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2 1. Introduction1 IntroductionAs the system clock speed increases, crosstalk becomes one of the major source of noise inaddition to the delay and ringing which can limit the performance of high-speed digital systems [2][3] [5] [6] [7] [14] [15] [16]. The crosstalk can often lead to excessive overshoots, undershoots andglitches. It can also cause false switchings on the non-active lines as well as undetected switchingson the active lines, not to mention that it can also increase power dissipation of the output drivers.It can be considered as the dominant factor of noise in the high density interconnection networks.Thus for a reliable operation, the crosstalk should be strictly controlled within a certain limit.An e�cient and accurate transient analysis also becomes a key element in the combating of thecrosstalk.Previous research works which uses scattering parameter for the analysis of coupled transmissionlines include those of the full-wave analysis by Cooke et al [6] and time domain simulation bySchutt-Aine et al [16]. In Schutt-Aine's paper, they demonstrated a great accuracy improvementin simulating circuits that includes non-linear drivers and terminations [16]. Whereas in Cooke'spaper, they illustrated an ability to simulate frequency dependent model propagation [6]. Recently,a frequency domain simulator using scattering parameter based macromodels has been presentedby Liao et al [11] [12]. Based on the scattering parameter based macromodel, Pade techniqueor Exponentially Decayed Polynomial Function (EDPF) can be used to approximate transferfunctions of the coupled interconnects. This approach avoids the costly matrix computation forconverting the frequency domain scattering parameter matrix representation into the time domaintransfer/reection matrix representation [16] and the time consuming full-wave analysis [6]. Anadoption of the scattering parameter based macromodel and Pade/EDPF approximation do providea trade o� between speed and accuracy.The di�culty in high-performance system design comes from the coupled noise among thetransmission lines which are placed closely together in today's dense process technology. Thecoupled noise (crosstalk) is inversely proportion to the interline spacing and is proportional to



2. Congruence Transformation of the Lossless Coupled Transmission Lines 3several parameters including those of the thickness of the dielectric material, the distance which thecoupled lines are in parallel, the rate of change of the input waveforms, and the line impedances.There are signal distortions caused by coupling mechanisms such as n mode propagation andcrosstalk. In order to rigorously analyze crosstalk in a coupled transmission line systems, themethod of congruence transformation decoupling can be employed [2] [3] [9] [14]. The analysisis focused on �nding the crosstalk among all of the possible coupling lines, but not limited tothe immediate adjacent lines. The scattering parameter based macromodel provides the crucialinformation about the crosstalk waveforms for the coupled transmission lines analysis and design.In Section 2, the congruence transformation of lossless coupled transmission lines is derivedbased on frequency-independent per-unit-length L and Cmatrices. The scattering parameter basedmacromodel of lossless coupled transmission lines is derived from the congruence transformation.An addition simpli�cation of the scattering parameter based macromodel is derived based onthe similarity transformation property. In Section 3, the derivation is repeated for coupled lossytransmission lines. In Section 4, several examples of lossless as well as lossy coupled transmissionlines are simulated, and their results are compared with published results, commercial tools, andstate-of-the-art simulators such as SWEC [13] and Co�ee [4]. Finally we will conclude this paperwith some remarks on the proposed method and directions for the future research.2 Congruence Transformation of the Lossless Coupled Transmission LinesWave propagation in multiconductor has been extensively studied by the Microwave, Electronic-Magnetic-Compatibility (EMC), and Electrical engineers. Due to the coupling between transmis-sion lines, di�erent modes which have di�erent propagation velocities exist simultaneously in thesystem. For an n conductor system shown in Figure 2.1, there are n fundamental modes of propa-gation.Starting with the quasi-TEM analysis, the congruence transformation decoupling for the coupledlossless transmission lines can �rst be derived. Later based on the congruence transformation



