

--- ~- - ~.-----.- .. -- -- --------- ------- .--------
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CHAPTER 3 

FREQUENCY DEPENDENT S-PARAHETER MODELS 

This chapter reviews some of the S-parameter matrices representing 

two-port elements and derives the S-parameter matrices for coupled, 

mu1ticonductor transmission lines commonly found in VLSI systems. The 

frequency dependent resistors, capacitors and inductors are modeled by 

two-port S-parameter matrices, while single and N coupled transmission 

lines are represented by two and 2N-port S-parameter matrices 

respectively. Coupled, mu1ticonductor transmission lines are generated 

from parameters derived from two forms of analysis: frequency dependent 

quasi-TEM and fu11wave analysis. The quasi-TEM dispersive model generates 

the S-parameter matrix from frequency dependent R,L,C,G parameters, while 

the fu11wave analysis provides the frequency dependent propagation 

constants, characteristic impedance and the eigencurrent matrix needed to 

generate the non-TEM S-parameter representation. 

3.1 Frequency Dependent R,L,C Element S-parameters 

Resistors, capacitors and inductors can be represented by a 2x2 S­

parameter matrix. For the normalized system given in Figure 3, the S­

parame~er matrix elements are given as7 

(3.1) 



8~1 ______ ~~~ ___ 2 __ ~~~1 _______ I~ 

21:1 Ohm 

~):I========================================~(' V" <..../ 

0 '8 0 I~ 

21 : 1 Ohm 2t , rl 22 : 1 Ohm 

0 CI CI ==0 

24 

Figure 3. Two port S-parameter representation of an impedance and two port 
S-parameter representation of a transmission line of length 1. 

------ ------
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(3.2) 

where 

o-Z+2 

Z-R(w) for a resistor 

Z-iwL(w) for an inductor 

Z-i/[wC(w)] for a capacitor. 

3.2 Frequency Dependent Quasi-TEM Transmission Lines 

The single transmission line can be represented by a two-port S-

matrix. For the normalized system shown in Figure 3, the matrix elements 

are given ass 

where 

0-2Zccosh(rl)+[Zc2+l]sinh(rl) 

r-[(R(w)+iwL(w»(G(w)+iwC(w»]% 

Z-c 

[R(w)+iwL(w)].iJ 

[G(w)+iwC(w)]% 

(3.3) 

(3.4) 



R(~)-Resistance/meter 

G(~)-Conductance/meter 

L(~)-Inductance/meter 

C(~)-Capacitance/meter 

z-Line length (meter) 
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The S-parameters of the frequency dependent coupled lines are 

d.e:L"i-"ed in the following manner. The frequency domain Telegraphist 

equations for a system of coupled lines of length 1 are9 •10 

dV(z) 
----ZI(z) o < z < 1 (3.4) 

dz 

dI(z) 
----YV(z) o < z < 1 (3.5) 

dz 

where Z-R(~)+i~L(~) and Y-G(~)+i~C(~). From the frequency domain 

Telegraphist equation, one can derive the quasi-TEM wave equation 

d2V(z) 
-ZYV(z) 0< z < 1 (3.6) 

dz2 

d2I(z) 
-YZI(z) o < z < 1 (3.7) 

dz2 

For a z dependency of the voltage anc c~rrents proportional to 



V(z) IX Ve~ 

I(z) IX Ie~ 
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where r-{r1,r2, .. ,rN} are the eigenmode propagation constants and V and I 

are constant voltage and current vectors respectively, the voltage wave 

equation reduces to the eigenvalue equation 

(3.8) 

[r]-ur, U-Identity matrix 

from which the modal propagation eigenvalues r-{r1,r2, .. ,rN} and 

corresponding voltage eigenvectors ~(Vl,V2, •• ,VB) can be found. The 

conductor voltages and currents can be written in terms of forward (+) and 

reverse (-) traveling waves and expanded in ~erms of the eigenvectors11 ~. 

i-l,2, .. ,N (3.9) 

i-l,2, .. ,N (3.10) 

Expansion of the voltage vector V in terms of the eigenvectors ~ gives 

(3.11) 
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where the G/,G1-, i-l,2, .• ,N are complex expansion coefficients 

representing the forward and reverse traveling components. Substituting 

the voltage eigenvector expansion into equation 3.4 results in an 

expression for the current I 

or 

dV(z) 

dz 
-Z1(z) 

(3.12) 

(3.13) 

Comparing the forward and reverse components of the voltage and current 

expressions one finds that 

V(z)~(G+ e-rz+G-erZ)~(G+ (z)+G-(z) )-v+ (z)+V" (z) 

I (z)-Zc -l~(G+e -rz-C-erZ)_Zc-l~(G+ (z)-G- (z) )-1+ (z)+1- (z) 

(3.14) 

(3.15) 

where Zc~[r]-~-lZ is defined as the characteristic impedance matrix of the 

coupled lines. Note that an identical set of equations can be derived in 

terms of a current eigenvector expansion. 

The next step is applying boundary conditions. Referring to Figure 

4, the terminations used to find the normalized scattering parameters are 
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Figure 4. 2N port S-parameter representation of a N coupled transmission 
line. 
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decoup1ed one ohm transmission lines (or one ohm resistors). In terms of 

the source voltage vector VS' the forward and reverse transmission line 

voltages can be written as 

v+(O)-TSVS+PSV-(O) 

V-(l)-PLV+(l) 

(3.16) 

(3.17) 

where transmission and reflection coefficients for the normalized source 

and load are given by 

T s-Zc (U+Zc)-l 

Ps-(U-Zc) (U+Zc)-l 

PL-(U-Zc) (U+Zc)-l 

and U is the identity matrix representing the 1 ohm decoupled load and 

source. Expanding equations 3.16 and 3.17 in terms of the eigenvector 

expansion coefficients, 

V+(O)~+(O)-TSVS+PS~-(O) 

-. G+(O)~-lTsVs~-lps~-(O) 

V-(l)~G-(l)-PL~+(l) 

-. G-(l)~-lPL~G+(l). 

