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ABSTRACT 

A method for simulating the transient responses of networks containing 

loss less transmission lines and lumped parameter elements of circuits, both lin

ear and nonlinear, has been developed and investigated. The method combines 

the technique of network analysis and that of modal decomposition of transmis

sion lines. A prototype computer simlation program, called UANTL, based on 

the developed algorithm has been implemented. Several example networks have 

been simulated using this program. The results have been compared with those 

generated by the well known circuit simulator program called SPICE. UANTL 

has shown several advantages over SPICE in simulating the transient responses 

of networks containing transmission lines. A description of the prototype ver

sion of UANTL and a summary of the results of numerical experiments are 

included. 
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CHAPTER 1 

INTRODUCTION 

With the increase of signal speed and growth of interconnection density on a 

chip and on a circuit board, transmission line behavior has become an important 

issue in the design of electronic systems and packages. Reflection, propagation 

delay, dispersion, and crosstalk are the problems related to transmission lines. 

They cause signal distortion and may even result in malfunction of an electronic 

system. 

The principal way of obtaining information about the effect of transmission 

lines on a system performance is by analyzing the transient response at the 

predetermined nodes of the system. Such analysis is extremely complicated and 

must be done with the aid of computer simulation. Much published work has 

been devoted to this area (Amemiya, 1967; Branin, 1967; Chang, 1970; Defalco, 

1970; Frankel, 1977; Gruodis, 1979; Djordjevic, 1986, 1987; Scheinfein, et al., 

1987). Almost all of those papers dealt with simple terminating networks. 

The purpose of this work is to present an efficient method for computation 

of the transient response of arbitrary networks containing transmission lines 

and circuit elements, both linear and nonlinear. The idea consists of replacing 

transmission lines with their equivalent circuit models and incorporating them 

into the terminating networks. Circuit simulation techniques are then used to 

compute the transients. A lossless transmission line is replaced by two equiva

lent circuits, one at each end of the transmission line. The resistive equivalent 

circuits together with the time-varying equivalent voltage sources which depend 

on wave propagation between the two ends of the transmission line compose the 
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model of the loss less transmission line. A lossy transmission line is modeled by 

a number of voltage- controlled current sources and current sources which are 

derived from the impulse response of the transmission line. 

Modified nodal analysis(MNA) with generalized circuit variables is used to 

obtain a system of nonlinear ordinary differential equations of the form 

[D]x' + [G]x + p(x) = Ui, (1.1) 

where [D] and [G] are constant matrices; tV is a vector of independent sources; 

p(x) is a vector containing all nonlinearities; x is a vector of circuit variables; 

x' is the time derivative of x. 

Backward differentiation formula(BDF) is used to approximate the time 

derivative in equation (1.1). The resulting system of nonlinear algebraic equa

tions is solved using Newton-Raphson's method. A technique, called modal 

wave tracking, is used to track the wave mode propagation between the two 

ends of each transmission line. 

The transmission lines dealt with in this work are restricted to those that 

can be fully described by their circuit-theory parameters, namely, capacitance 

matrices, inductance matrices, series resistance matrices, and shunt conductance 

matrices. A typical example of such transmission lines is a parallel, uniform 

multi-conductor transmission line. 

A computer program, called UANTL, has been developed. This pro

gram can be used for simulating the transient response of networks con'tain

ing resistors, capacitors, inductors, coupled inductors, junction diodes, bipo

lar junction transistors(BJT's), metal-oxide-semiconductor field-effect transis

tors(MOSFET's), piecewise linear independent voltage sources, and lossless 
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transmission lines. 



CHAPTER 2 

MATHEMATICAL MODELING OF PARALLEL UNIFORM 

TRANSMISSION LINES 

16 

In this chapter, a brief summary of the theoretical background related to 

transmission lines is presented. Transmission line equations are discussed in 

Section 2.1. Circuit-theory parameters of a transmission line are discussed in 

Section 2.2. Modal analyses in time and frequency domains are discussed in 

Sections 2.3 and 2.4, respectively. The characteristic impedance matrix of a 

multiconductor transmission line is defined and discussed in Section 2.5. The 

circuit model of a linear transmission line derived from the impulse response 

data is discussed in the last section. 