4 2. Congruence Transformation of the Lossless Coupled Transmission Lines
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Figure 2.1: Coupled Transmission Lines. The n coupled transmission lines with totalcoupled length l are shown here. The lines can be either lossless or lossy.decoupling, the scattering parameter based macromodel can be formulated. When consider togetherwith the property of similarity transformation, a novel simpli�cation of the scattering parameterbased macromodel for the lossless coupled transmission lines can be found resulting in signi�cantlyreduction in the computation time.2.1 Quasi-TEM Wave Propagation on the Coupled Lossless TransmissionLinesA lossless line is de�ned as a conductor with a negligible ohmic loss. The lossless conductors areusually fabricated by embedding them in multiple layers of homogeneous dielectrical media. Thisstructure supports TEM waves traveling at multiple propagation velocities. With the assumptionof quasi-TEM wave propagation, the distributions of voltages and currents in an n coupled losslesstransmission-line system can be described by the generalized Telegraphist's equations [2]:@v(x; t)@x = �L@i(x; t)@t (2.1)@i(x; t)@x = �C@v(x; t)@t ; (2.2)



2. Congruence Transformation of the Lossless Coupled Transmission Lines 5where 0 � x � l and v(x; t) and i(x; t) are column vectors de�ning the voltages vk(x; t) and currentsik(x; t) distributed on the conductors k = 1; 2; 3; :::; n. The L and C are the n by n symmetricmatrices of the per-unit-length inductance and capacitance of the n conductor system. Throughoutthis paper, the L and C matrices are assumed to be frequency-independent.2.2 Congruence Transformation of the Coupled Lossless Transmission LinesTaking derivative with respect to x for both sides of Equation (2.1) and (2.2) with propersubstitution of terms, one obtains the following equations:@2v(x; t)@x2 = LC@2v(x; t)@t2 (2.3)@2i(x; t)@x2 = CL@2i(x; t)@t2 ; (2.4)In order to decouple the coupled system, all four matrices L, C, LC, and CL in Equation (2.1),(2.2), (2.3), and (2.4), must be simultaneously diagonalized.By applying congruence transformation, we can change the variable basis from v to u and fromi to j. The terminal voltages and currents at opposite sides of the transformer are related by (seeFigure 2.2) [2]: vk(x; t) = nXm=1Xkmum(x; t) (2.5)jk(x; t) = � nXm=1Xmkim(x; t); (2.6)The negative sign is used to indicate the direction of current jk is owing into the transformer.Rewrite Equation (2.5) and (2.6) in a matrix notation, one obtains:V (x; t) = XU(x; t) (2.7)I(x; t) = � �X t��1 J(x; t); (2.8)



6 2. Congruence Transformation of the Lossless Coupled Transmission Lineswhere V , U , I and J are column vectors, V = [v1(x; t); :::; vn(x; t)]t, U = [u1(x; t); :::; un(x; t)]t,I = [i1(x; t); :::; in(x; t)]t, and J = [j1(x; t); :::; jn(x; t)]t.Substituting Equation (2.7) and (2.8) into Equations (2.1), (2.2), (2.3), and (2.4), one obtains:@u(x; t)@x = �X�1L �X t��1 ��@j(x; t)@t � (2.9)�@j(x; t)@x = �X tCX@u(x; t)@t (2.10)@2u(x; t)@x2 = X�1LCX@2u(x; t)@t2 (2.11)@2j(x; t)@x2 = X tCL �X t��1 @2j(x; t)@t2 : (2.12)It has been shown that the right eigenvector matrix X which is obtained from the similaritytransformation of L satisfys the following property [14]:X t = X�1: (2.13)So the right eigenvector matrix X can simultaneously diagonalize all four matrices:~L = X�1L �X t��1 = X�1LX = diag(Lk) (2.14)~C = X tCX = X tC �X t��1 = diag(Ck) (2.15)~L~C = X�1LCX = X�1L �X t��1X tCX = diag((LC)k) (2.16)~C~L = X tCL �X t��1 = X tCXX�1L �X t��1 = diag((CL)k); (2.17)where k = 1:::n and diag(Lk) represents an n by n diagonal matrix L which all o�-diagonal elementsare equal to zero. The Lk, Ck, (LC)k, and (CL)k are the k � th eigenvalue of the matrices L, C,LC, and CL.Rede�ne the Telegraphist Equations of decoupled system to be:@u(x; t)@x � �~L ��@j(x; t)@t � (2.18)