(3.18) 

(3.19) 



The voltages at the line ends z-O and z-l are related by 

V+(l)~+(l)~[erl]G+(O) 

-+ G+(l)-[ erl]G+(O) 

V-(O)~-(O)~[erl]G-(l) 

-+ G-(0)-[er1]G-(1) 
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(3.20) 

(3.21) 

where the (diagonal) matrix [erl j represents the modal delay. Wi th 

equations 3.20 and 3.21, equation 3.19 can be written as 

(3.22) 

By substitution of 3.22 into equation 3.18, one can solve for G+(O) 

G+(O)~-l1' sVs#-lps~[ erl]~-lPL~[ er1]G+(0) (3.23) 

-+ G+ (O)_{U~-lps~ [erl]~-lPL~[ er1 ] }-1~-11' sVs 

and combining equations 3.19 and 3.20 gives 

(3.24) 

.-..... --.~ - ---.- ----~-~--.---- -'--.-' .-----_._- ._._._-_ .. 
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The conductor voltages at the transmission line ends can now be found from 

equations 3.23 and 3.24, 

V(O)~{G+(O)+[erl]G-(l)} 

V(l)~{[erl]G+(O)+G-(l)}. 

(3.25) 

(3.26) 

An eigenvector expansion for w-O if either the resistance or 

conductance matrix is zero can not be performed because the product of 

[Z] and [Y] produces a singular matrix. In the limit of w -+ 0, the 

conductor voltages are given as 

R-G-O (Lossless lines) 

V(O)-O 

V(l)-U 

R.;o!O,G-O 

V(O)-Rz {2U+Rz }-l 

V(1)-2U{2U+Rz }-l 

R-O,G'-!O 

V(O)--Gz{2U+Gz}-1 

V(1)-2U{2U+Gz}-1. 

Yhere U is the identity matrix representing the normalized characteristic 

impedance matrix and z is the length of the transmission line segment. 
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The S-parameters for N coupled lines are the ratio of the voltage 

at the source and load terminations due to the excitation of a single 

line. It should be evident that due to the symmetry of the system only 

half of the ports need be calculated. For excitation of the i~ line with 

a source of 1 volt, 

near end 

far end 

and from symmetry 

SN+i,N+j-Si,j 

SN+i,j-Si,N+j 

j-l,2, .. ,N 

j-l,2, .. ,N 

j-l,2, .. ,N 

j-l,2, .. ,N. 

(3.27) 

(3.28) 

(3.29) 

(3.30) 

A 2Nx2N scatter matrix will be the result of ranging i over all N lines. 
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3.3 Frequency Dependent Non-TEM Transmission Lines 

The propagation constants r, characteristic impedance Zc and NxN 

eigencurrent matrix ~ can be found from the ful1wave solution of N (plus 

ground) coupled, multiconductor transmission lines. The i km components of 

the eigencurrent matrix, representing the current on line k for mode m, 

are defined as 

where JUm is the z component of current density on line k for mode m and 

the integral is taken over the kth line12 • Once r ,Zc and ~ are obtained, the 

voltage eigenvectors ~ can be found and the S-parameter matrix can be 

obtained in the same fashion as described in Section 3.2. 

The voltage eigenvectors aLe found from 

For the excitation of the i th line with a source of 1 volt, the S­

parameters are 

near end: 

far end: 

Si,j-Vj(O) 

Si,N+j-Vj (1) 

j-l,2, .. ,N 

j-l,2, .. ,N 

--------- - ------



and from symmetry 

SN+i,N+j-Si,j 

SN+i ,j-Si ,N+j 

j-l,2, .• ,N 

j-l,2, .. ,N 

35 

where for a line of length z-l, source and load located at z-O and z=l 

respectively and a source voltage vector V. 

V(O)~{G+(O)+[erl]G-(l)} 

V(l)-4{ [er1 ] G+(O)+G-(l) } 

G+ (O)-{ U~-lps~ [er1 ] ~-lPL~ [er1] } -l~-lT s V s 

G-(l)~-lpL~ [er1 ] G+ (0) 

T s-Zc(U+Zc)-l 

Ps-(U-Zc) (U+Zc)-l 

PL-(U-Zc) (U+Zc)-l 

U - 1 ohm identity matrix. 

Again, a 2Nx2N scatter matrix will be the result of ranging i over all N 

lines. 



CHAPTER 4 

NON-LINEAR TERMINATIONS 

36 

The analysis of frequency dependent systems with non-linear 

terminations must be done in both the frequency domain and the time 

domain. Non-linear terminations must be handled in the time domain, while 

frequency dependent effects must be dealt with in the frequency domain. 

This chapter describes an algorithm that allows for the simulation of non­

linearly terminated frequency dependent systems. The algorithm proceeds 

as follows: First the frequency dependent S-parameters are calculated in 

such a manner as described in chapters 2,3 and 5. Next, the S-parameters 

are subjected to an impedance de-normalization (to minimize the time 

domain dispersion), then the S-parameters are transformed to their 

equivalent Y (admittance) parameters and Inverse Fast Fourier Transformed 

back to the time domain forming the Conductance Greens Function (CGF). 

Finally, once the time domain CGF has been obtained, the convolution 

integral along with standard circuit techniques can be used to calculate 

the time domain system response to an arbitrary source input with non­

linear terminations. 

4.1 Transforming S-parameters to Y-parameters 

The impedance scaling of S-parameters is an important step in the 

procurement of the CGF because it allows for the selection of resistive 
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Figure S. Network used for S-parameter impedance transformation and S­
parameter to Y-parameter conversion . 
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terminations for a N-port system that minimizes the length of tbe time 

domain response. This is particularly important if the system S-parameters 

are normalized to unit terminations as described in chapters 2 and 3. The 

resulting time domain impulse response may be very long due to the large 

impedance mismatches. De-normalizing the S-parameters to a value close to 

the natural line impedances will minimize the length of the time domain 

response and significantly reduce the required calculation time. Referring 

to Figure 5, the incident and reflected voltages referenced to Zl are13 

2V1+ ... V+Z1I-V. 

2Vl--V-Z1I. 

The voltage S-parameter matrix referenced to Zl is defined by 

(4.1) 

(4.2) 

(4.3) 

Likewise, if the system were referenced to Z2 the resulting set of 

equations would be 

2V2+·V+Z2I-V. 

2V2-·V-Z21 

V2-·S2V2+· 

(4.4) 

(4.5) 

(4.6) 

--------- - ------------------- ---------.---------- ------------ --------
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The next step is to find the S-parameter matrix 51 given 52' Z2 and Zl such 

that the port voltage V and current I remain unchanged between the two 

systems. Solving equations 4.4-4.6 for V and I 

V-(U+52)V2+ 

I-Z2-
1(U-52)V2+ 

where U-Identity matrix 

and inserting into equations 4.1 and 4.2, 

2V1+·V+Z1I-[(U+S2)+ZlZ2-1(U-S2)]V2+ 

2V1--V-Z1I=[(U+S2)-ZlZ2-1(U-S2)]V2+. 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

Replacing V1- with V1+ through equation 4.3 and equating equation 4.9 and 

4.10 produces the desired transformation. 