2. Congruence Transformation of the Lossless Coupled Transmission Lines 7�@j(x; t)@x � �~C@u(x; t)@t (2.19)@2u(x; t)@x2 � ~L~C@2u(x; t)@t2 (2.20)@2j(x; t)@x2 � ~C~L@2j(x; t)@t2 ; (2.21)where the matrices ~L, ~C, ~L~C, and ~C~L are all diagonal matrix as shown in Equation (2.14), (2.15),(2.16), and (2.17).The n coupled lossless transmission lines shown in Figure 2.1 can be decoupled using thecongruence transformation method as shown in Figure 2.2. Each decoupled single transmissionline carrys one mode of propagation. The incident waves are decoupled into di�erent modes, andpropagate through each decoupled transmission line in di�erent mode velocity, then all the modesare combined at the other end to form the output and the reected waves.
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Figure 2.2: The Decoupled Lossless Transmission Lines. The coupled system isdecoupled into two congruence transformers and n decoupled single lossless transmissionlines.The task of �nding the scattering parameter matrix of n coupled lossless transmission lines be-comes one of �nding the scattering parameter matrices of the two identical congruence transformersand the scattering parameter matrices of the n decoupled single transmission lines. The scatteringparameter matrices are not combined because this is the task of the scattering parameter based



8 2. Congruence Transformation of the Lossless Coupled Transmission Linesmacromodel simulator. The scattering parameter based macromodel simulator takes full advan-tage of being a frequency domain simulator and lumps the multiport components together usingthe Pade or EDPF approximation [11] [12]. The derivations of equations of the voltage scatteringparameter matrices of all the components in the decoupled system are presented in the next twosection.2.3 Scattering Parameter Matrix of a Congruence TransformerDue to the choice of identical reference impedance Z0 at any port for the scattering parameterbased macromodel simulator, the scattering parameter matrix S of any multi-port component isequivalent to its voltage scattering parameter matrix SV . Since only the terminal voltages andcurrents are of an interest, the following representations are introduced (see Figure 2.1):v1k(t) � vk(x = 0; t) v2k(t) � vk(x = l; t) i1k(t) � ik(x = 0; t) i2k(t) � ik(x = l; t);where k = 1:::n. The u1k, u2k, j1k, and j2k are the terminal voltages and currents after thetransformation, they represent:u1k(t) � uk(x = 0; t) u2k(t) � uk(x = l; t) j1k(t) � jk(x = 0; t) j2k(t) � jk(x = l; t);To �nd the voltage scattering parameter matrix of a congruence transformer, �rst the time-domainvoltage and current are transformed into frequency-domain using Laplace transform. For example,jpk(s) = L(jpk(t)), where p = 1; 2 and k = 1; :::; n. Then the terminal voltages and currents of theboth sides of the transformer are separated into the incident and reect wave components as shownin Figure 2.3: Writing the voltage and current wave components in vector notation, one obtains:Vp = V +p + V �p (2.22)Up = U+p + U�p (2.23)Ip = I+p � I�p (2.24)
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Figure 2.3: The separation of wave components. The voltage and current waveformsat both sides of the transformer are separated into incident and reect wave components.Jp = J+p � J�p ; (2.25)where p = 1; 2 and V +p , V �p , U+p , U�p , I+p , I�p , J+p , and J�p , are column vectors of the incident andreected waves, for example J+p = hj+p1(s); :::; j+pn(s)it.It may be necessary to �nd only one scattering parameter matrix for the congruence transformersbecause if the n coupled conductor are uniform, the system is reciprocal. From Equation (2.7),(2.8), and (2.22) to (2.25), one obtains:V +p + V �p = X(U+p + U�p ) (2.26)I+p � I�p = �(X t)�1(J+p � J�p ) (2.27)Based on the de�nition of the incident voltage and current waves, the reect voltage and currentwaves, and the reference impedance Z0, one can write:V +p = Z0I+p (2.28)V �p = Z0I�p (2.29)U+p = Z0J+p (2.30)U�p = Z0J�p : (2.31)



10 2. Congruence Transformation of the Lossless Coupled Transmission LinesThe de�nitions of voltage scattering parameters matrix SV and its submatrices SV11, SV12, SV21, andSV22 are: SV = 264 SV11 SV12SV21 SV22 375SV11 = V �pV +p �����U+p =0SV12 = V �pU+p �����V +p =0SV21 = U�pV +p �����U+p =0SV22 = U�pU+p �����V +p =0By arithmetic manipulation of Equations (2.22), (2.23), (2.24), (2.25), (2.26), (2.27), (2.28), (2.29),(2.30), and (2.31), and by setting U+p to be an all-zero column vector, one can �nd SV11 as:SV11 = �[X�1 +X t]�1[X�1 �X t]: (2.32)Similarly one can �nd other submatrices of SV :SV12 = 2[X�1+X t]�1 (2.33)SV21 = 2[X + (X t)�1]�1 (2.34)SV22 = �[X + (X t)�1]�1[X � (X t)�1]: (2.35)The voltage scattering parameter matrix SV is:SV = 264 �[X�1 +X t]�1[X�1 �X t] 2[X�1 +X t]�12[X + (X t)�1]�1 �[X + (X t)�1]�1[X � (X t)�1] 375 (2.36)Since the similarity transformation property X�1 = X t holds for all X that simultaneously



2. Congruence Transformation of the Lossless Coupled Transmission Lines 11diagonalize the L, C, LC, and CL matrices, Now the scattering parameter matrix S can besimpli�ed to: S = 264 0 XX t 0 375 : (2.37)This equation holds when the right eigenvector matrix X is obtained either from similarity trans-formation of a full L matrix, or Romeo's method which deals with a tri-diagonal L matrix.Bayard �rst outlines the transformation, AtZA, and calls it \translator" [1]. Hazony is the�rst one to name the transformation \congruence transformer" in his book [9]. Chang uses thecongruence transformer to decouple both the lossless [2] and lossy coupled transmission lines [3].Chang's method for the analysis of coupled lossless transmission lines relies on simultaneouslydiagonalizing the L, C, LC, and CL matrices using special conditioned matrix. Romeo andSantomauro present a di�erent method of �nding the right eigenvector matrices for coupled losslesstransmission lines with tri-diagonal L and C matrices [14]. In this paper, one will �nd the righteigenvector matrices of a full L matrix. The method proposed here may be more preferred thanChang's method because it leads to simpler equations for scattering parameter based macromodelrepresentation of congruence transformer. In Chang's method where the similarity transformationproperty X�1 = X t may not hold, the scattering parameter matrix representation cannot besimpli�ed to Equation (2.37). The proposed method in more general than Romeo's method becauseit does not have the limitation that each transmission line is only coupled to the immediate adjacentlines.For each of the decoupled lossless transmission line shown in Figure 2.2, its scattering parametermatrix is [8]:[S] = hSV i = 12Z0Zc cosh() + (Z20 + Z2c ) sinh() 264 (Z20 � Z2c ) sinh() 2Z0Zc2Z0Zc (Z20 � Z2c ) sinh() 375 ;(2.38)where Z0 is the reference impedance, and both Zc and  are computed from the eigenvalues Lk