(4.11) 

To find the Y-parameters from S-parameters, one starts with the definition 

of admittance 

(4.12) 

where using the notation of Figure 1 

. .' 



I-Z1-%(a-b) 

V-Zl~(a+b) 
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(4.13) 

(4.14) 

(4.15) 

with Zl the termination impedance. Keeping only the components entering and 

leaving the S-parameter network (which represent the components leaving 

and entering the termination elements respectively) reduces equations 

4.13-4.15 to the following: 

(4.16) 

(4.17) 

(4.18) 

Substituting 4.16-4.18 into 4.12, eliminating a and solving for Y gives 

(4.19) 

If the normalized S-parameters are calculated as defined in chapter 2 then 

equations 4.11 and 4.19 reduce to 

S-[(U+SD)-ZO(U-SD)] [(U+SD)+Zo(U-SD)]-l 

Y-Zo-%sZo-% 

(4.20) 

(4.21) 
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where SD are the normalized S-parameters and Zo the de-normalized 

termination Z-parameters. 

4.2 Y-parameter Time Domain Analysis 

The time domain Y-parameters can be obtained by Inverse Fast Fourier 

Transforming the frequency domain Y-parameters calculated by equations 

4.20-4.21 

y(t)K:IFFT(Y). (4.22) 

Here yet) represents the Conductance Greens Function (CGF) of the 

frequency dependent system terminated in Zoo The time domain response to 

an arbitrary input voltage Vi could be found by convoluting Vi with the 

CGF 

t 

iCtl-YCtl*VICtl-JYCt-TlVICTldT. 
o 

(4.23) 

In order to allow for terminations other than Zoo what is needed is a 

network analysis technique that will allow for the cancellation of the 

old termination Zo and replace it with new nonlinear termination Z. 

Referring to Figure 6. an augmented network is created by inserting a 
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-

Z -Zo yet) 

-

Figure 6. Augmented network used to cancel old termination Zo and introduce 
nonlinear terminations Z. 
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negative impedance -Zo between yet) and the new termination Z. The negative 

impedance cancels out Zo. effectively leaving only the desired nonlinear 

termination network Z14. 
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CHAPTER 5 

INCORPORATION OF EXTERNALLY GENERATED S-PARAHETERS 

Externally incorporated S-parameters include measured and ~imulated 

data. This chapter describes how to make such data compatible with the 

techniques described in the previous chapters through sampling 

synchronization and impedance normalization. 

5.1 Processing externally generated S-parameters 

In order to make external data compatible with the techniques 

described in the previous Chapters, the data must be synchronized and 

impedance normalized. 

Synchronize external data samples with the FFI sample rate. The FFT 

requires a uniform sample rate that is determined by the number of samples 

used and the period. If the data samples are not synchronized, then 

interpolation or curve fitting can be used. 

The data must then be impedance normalized. Since data is rarely 

measured with a 1 ohm load, the data must be impedance scaled. The 

relationship between the desired normalized S-parameters SD and the de­

normalized S can be obtained from chapter 4 equation 4.17 by solving for 

SD 

(5.1) 
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where Zo is the de-normalized termination impedance matrix which is 

normally diagonal for decoupled terminations, and U is the identity 

matrix. 

Because the FFT requires both positive and negative frequency 

components the S-parameters for negative frequency components are 

required. If the system is passive, the negative frequency S-parameters 

are given by the complex conjugate of S, 

S(-w)-S*(w) • (5.2) 

It is unknown if equation 5.2 holds for the general case such as when a 

system contains active elements. 

It should also be noted that when incorporating measured data, the 

termination impedance Zo may be frequency dependent. In such a case, it 

would be necessary to include a frequency dependent file for the 

termination impedance along with the de-normalized S-parameters to obtain 

the correct normalized S-parameters. 

An example of incorporating externally computed S-paraffieters for 

non-TEM coupled lines would proceed as follows. In the case of coupled, 

non-TEM structures where quasi-static or quasi-TEM dispersive R,L,C,G 

parameter extraction is insufficient, a fullwave analysis can be used to 

determine the propagation constants, characteristic impedance and 

eigencurrents of a coupled line15 • A file of S-parameters (a macro) can 
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then be created from the propagation constants, characteristic impedance 

and eigencurrents (see Chapter 3). If the S-parameters are not normalized, 

they can be no=malized through equation 5.1. The normalized S-parameters 

are now available to be used with other element models to evaluate the 

network response as described in Chapter 2. 
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CHAPTER 6 

SPECTRAL COMPOSITION OF A PULSE 

Calculating the spectrum of a pulse is useful because it gives the 

frequency, phase and amplitude of each spectral component of the signal. 

Such information can be useful in the design of transmission line networks 

and systems to ensure sufficient bandwidth for distortion free 

propagation. In this chapter, the trigonometric Fourier series of a 

general pulse is calculated, then Parseval's relation is used to calculate 

the integral-squared energy (or power) contents of a pulse composed of a 

finite number of terms. Finally the results are used to estimate the 

required system bandwidth for a pulse with a given period and rise-time. 

6.1 Trigonometric Fourier Series of a General Pulse 

The general trigonometric Fourier series expansion of a periodic 

function f(t) with period T such that f(t+T)-f(t) iSIS 

IX) 

f(t)- .. + ~("COS(2~o) + busin(2~o)J 
n-l 

(6.1) 

where wo-2~/T is the fundamental frequency. By making use of the Fourier 

transform and its properties l ', the Fourier series of a piece-wise linear 

function, and hence a general pulse, can be calculated with relative ease. 
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Figure 7. Yaveform used for the derivation of the general Fourier series 
of a pulse. 
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Referring to Figure 7, the time domain expression describing the pulse 

can be written as 

A(t-T1) A(t-T2) A(t-T3) A(t-T4) 
f(t)- ----U(t-T1) ----U(t-T2)-----U(t-T3)+----U(t-T4) 

(6.2) 

where U(t-T)- 1 ~T, 0 t<T is the unit step function. 

Differentiating equation 6.2 twice gives 

A A A A 
---c5(t-T2) (6.3) 

where c5(t-T) is a delta function. 