12 3. Congruence Transformation of the Lossy Coupled Transmission Linesand Ck of the L and C matrices respectively. The Zc = qLkCk is the characteristic impedance of thek � th line and k = 1:::n, and  = spLkCk � l is the propagation constant of the k � th line and lis the coupling length.3 Congruence Transformation of the Lossy Coupled Transmission LinesWhen the ohmic loss of the conductors is not negligible, the transmission lines are consideredto be lossy. It is very common that the lossy conductors are fabricated by embedding them inseveral layers of homogeneous dielectrical media. This structure supports TEM waves travelingat multiple propagation speeds. However, there is an attenuation in addition to phase shift thatmust be considered when the di�erent modes of wave propagate through the lossy media. Thedecoupling analysis is repeated here for the coupled lossy transmission lines similar to the analysisdone in previous section.3.1 Quasi-TEM Wave Propagation on the Coupled Lossy Transmission LinesWith the assumption of quasi-TEM wave propagation, the distributions of voltages and currentsin an n coupled lossy transmission-line system can be described by the generalized Telegraphist'sequations [3]: @v(x; t)@x = �L@i(x; t)@t �Ri(x; t) (3.1)@i(x; t)@x = �C@v(x; t)@t ; (3.2)where 0 � x � l, and v(x; t) and i(x; t) are column vectors de�ning the voltages vk(x; t) andcurrents ik(x; t) distributed on the conductors k = 1; 2; 3; :::; n. The L and C are the n by nsymmetric matrices of the per-unit-length inductance and capacitance of the n conductor system.The R = diag(Rkk), k = 1:::n is the diagonal matrix of the per-unit-length resistance of the nconductors.



3. Congruence Transformation of the Lossy Coupled Transmission Lines 133.2 Congruence Transformation of the Coupled Lossy Transmission LinesChang proposes the method of congruence transformation of n coupled lossy transmission linesin his 1989 paper [3]. Taking derivative with respect to x for both sides of Equation (3.1) and (3.2)with proper substitution of terms, one obtains the following equations:@2v(x; t)@x2 = LC@2v(x; t)@t2 +RC@v(x; t)@t (3.3)@2i(x; t)@x2 = CL@2i(x; t)@t2 +CR@i(x; t)@t ; (3.4)In order to decouple the coupled system, all seven matrices R, L, C, LC, CL, RC, and CR mustbe simultaneously diagonalized.It has been shown that the following steps can achieve this goal [3]:1. Construct the time constant matrix T.2. Find the eigenvalues of the matrix T.3. Construct the congruence transformation matrix X .4. Diagonalize all matrices using matrix X .5. Build the decoupled system based on the diagonalized matrices.First, one needs to �nd the right eigenvector matrix W of the time constant matrix T usingstandard mathematical methods such as Givens and Household method. De�ne the eigenvalues oftime constant matrix T to be �k, one obtains:T � R�1=2LR�1=2 = Wdiag(�k)W�1; (3.5)where R�1=2 = diag(1=pRkk), k = 1; :::; n, and the right eigenvector matrix W has the propertyof the similarity transformation W�1 = W t.Now applying the linear transformation:Vp(t) = XUp(t) (3.6)



14 3. Congruence Transformation of the Lossy Coupled Transmission LinesIp(t) = � �X t��1 Jp(t); (3.7)where the congruence transformer matrix X is de�ned as:X � diag(pRkk)Wdiag(q�k=Lk); (3.8)into Equation (3.1), (3.2), (3.3) and (3.4), after rearrangement, after rearrangements, one obtainsthe following Equations (3.9) to (3.12):@u(x; t)@x = �X�1L �X t��1 ��@j(x; t)@t ��X�1R �X t��1 [�j(x; t)] (3.9)�@j(x; t)@x = �X tCX@u(x; t)@t (3.10)@2u(x; t)@x2 = X�1LCX@2u(x; t)@t2 +X�1RCX@u(x; t)@t (3.11)@2j(x; t)@x2 = X tCL �X t��1 @2j(x; t)@t2 +X tCR �X t��1 @j(x; t)@t : (3.12)It can be shown that the coe�cient matrices are all diagonal matrices as represented by Equations(3.13) to (3.13):~R = X�1R(X t)�1 = diag(Rk) = diag(Lk=�k)~L = X�1L(X t)�1 = diag(Lk)~C = X tCX = diag(Ck) = diag(1=�2Lk)~L~C = X�1LCX = X�1L �X t��1X tCX = diag(LCk) = diag(1=�2)~C~L = X tCL �X t��1 = X tCXX�1L �X t��1 = diag(CLk) = diag(1=�2)~R~C = X�1RCX = X�1R �X t��1X tCX = diag(RCk)~C~R = X tCR �X t��1 = X tCXX�1R �X t��1 = diag(CRk):where k = 1:::n and diag(Lk) represents an n by n diagonal matrix L which all o�-diagonal elementsare equal to zero. The Rk, Lk, Ck, (LC)k, (CL)k , (RC)k, and (CR)k are the k � th eigenvalue of



3. Congruence Transformation of the Lossy Coupled Transmission Lines 15the matrices R, L, C, LC, CL, RC, and CR.Rede�ned the Telegraphist Equations using Equations as shown in (3.13) to (3.16):@u(x; t)@x � �~L ��@j(x; t)@t �� ~R [�j(x; t)] (3.13)�@j(x; t)@x � �~C@u(x; t)@t (3.14)@2u(x; t)@x2 � ~L~C@2u(x; t)@t2 + ~R~C@u(x; t)@t (3.15)@2j(x; t)@x2 � ~C~L@2j(x; t)@t2 + ~C~R@j(x; t)@t : (3.16)The coupled lossy transmission lines as shown in Figure 2.1 can be decoupled. The newly decoupledsystem is now shown in Figure 3.1.
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Figure 3.1: The Decoupled Lossy Transmission Lines. The coupled system isdecoupled into two congruence transformers and n decoupled single lossy transmissionlines.Similar to the analysis of Section 2, the task of �nding the scattering parameter matrix of ncoupled lossy transmission lines becomes one of �nding the scattering parameter matrix of the twoidentical congruence transformers and the scattering parameter matrix of the n decoupled singlelossy transmission lines.The derivation to obtain Equation (3.17) for the scattering parameter matrix S of the congruencetransformer for the lossy coupled system is similar to what has been show in Section 2.3, with the



16 4. Experiment Resultsexception of X where X is now de�ned in Equation (3.8).S = 264 �[X�1 +X t]�1[X�1 �X t] 2[X�1+X t]�12[X + (X t)�1]�1 �[X + (X t)�1]�1[X � (X t)�1] 375 : (3.17)For each of the decoupled lossy transmission line shown in Figure 3.1, the scattering parametermatrix representation is the same and the computation of Zc and  are di�erent [8]:[S] = hSV i = 12Z0Zc cosh() + (Z20 + Z2c ) sinh() 264 (Z20 � Z2c ) sinh() 2Z0Zc2Z0Zc (Z20 � Z2c ) sinh() 375 ;(3.18)where Z0 is the reference impedance, and both Zc and  are computed from the eigenvaluesRk, Lk, and Ck obtained from the diagonalization of the R, L, and C matrices respectively.The Zc = qRk+sLksCk is the characteristic impedance of the k � th line where k = 1:::n, and = p(Rk + sLk)(sCk) � l is the propagation constant of the k � th line where l is the couplinglength.4 Experiment ResultsThe examples presented here are some of the MCMC-94 Benchmarks (1994 IEEE Multi-ChipModule Conference Interconnect Simulation Benchmarks). The results are compared with digitizedwaveforms extracted from the published papers with the exception of Example 2 which instead iscompared to Ansoft's Maxwell/Spicelink results. Example 3 is a coupled lossy transmission-linesystems whereas the rest of the examples are coupled lossless transmission-line systems. All of theFar-end waveforms are simulated with time-of-ight captured explicitly [10]. The running timereported in all examples using our simulator or SPICE-like simulator are the running time on aSUN SPARC station 1+. The running time of other simulators are not listed because they areexecuted on di�erent machines.