Fourier transforming equation 6.3 and making use of the following 

properties of the Fourier transform 

results in 

1 A A A A 
F(w)--- { e-i 1' 1101_ e-i 1'2101_ e-i 1'3101+ e-i 1'4101 }. (6.4) 

~ T~l T~l T~3 T~ 
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To express the Fourier transform in terms of a Fourier series, 

CD 

f(t)- IF,-..... , 
n--<XI 

F(w) 
. substitute Fn ~ , w ~ nwo into equation 6.4 yielding 

T 

1 A A A A 
Fn- { e-iT1Ilt.lo_ e-iT2nWo_ e-iT3Ilt.lo+ e-iT"Ilt.lo} . 

T(nwo )2 1"2-1"1 1"2-1"1 1"4-1"3 1"4-1"3 

(6.5) 

Finally, the trigonometric expansion coefficients ~ and bn of equation 6.1 

are found by separating the real and imaginary components of Fn 

or, 

(6.6) 
2 2 
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2A 1 1 
~- [ -- (cos (1"1IIWo)-COS (1"2IIWO ) )--- {cos (1"3nwo)-COS (1"4IlWO ) }] 

T(IlWo)2 1"2-1"1 1"4-1"3 

(6.7) 

2A 1 1 
bn- [-- (sin(1"1IlWo)-sin(1"2IlWo) )--- (sin(1"3n.>o)-sin(1"4IlWo»]· 

T(IlWO) 
2 1"2-1"1 1"4-1"3 

(6.8) 

6.2 Integral-Squared Error of a Pulse 

The energy or power in a pulse can be represented either in the 

frequency domain or in the time domain through Parseva1' s theorem18.19 . The 

theorem states that if a function f(t) is represented by a complete, (over 

C) 

f(t)- I f"T.(t). 

n-1 

then its integral-squared value is given by 

(6.9) 

(6.10) 
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where Kn-<Tn(t),Tn(t» is the inner product of Tn(t). Pars~va1's relation 

for the trigonometric Fourier series is 

(6.11) 

Yhen the series is truncated at a finite N, the resulting integral-squared 

error of the orthogonal series approximation to f(t) over the interval 

{O,T} is given by 

(6.12) 

The coefficients ~ and bn have been calculated in equations 6.6-

6.8. The time domain integral can be found by directly integrating 

equation 6.2, 

~ flf(t l 12dt-
T3_1' 13 1'1 (T2_1' 12) 1'12(T-1'1) 

+ 
T 0 3T(1'2-1'1)2 T(1'2-1'1)2 T( 1'2-1'1)2 

(T3-1'23) 1'1 (T2_1'22) (1'22_21'11'2) (T-1'2) 
+ + 

3T( 1'2-1'1) 2 T( 1'2-1' 1) 2 T (1' 2-1' 1) 2 
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(T3- r 33) r3 r2-'I" 1 
} (T2_1'32) + + 

3T (1'4-1'3) 2 T(r4-1'3)2 T(1'2-r 1) (1'4-1'3) 

732 2 (1'2r3-1'11"3) (T3- r 43) 
+{ + } (T-1"3)-

T(1'4-r 3)2 T(r2-r 1) (r4-r 3) 3T( l' 4-r3)2 

1"3 r2-r 1 
} (T2-rl) +( + 

T(1"4-1"3)2 T( 1"2-1'1) (r 4-1"3) 

1'4
2
- 21"3r 4 2 (1'4r1-1"41'2) 

+( + }(T-r 4) • (6.13) 
T(1"4-1"3)2 T(1"2-1"1) (1"4-1"3) 

6.3 Estimation of Pulse Spectrum and Required System Bandwidth 

Yith equations 6.6-6.8, 6.12 and 6.13 an estimation of the pulse 

spectrum or required system bandwidth can be made as a function of the 

period, duty cycle, rise time and fall time. Referring to Figure 7, the 

period (T) is the reciprocal of the clock frequency, the duty cycle (TD/T) 

represents the fraction of the period where the pulse is non-zero, and 1"r' 

1'£ are the rise time and fall times of the pulse respectively. Figure 8 

shows a plot of the number of required Fourier terms as a function of 

percent rise and fall times for a 50% duty cycle pulse with an integra1-

squared error (lSE) of 1%, 0.5% and 0.1%. Note that as the rise and fall 

times decrease, the number of Fourier terms required to form the pulse 
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Figure 8. Number of fourier terms as a function of percent rise time and 
fall time for a 50% duty cycle and 1%, 0.5% and 0.1% integral-squared 
error. 
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with a 1% ISE increases. As an example of using Figure 8 to determine the 

spectrum of a clocked pulse, a pulse train with a 50% duty cycle and a 100 

mhz clock rate will have a 4x100 mhz spectrum for a 10% rise and fall 

times because 4 terms are needed to maintain a 1% ISE, while maintaining 

the same clock rate, a pulse with 1% rise and fall times will have a 1200 

mhz spectrum. A plot of the pulse with 10% rise and fall times using four 

fourier terms for a 1% ISE and 7 fourier terms for an 0.1% ISE is shown 

in Figure 9. Decreasing the integral-squared error to 0.1% produces, as 

expected, a better fit. From an engineering standpoint, the ISE bound 

should probably fall between 1% and 0.1%. 

A practical consequence of knowing the spectral bandwidth of the 

pulse train is that it defines the required upper bound of the system 

'bandwidth for a transmission line. Referring to Figure 10, the system 

bandwidth, for most practical purposes, can be defined as the beginning 

of the frequency range at which on average the magnitude of the ratio of 

the signal at the load to the signal at the load is down by a factor of 

two (3 db) from its average lower frequency ratio. The 3 db frequency 

(f3~) represents the cutoff frequency where frequencies below f3~ belong 

to the system pass band and on average are only mildly attenuated in 

magnitude and non-linearly shifted in phase. Frequencies above belong to 

the system stop band and can be severely attenuated and phase shifted. For 

minimal signal transmission distortion, the spectral bandwidth of the 

pulse train must fit well within the transmission line pass band, if not, 

spectral components above f3~ will be affected and the resulting time 

domain signal will be distorted. 
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Figure 9. Plot of 10% rise and fall time pulse with four and seven term 
approximation corresponding to 1% and 0.1% integral-squared error. 
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Figure 10. A transmission line network and system transfer function. 



58 

CHAPTER 7 

S-PARAHETER ANALYSIS OF INTERCONNECT DISCONTINUITIES 

S-parameter analysis of VISI interconnect discontinuities can be 

conducted in an exact manner with a full wave analysis. or in terms of 

some form of an approximation. Full wave analysis methods tend to be 

cumbersome to implement and time consuming to execute. Hence. emphasis 

tends to be placed on techniques that approximate the effects of 

discontinuities. For most engineering purposes the effects of VLSI 

discontinuities can. to first order. be accounted for by RLC networks. In 

this chapter. Poynting's theorem is used to provide an argument for the 

validity of approximating discontinuities with RLC networks. Discrete 

component networks describing \TLS! discontinuities are presented in S-

parameter format and discussed. 

7.1 Poynting's Theorem 

Poynting's theorem2o is a statement of conservation of energy. For 

a continuous distribution of charge and current. the total rate of work 

done by the fields in a finite volume V is 

J 
1 J aD aB 

J-Ed3x-- [cV-(ExH)+E- -+H- -]d3x 
4~ at at 

v v 

(7.1) 

--------- -- - -------- ------- -- ----.--~-----.----- - -.- --- .--- ---_.- ----- .- ---- .---. 
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where J is the current density, E is the electric field, n is the electric 

displacement, B is the magnetic flux density, H is the magnetic field and 

c is the speed of light. Assuming the fields and sources have a harmonic 

time dependence of e-iwt , Po)~ting's theorem becomes 

(7.2) 

where * implies complex conjugate. Now define 

c 
s- - (ExH*) (7.3) 

811' 

1 
we" -- (Een*) (7.4) 

1611' 

1 
wm- -- (BeH*) (7.5) 

1611' 

where we and wm are respectively the electric and magnetic densities and 

S is the complex pointing vector. Equation 7.2 can now be written as 
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(7.6) 

where the divergence theorem has been used to create a surface integral 

from the volume integral. 

Equation 7.6 is a complex equation whose real and imaginary 

components represent power transfer/loss and reactive/stored energy 

respectively. The real components, given by equation 7.7, show that the 

steady-state time-average rate of power loss within the volume V is equal 

to the difference in the average flow of power into and out of the volume 

through the bounding surface S. The imaginary components, given by 

equation 7.8, represent reactive or stored energy. 

(7.7) 

(7.8) 
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7.2 Application of Poynting's Theorem to a Discontinuity. 

The complex Poynting's theorem can now be used to describe the 

effects of a general trar~mission line discontinuity. Figure 11 shows a 

discontinuity region defined by a volume V and bounded by a surface S 

between two transmission line segments Tl and T2. Such a region may 

represent a bend or a via in a stripline. Assuming that the desired power 

flow is from T1 to T2 through the surfaces Sl to S2 then, according to 

Poynting's theorem, the effects of the discontinuity can be represented 

as 

(7.9) 

where S3 is the remaining surface integral. If the power entering at Sl 

is represented as the product of a voltage and current (~V*I), then the 

resistive and reactive components of the input impedance (Z-R+iX), seen 

at Sl. are 

1 
R--- (7.10) 

1112 

1 
x--- (7.11) 

1112 



62 

Ideal Guide 
~ 

I~ 

n 

Figure 11. A discontinuity region defined by a the volume V and bounded 
by the surface S between two transmission line segments Tl and T2 • 
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An explanation of the terms are as follows. The real component of the 

volume integral of J*·r represents work done by the fields in the volume 

V, while the imaginary term represents the reactive effects. An example 

of the J*·r term would be that of a resistor. The real component would 

describe resistive heating due to ohmic losses and the imaginary component 

the effects of the distributed inductance and capacitance of the resistor. 

The real component of the wm-we volume is purely reactive in nature. If the 

electric term we dominates the integral, the reactance seen at Sl is 

capacitive. If the magnetic term wm dominates the integral, the reactance 

is inductive. Evanescent (non-propagating) fields due to a discontinuity 

giV'e rise to such a frequency dependent reactance. A lossy dielectric 

within the volume will give rise to power dissipation that is given by the 

negative component of the wm-we integral. A non-zero real component of the 

S3 surface integral would represent escaping radiation (if the surface is 

taken to infinity) which can been induced by e discontinuity in the form 

of high frequency components. The imaginary component represents 

fluctuating fields through the surface S3. 

If escaping radiation due to the discontinuity is neglected and a 

lossless discontinuity is assumed, equations 7.10-7.11 reduce to (with the 

impedance of T2 subtracted out) 



1 
x=--

1112 
(2~ J (wo-.ld'x] 

V 
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(7.12) 

(7.13) 

where u is the real conductivity. Equations 7.12 and 7.13 suggest, that 

to first order, the resistive and reactive effects of discontinuities can 

be approximated by an RLC network. While not discussed here, algorithms 

that extract the effective C, Land R parameters are available in the 

1iterature21 .22 . 

7.3 S-parameter Network Models of Interconnect Discontinuities 

Figure's 12-15 show the S-parameter networks and matrices for series 

impedance, shunt admittance, T-network and Pi-network respective1y23. Note 

that the impedance and admittance elements represent networks of point 

source RLC elements. As an example, Figure 16 shows a T-network used to 

model a VLSI bend or via. For this case, Zl-Z3-R/2+iwL/2 and Z2-1/iwC. 

Other models can be found in the literature24 . 

An important engineering question arises concerning itself as to 

when the lumped elements representing the effects of the discontinuity 

can be neglected. From Figures 12-15, the effects of the elements are 

minimized when Sl1-S22 -+ 0, S12-S21 -+ 1 and if the characteristic impedances 

of port 1 and 2 are equal. If the characteristic impedances are 
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Figure 12. Series impedance S-parameters. 
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y Y2 
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where: Ds= Y + Yl + Y2 

Figure 13. Shunt admittance S-parameters. 
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Figure 16.· Equivalent T-network circuit or a bend and via. 
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mismatched, then the discontinuity can be neglected if the magnitude of 

the mismatch is much larger then the magnitude of the impedance of the 

lumped element. An example of a potentially mismatched discontinuity is 

the via. Since the via is predominantly inductive in nature, a series 

impedance, as shown in Figure 12, can be used to model the discontinuity. 