4. Experiment Results 174.1 Example 1The circuit and geometry parameters of Example 1 as shown in Figure 4.1 (a) is taken fromChang's paper [2]. The geometry parameters are listed in the circuit schematic with all threetransmission lines are uniform in geometry. The C and L of the con�guration are:L = 2666664 3:8790 nH=cm 1:6238 nH=cm 0:8252 nH=cm1:6238 nH=cm 3:7129 nH=cm 1:6238 nH=cm0:8252 nH=cm 1:6238 nH=cm 3:8790 nH=cm 3777775C = 2666664 1:0413 pF=cm �0:3432 pF=cm �0:0140 pF=cm�0:3432 pF=cm 1:1987 pF=cm �0:3432 pF=cm�0:0140 pF=cm �0:3432 pF=cm 1:0413 pF=cm 3777775The simulation waveforms of this example are compared to Chang's and are shown in Figure 4.1(b), (c), (d), (e), (f), and (g). The total running time for this example is 3:48 seconds. Oursimulation results does not match the published measurement results too well because the extremelong time-of-ight. This kind of coupled lossless transmission line systems are best handled intime-domain using Method of Characteristic model [2].4.2 Example 2The circuit and geometry parameters of Example 2 as shown in Figure 4.2 (a) are taken fromRomeo et al paper [14]. TheC and Lmatrices are generated using Maxwell from Ansoft whereas theSPICE simulation results are obtained from Spicelink which uses a method derived from Djordjevic[7]. The relative permittivity is changed from 4:65 to 10:0. The geometry parameters are listedin the circuit schematic where all three transmission lines are uniform. The C and L of thecon�guration obtained from Maxwell are:
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(f) (g)Figure 4.1: Three Coupled Lossless Transmission Lines and their SimulationWaveforms: The circuit is shown in (a) with their geometry parameters. The outputwaveforms of the near end and the far end of the active line are shown in (b) and (c)together with their corresponding Chang's published waveforms. The output waveformsof the near end/far end of the �rst/second sense line are shown in (d), (e), (f), and (g)together with their corresponding Chang's published waveforms.



4. Experiment Results 19L = 2666664 4:9693 nH=cm 1:1697 nH=cm 0:4952 nH=cm1:1697 nH=cm 4:9946 nH=cm 1:1691 nH=cm0:4952 nH=cm 1:1691 nH=cm 4:9735 nH=cm 3777775C = 2666664 1:3341 pF=cm �0:13852 pF=cm �0:010318 pF=cm�0:13852 pF=cm 1:33445 pF=cm �0:13699 pF=cm�0:010318 pF=cm �0:13699 pF=cm 1:32823 pF=cm 3777775The simulation waveforms of this example are compared to those generated by SWEC [13], Co�ee[4], and Spicelink and are shown in Figure 4.2 (b), (c), (d), and (e). All the simulation results fromfour di�erent simulators agree with each other very well. The total running time of this exampleis 1:10 seconds. The total simulation time for Ansoft Spicelink is 7:95 seconds.4.3 Example 3The circuit and geometry parameters of Example 3 as shown in Figure 4.3 (a) are taken fromSchutt-Aine et al paper [16]. The geometry parameters are listed in the circuit schematic where allthree transmission lines are uniform. The length of this coupled system is 25 inch. The R, L andC of the con�guration are listed as follow:R = 264 0:5000 ohm=cm 0:0000 ohm=cm0:0000 ohm=cm 0:5000 ohm=cm 375L = 264 3:1200 nH=cm 1:0000 nH=cm1:0000 nH=cm 3:1200 nH=cm 375C = 264 1:0840 pF=cm �0:1940 pF=cm�0:1940 pF=cm 1:0840 pF=cm 375The simulation waveforms of this example are shown in Figure 4.3 (b), (c), (d), and (e). Results fromSPICE3e2 and Schutt-Aine are also plotted for comparison. The SPICE3e2 results are obtains by
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(d) (e)Figure 4.2: Three Coupled Lossless Transmission Lines and their SimulationWaveforms: The circuit is shown in (a) with their geometry parameters. The outputwaveforms of the near end and the far end of the line 1 are shown in (b) and (c) togetherwith their corresponding simulation waveforms from SWEC, Co�ee and Ansoft Spicelink.The output waveforms of the near end and the far end of the line 2 are shown in (d)and (e) together with their corresponding simulation waveforms from SWEC, Co�ee andAnsoft Spicelink.