To determine if the effects of the discontinuity can be neglected, 

evaluate Z-iwL at the highest significant spectral component expected in 

the incident waveform (see Chapter 6). If Z« (Z2-Z1) then the effects of 

the via discontinuity can be neglected. In the case of no mismatch, the 

via can be neglected if Z « (Z2+Z1)' 
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CHAPTER 8 

IMPLEMENTATION OF THE S-PAlWIETER ANALYSIS TECHNIQUE 

This chapter describes the computer implementation of the S­

parameter algorithms introduced in the preceding chapters. First. an 

overall system overview is given describing, in general, how the algorithm 

functions. This is followed by a description of the system architecture 

and the numerical techniques applied. Finally, the last section examines 

the potential simulation error that can be introduced by Fourier aliasing 

and describes how aliasing can be detected and prevented. 

8.1 System Overview 

The architecture of the implemented algorithm is shown in Figure 17. 

The time domain and frequency domain are linked by a Fast Fourier and 

Inverse Fast Fourier Transform (FFT/IFFT). A typical analysis would 

proceed as follows. First, a periodic input waveform is defined in the 

time domain with the Time Base Generator. Then, an FFT is automatically 

performed to go into the frequency domain where a graphically based 

Network Editor is used to create a file or recall and edit an existing 

file. The Network Editor makes use of predefined network elements whose 

parameters are user defined with the Library Editor and stored in the Data 

Base. Finally, the network is solved using the technique described in 

chapter 2 and results are graphically displayed in the frequency domain 
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Figure 17. Architecture of the implemented algorithm. 
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or, through an IFFT, in the time domain. If the network is to be solved 

with non-linear terminations, the time domain CGF impulse response is 

calculated for the linear component of the system, the non-linear 

terminations are selected using the Non-Linear Termination Editor, and the 

time domain response is calculated through use of a convolution integral. 

8.2 Architecture 

The system employs a modular architecture which provides for a 

flexible and adaptable system. Each module ties into the overall system 

through a predefined I/O system, allowing for easy upgrading or changing 

of modules, when for example, a new edit:or configuration, numerical 

technique, or i~ple~entation of new library model is required. A brief 

description of the modules follow. 

FREQUENCY DOMAIN 

LIBRARY EDITOR/MODELS: When a network is simulated, the 

index of a given network element is passed to the library, 

which then returns S-parameters generated by the model (and 

data base parameters) corresponding to that element's index. 

The editor is used to define the parameters (which can be 

frequency dependent) stored in the data base and used by the 

library models which include resistors, capacitors, inductors, 
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and lossy coupled lines. The library also contains file 

information of user supplied macros, measured data, or 

computer simulated S-parameters. 

NETYORK EDITOR: This module is used to create, edit and 

file (save/recall) networks that are to be simulated. 

NETYORK SOLVER: The network solver is the "number cruncher" 

component of the system where a linear system of equations is 

solved. 

'rIME DOMAIN 

TIME BASE GENERATOR: Tne time base generator provides a 

means for which a user can generate any time domain periodic 

waveform desired such as pulses, exponential, noise, clipped 

signals etc .. 

NON-LINEAR TERMINATION: Contains models of the non-linear 

elements which would include BJT. MOS, and FET devices. 

8.3 Numerical Techniques 

This section describes the implemented numerical techniques. 



LINEAR ALGEBRAIC EQuATIONS: LD decomposition is used for 

solving or inverting a system of linear equations. The 

algorithm was taken from Numerical Recipes25 and modified for 

complex arithmetic. 

EIGENVECTORS AND EIGENVALUES OF A GENERAL COMPLEX MATRIX: 

The general (asymmetric) complex eigensystem is solved by 

first reducing the general matrix to an upper Hessenberg form 

by unitary similarity transformations and then applying the 

QR method extracting the eigenvectors and eigenvalues. The 

algorithms are translated and adapted from the MATLAB26 

routines. 

8.4 Fourier Aliasing (Error Analysis) 
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The S-parameter frequency domain equations used in SPTLA are exactly 

solved by Fourier transform methods. Hence, in the frequency domain, 

simulation error is limited to the numerical algorithms implemented and 

the inherent accuracy of the computer. However, potential error can be 

introduced when a time domain continuous-time signal is discretized 

(represented by a discrete-time set of points) and fast Fourier 

transformed to the frequency domain. If an insufficient number of 

discrete-time yoints are fast Fourier transformed, a phenomena known as 
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frequency aliasing occurs resulting in simulation error. This section 

explains how to detect and prevent aliasing. 

When a time domain signal is generated with the program, the user 

is approximating a periodic, continuous-time function f(t) with a 

discrete-time function 

f(t)=~(6n) n-O,l,2,3 ... N 

where 6 is the sampling interval. Since f(t) is periodic over T 

f(T+t)-f(t)=fn(rn) n-O,1,2,3 ... N, 

then the function need only be sampled over the interval T with a sampling 

interval of 

6-TjN. 

The reciprocal of 6 is called the sampling rate and has the unit of 

samples per time. 

For the sampling interval 6, there is a special corresponding 

frequency, fe' called the Nyquist27 critical frequency which is given as 
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If a bandwidth limited signal contains frequency components up to but not 

exceeding fc' then Nyquist's relation requires a sampling rate of 2fc to 

preserve signal integrity. The total number of samples over a period T can 

then be written as 

Unfortunately, most electronic signals used for digital circuits are not 

band limited and actually have an infinite bandwidth. When a signal is 

under sampled, that is if the Nyquist criterion is violated and the signal 

contains spectral components greater then fc' then a phenomena known as 

aliasing occurs. Spectral components greater then fc are folded back into 

lower frequency components below fc (hence the term aliasing) introducing 

an error into the representation of f(t). Fortunately, for all practical 

signals used in digital circuits, the magnitude of the spectrum Fn 

uniformly decreases at higher frequencies. Most of the energy is carried 

by components lying within a well defined frequency interval, and the 

error introduced by ignoring the high frequency tail can be neglected. 

Hence, at some frequency the signal is for all practical purposes band 

limited and can be sampled at a finite N. Figure 18 illustrates the 

effects of aliasing. The top figure shows the spectrum of a signal that 

was correctly sampled at a rate greater than 2£;, while the bottom figure 
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Figure 18. The top figure shows a correctly sampled signal, while the 
bottom figure shows the aliasing effects of under sampling the signal. 
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represents an under sampled signal. Notice how the spectrums overlap and 

"inflate" spectral components through aliasing, introducing an error in 

the spectral representation. 

An easy method of detecting, if enough sampling points have been 

used, is as follows. After generating a time domain signal, fast Fourier 

transform the signal to the frequency domain and plot the magnitude of 

the spectrum. If the spectrum plot decays to zero before the ends of the 

plot limits, then the selected sample rate is safe to use (note that if 

the plot appears as a virtual delta function, the number of samples can 

probably be reduced, speeding execution time). If however, the spectrum 

is non-zero at the Nyquist frequency, then the number of sample points 

must be increased. 
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CHAPTER 9 

EXPERIMENTAL HEASUREHENT AND SIHULATION COMPARISON 

This chapter compares the simulated results with the experimental 

measurements of a microstrip system. The micros trip structure was built 

by Advanced Packaging Systems and measurements performed by Cascade 

Microtech. The modeling of the micros trip was conducted in two phases, 

RLC parameter extraction (quasi-TEM, dispersive model) and simulation. The 

frequency dependent resistive and inductive parameters were extracted 

using the software tool UA3DL2. 0, while the non-frequency dependent 

capacitance was calculated with the tool UAMOM. The simulation was based 

on techniques discussed in the preceding chapters. An additional structure 

was simulated by IBM on their transmission line simulator, ASTAP, to 

obtain time domain transient analysis comparisons. Good agreement was 

achieved. 

9.1 Experimental S-parameter Measurements 

Experimental S-parameter data was obtained using the thin film High 

Frequency Test Pattern HFTP-02 fabricated by Advanced Packaging Systems, 

HDI division of San Jose, CA. Figure 19 shows the configuration of the two 

test patterns utilized. The structure is composed of five 1.5 inch micro­

strip segments connected end to end, so that if straightened, would be 7.5 

inches long. l'he aluminum microstrip, embedded in a polyimide with a 
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relative dielectric constant of 3.4, has the dimensions of width - 25 ~m, 

thickness - 5 ~m, height (from ground plane) - 10 and 20 ~m and line pitch 

of 75 ~m. The peripheral 16 mil square contact pads are connected through 

35 ~m diameter vias to the micros trip and are designed for use with the 

Cascade Microtech Hybrid Probe Station (Cascade Microtech, Inc., 

Beaverton, OR). The entire structure is mounted on a ceramic substrate. 

The measurements were conducted at Cascade Microtech. The 

measurement station utilizes a Hewlett-Packard HP-8S10 network analyzer 

in conjunction with the Cascade Microtech Hybrid Probe Station. Sampled 

data is transferred to a Macintosh Plus microcomputer via an IEEE 488 bus 

for processing. S-parameter measurements were conducted from 100 Hz to 10 

GHz. The resulting Sll and 812 :easurements are shown in Fi5~res 20 and 

21 for a height of 10 and 20 ~m respectively. 

9.2 Simulation 

The modeling of the micros trip was conducted in two phases, RLC 

parameter extraction followed by S-parameter analysis utilizing the 

extracted parameters for the overall system response. The frequency 

dependent resistive and inductive parameters were extracted using the 

software tool UA3DL2. 021 , while the non-frequency dependent capacitance was 

calculated with the tool UAMOM28 • The system response was then simulated 

with the S-parameter program SPTLA (see chapter 8). 

The micros trip was broken up into three components: a 1.5" coupled 
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Figure 21. Sll, S12 S-parameter measurement, h-20 ~m. 
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five line system, the 90 0 bend and the 50 ISm transmission line joining the 

two bends creating the overall 1800 bend. 

Tae resulting frequency dependent coupled line RLC matrices are: 

h-10 J.'m: 

rR(",,) 0 0 0 0 1 
10 R(",,) 0 0 0 

10 0 R(",,) 0 0 el/m 

10 0 0 R(",,) 0 

Lo 0 0 0 R(",,)J 

rL(",,) 11 2.8 1.3 0.7 1 

III L(",,) 11 2.8 1.3 

12.8 11 L(",,) 11 2.8 nHjm 

11.3 2.8 11 L(",,) 11 

LO.7 1.3 2.8 11 L(c.»J 

r 154 -6.22 -0.54 -0.22 -0.15 1 
1-6.22 153 -5.86 -0.48 -0.22 

1-0.54 -5.86 158 -5.86 -O.S~ pF/m 

1-0·22 -0.48 -5.86 153 -6.22 

L-0.15 -0.22 -0.54 -6.22 154 J 
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where: 

R(w)-228.8848 + 1.078846·10-sw - 4.8255311·10-2ow2 

+3.979675xlO-32w3 aim 

L(w)-2.84178·10-7 - 1.377801.10-19w + 1.5230336·10-29w2 

-1. 464733 . 1O-42w3 Him 

h-20 ~m: 

rR(w) 0 0 0 0 1 
jo R(w) 0 0 0 I 
10 0 R(w) 0 0 I aim 

10 0 0 R(w) 0 

Lo 0 0 0 R(w)J 

rL(w) 32 8.8 4 2.3 1 

132 L(w) 32 8.8 4 

18.8 32 L(w) 32 8.8 nH/m 

14 8.8 32 L(w) 32 

L2.3 4 8.8 32 L(w)J 

-----_. - --.-.-- ... -------



where: 

r 98.8 -7.46 -0.6 -0.27 -0.2 1 

1-7.46 97.0 -7.6 -0.51 -0.271 

1-0·6 -7.6 109.1 -7.6 -0.6 1 pF/m 

1-0·27 -0.51 -7.6 97.0 -7.461 

L-0.2 -0.27 -0.6 -7.46 98.8J 

R(w)-234.9468 + 1.034233·10-8w - 5.0180559·10-2ow2 

+4. 227842xlO-32w3 O/m 

L(w)-3.86591·1O-7 - 9.773531·10-19w + 1.0132992·10-29w2 

-9. 683504·10-42w3 Him 
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are third order power series expansions in w to incorporate the frequency 

dependent effects which, for this particular system, are significant only 

in the diagonal elements. 

The 180° bend is composed of two 90° bends and a 50 ~m transmission 

line segment. The 90° bends are treated as discontinuiti~~ and modeled as 

frequency dependent T-network (see Chapter 7), while the 50 ~m line 

segment is assumed decoupled and modeled as a single transmissi~n line. 