4. Experiment Results 21applying the decoupling technique in time-domain. For all the waveform plots, our method obtainsresults that match SPICE3e2 simulation results better than Schutt-Aine's. The total running timefor this example is 4:4 seconds.4.4 Example 4The circuit and geometry parameters of Example 4 as shown in Figure 4.4 are taken fromCooke's paper [6]. The driving signal is 100-MHz 50% duty-cycle pulse with 0:1ns rise/fall time.The estimated harmonic bandwidth of this driving signal is well over 3:5-GHz. The geometryparameters are listed in the circuit schematic where all six transmission lines are uniform. The R,L and C of the con�guration are:L = 2666664 5:033 nH=cm 1:734 nH=cm 0:818 nH=cm1:734 nH=cm 4:972 nH=cm 1:734 nH=cm0:818 nH=cm 1:734 nH=cm 5:033 nH=cm 3777775C = 2666664 0:667 pF=cm �0:163 pF=cm �0:0145 pF=cm�0:163 pF=cm 0:722 pF=cm �0:163 pF=cm�0:0145 pF=cm �0:163 pF=cm 0:667 pF=cm 3777775The simulation waveforms of this example are shown in Figure 4.5 (a), (b), (c), and (d). Twozoom in portion of the simulation waveforms are shown in Figure 4.5 (e) and (f). The ASTAP andCooke's simulation waveforms are digitized from the results published in Cooke's paper [6] whilethe SWEC results are obtained from MCMC-94 benchmarks. The SWEC uses analytic method to�nd the derivatives of the admittance in order to compute the moments; because of the complexity,it only �nd lower order moments [13]. In all the plots, the results obtained from SWEC and ourmacromodel simulator agree with published ASTAP results. However, the macromodel simulationwaveforms match those of the ASTAP simulator better than those derived from the SWEC. Inall the waveform plots, Cooke's results deviate from the ASTAP results the most. Our method isbetter than Cooke's scattering parameter approach because our results match those of the ASTAP
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5. Conclusion 23

V
in

1” 1”

0.001

5 ohm

0.001

R = 27 ohm, C = 1pF, L = 10 nH

+
R

C

R

R

C

R

C

R

Va(t)

Vb(t)

L

L

Vd(t)

Vc(t)

Figure 4.4: Two Groups of Three Coupled Lossless Transmission Lines: Thecircuit diagram is shown here.much closer. The total running time for this example is 7:24 seconds.5 ConclusionThis paper is the �rst one to combine scattering parameter based macromodel and the con-gruence transformation to address the problems encountered in the transient analysis of the prop-agating high-speed signals on coupled lossless or lossy transmission lines. With the congruencetransformation method, the coupled n conductor system is decoupled and the scattering parameterbased macromodels are derived for the congruence transformers as well as the n decoupled singletransmission lines. The number of matrix operations it takes to �nd the scattering parameter ma-trix of the congruence transformer is much less than the number of matrix operations presented inSchutt-Aine et al paper [16].Unlike the approach taken by Romeo where only the immediate adjacent lines are considered[14], the proposed method allows the coupling between any lines. The right eigenvector matrix Xnot only simultaneously diagonalizes L, C, LC, and CL matrices, but also holds the similaritytransformation property, that is X�1 = X t. This property is used to further reduce the scatteringparameter matrix S of the congruence transformer for the decoupled lossless systems:S = 264 0 XX t 0 375 :
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