The line segment parameters are 



h-10 ISm: 

R(",)-231.612277 + 1.032463.10-8", -4.146360.10-20",2 

+3.3109541.10-32",3 O/m 

L(",)-2.786642·10-7 - 1.012947.10-18", + 1.0310565.10-29",2 

-9.831333.10-42",3 HIm 

C-1. 54626 .10-10 F 1m 

h=20 ,:;m: 

R(",)=234.759128 + 0.897775.10-8", -2.524983.10-20",2 

+ 1. 7359010.10-32",3 O/m 

L(",)-3.867432·10-7 - 0.904653.10-18", + 0.88360016.-29",2 

-8.388783.10-42",3 HIm 

C-O. 98379.10-10 , F/m 
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while the 90° bend discontinuity RLC parameters, which were fit to first 

order in "', are 
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h-10 ~m: 

R(w)-1.44608·10-a + 4.851766·10-13w 0 

L(w)-1.401868·1O-12 + 1.41429 ·10-22w H 

C-2 . 714· 10-15 F 

h-20 ~m: 

R(w)-=1.62020·l0-3 + 1.380604·10-12w 0 

L(w)-1.475590·10-12 + 5.73426·10-22w H 

C-l. 665 .10-15 F. 

It should be noted that the above power series expansions are valid only 

over the range of zero to 15 GHz. 

The coupled line system was then simulated on SPTLA. The simulated 

S11, S12 for h-lO and 20 ~m, denormalized to 80 0, are shown in Figures 

22-23 and agree well with the measured data. While the simulation was 

successfully carried out to 10 GHz for this case, in general the validity 

of simulations beyond 2 to 3 GHz must be questioned. Note that the reason 

such high frequency components are required for a time domain simulation 

---------
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is due to the Fourier techniques used. For an N point FFT, the highest 

frequency component required is N/2 times the period (see Chapter S on 

Fourier aliasing). The simulation used in this example has N-256, hence, 

for a 10 GHz maximum, the period (or clock ~at:t:) is 78.125 MHz. However, 

for the typical clocked signals used in VLSI systems, only the first 4 to 

5 frequency components of the transformed pulse contain significant power 

(see Chapter 6). Hence, for this example, only the 1st GHz of Sll and S12 

need be accurate. 

An example of a time domain response of the micros trip of Figure 18 

(util'iL.tng the S-parameters of Figures 4 and 5) is shown in Figure 24. l·he 

Figure. shows the input (periodic) pulse and the propagating pulse at each 

bend for 50 0 source and load terminations. Noce the signal attenuation 

attributed to line losses. 

Due to the unavailability of measured time domain data of coupled 

transmission lines, comparisons where made with IBM's ASTAP time domain 

transmission line simulator. Figure 25 provides a schematic of the 

network. There are two 3-line lossless coupled transmission lines that are 

each one inch in length with Land C matrices 

r 0.667 -0.163 -0.015 1 
1-0.163 0.722 -0.163 I pF/cm 

L-0.015 -0.163 0.667 J 
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r 5.033 1. 734 0.818 1 
1. 734 4.972 1.734 I nH/cm 

L 0.818 1.734 5.033 J. 

The center line is active and the two outer lines represent a shield line 

and a coupled load line. The active line is driven by a clocked source at 

a frequency of 100 MHz with a rise time of 0.1 ns. The resulting SPTLA 

simulation along with the ASTAP simulation is shown in Figure 26. It 

should be noted that ASTAP is a time domain transient analysis program and 

Figure 26 shows the simulation results of a sequence of ten pulse cycles: 
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CHAPTER 10 

CONCLUSION 

97 

The implementation of S-parameter techniques for the analysis of 

high speed integrated circuit and packaging interconnects has been 

investigated. An algorithm has been de-velvped that allows for the 

inclusion of frequency dependent parameters, analysis of periodic waveforIl1 

response and the incorporation of measured or externally calculated S­

parameter data into an analysis. Verification of the algorithm has been 

shown through comparisons with experimentally obtained data and another 

transmission line analysis program. An algorithm to incorporate non-linear 

terminations has been developed. 

This dissertation primarily establishes S-parameter techniques as 

a viable tool for the computer aided analysis and design of high speed 

integrated d.rcuits and packaging interconnects. The next phase of 

research should investigate and develop the potential applications that 

are unique to S-parameter techniques. Future research should include 

incorporation of non-TEM structures, large system decomposition and lossy 

line engineering. Appendix A describes the latter two of these S-parameter 

.:;.pplications . 

.... 
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APPENDIX A: S-PARAHETER APPLICATIONS 

This appendix briefly describes two poten~ial S-parameter 

applications: lossy line engineering and large system decomposition. 

Tne simple transmission line system shc~~ in Fi~~re 27 can be used 

to illustrate the potential uses of deliberately introduced line losses. 

The transmission line parameters are those of the decoupled frequency 

dependent line (h-20 ~m) discussed above. The lines are 10 cm long and are 

terminated in 1 pf and 5 pf capacitors for the upper and lower branch 

respectively and are driven by a matched source. Figures 28 and 29 show 

the response of che frequency dependent lossy and lossless system across 

the 1 pf capacitor (node A). Both Figures 28 and 29 show the re~ponse of 

a system driven by a clock with 1 ns rise and fall times and a I volt 

amplitude. However, the clock rate for Figure 28 is 100 MHz while that of 

Figure 29 is 10 MHz. Note the great difference in response between the 

loss less and lossy system. Yhile the lossy system tracks the I ns rising 

and falling edges of both clock frequencies reasonably well, the response 

of the lossless system is severely degraded. This would suggest that 

systems with relatively large discontinuities or termination mismatches 

like those found in high speed CMOS and III-V compound circuits (which 

have capacitive inputs) could benefit from losses through damping. Careful 

line loss engineering may be used to enhance system performance. 
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Network S-parameter analysis allows a system to be decomposed and 

analyzed as subsystems and later reconstituted with the much smaller 

subsystem network. Such a technique would allow very large systems to be 

rapidly evaluated on common computers and minimizes the problems 

associated with inverting very large matrices. In addition, many large 

interconnect systems are composed of redundant geometries. S-parameters 

for redundant elements such as bends, vias and coupled line segments need 

only be evaluated once and stored as a macro to be called when needed. An 

example of system decomposition was illustratea by the microstrip analysis 

given in chapter 9. The 22 port micros trip bend circuit, shown in Figure 

30, is replaced by its equivalent two port macro. The macro is then 

inserted into the coupled five conductor microstrip for the overall 

circuit response as shown in Figure 31. Note that by using the macro, the 

simulation requirements are reduced from 95 ports to 23 ports. 
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Figure 30. The equivalent two port macro for a micros trip bend. 
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