2.1. Transmission line equations 

vdx, t) i1 (x, t) 
o----------------~·--------O 

V2(X,t)· 12(X,t) 
o -- 0 

VN(X,t) iN(X,t) 
O~--~------~~·~------O 

o I 0 

Fig. 2.1.1 An N-conductor transmission line. 
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A transmission line with N conductors plus one ground conductor is shown 

in Fig. 2.1.1. The line voltages with respect to ground, VI (x, t), . .. ,VN (x, t), and 

line currents idx,t), ... ,iN(x,t) are defined as in Fig. 2.1.1. 

Let 

(2.1.1) 

and 

(2.1.2) 

then vex, t) and z(x, t) are related by the following partial differential equations 

av~:,t) = -[R]z(x,t) _ [L]at~,t), 

az~~t) = -[G]v(x,t) _ [C]av~~,t). 

(2.1.3) 

(2.1.4) 

It is assumed that the parameters of the above equations; namely the matrices 

[R], [L], [G], and [e] representing the line resistances,inductances, conductances, 

and capacitances are constant. The physical meaning of those parameters will be 

discussed in the next section. Equations (2.1.3) and (2.1.4) can be manipulated 

to obtain the following well known wave equations in time-domain: 

a2:~~, t) = [R][G]v(x, t) + {[R][C] + [L][G]} av~~, t) + [L][C] a2~~~, t), (2.1.5) 

a2!~;t) = [G][R]z(x,t) + {[C][R] + [G][L]} az~,t) + [C][L]a2~~~,t). (2.1.6) 

For a lossless transmission line, i.e., [R]=O and [G]=O, Equations (2.1.5) 

and (2.1.6) are reduced to the form 

(2.1.7) 
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82i'(x, t) = [C][L] 82i'(x, t) . 
8x2 8t2 (2.1.8) 

Equations (2.1.3) and (2.1.4) can be transformed into the frequency-domain to 

read 

811~~w) = -[R]l(x,w) - jw[L]I(x,w),· 

81~~w) = -[G]l1(x,w) - jw[C]l1(x,w). 

(2.1.9) 

(2.1.10) 

where w is the angular frequency, V(x,w) the vector of complex line voltages, 

and I(x,w) the vector of complex line currents. 

Equations (2.1.9) and (2.1.10) can be manipulated to obtain the following 

wave equations in the frequency-domain: 

where 

and 

82~~,W) = [Z][Y]V(x,w), 

82~~;W) = [Y][Z]I(x,w), 

[Z] = [R] + jw[L], 

[Y] = [G] +jw[C]. 

(2.1.11) 

(2.1.12) 

(2.1.13) 

(2.1.14) 

For a lossless transmission line, Equations (2.1.11) and (2.1.12) are reduced 

to the form 

82~~~,W) = -w2[L][C]V(x,w), 

82~~;w) = -w2[C][L]I(x,w). 

(2.1.15) 

(2.1.16) 
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2.2. Circuit-theory parameters of a transmission line 

A multi-conductor transmission line which propagates TEM or quasi-TEM 

wave can be completely charaterized by its circuit-theory parameters: the ca

pacitance matrix tel, the inductance matrix [L], the series resistance matrix [R], 

and the shunt conductance matrix [G]. 

The capacitance matrix [e] can be obtained by solving an electrostatic 

problem involving electric charges and electric potentials (Weeks, 1970). The 

capacitance matrix thus obtained is frequency-independent. 

The inductance matrix [L] can be obtained by solving a magnetostatic 

problem involving magnetic flux linkages and electric currents. The magneto

static problem has an electrostatic analogue which can be utilized to obtain the 

inductance matrix [L] from the capacitance matrix [eJ. One method of doing 

this is setting all dielectric constants to one, finding the capacitance matrix by 

solving the electrostatic problem, and then computing the capacitance matrix 

[L] by 

(2.2.1) 

where v'is the propagation velocity in the air (Matick,1968). The inductance 

matrix [L] thus calculated does not take the internal inductance into account. 

Hence, at lower frequency, inductance ~ underestimated. Again the magneto

static approach defines a frequency-independent matrix of inductances. 

To take the frequency-dependence into consideration other approach must 

be used in the definition and computation of inductance matrix (Ruehli,1972). 

The computation of capacitance and inductance matrices in the transmis

sion line parameter extractor UAe (Palusinski, et al., 1987) is based on elec-
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trostatic approach and is thus suitable for the application in loss less lines. To 

illustrate the type of results produced by the UAC program the following ex

ample is provided. 

Example 2.1: 

f,. = 1.0 

4 4 4 4 4 

,- " e 'I- 'I~ . " 
-1 t=0.7 
IV 

I t 
~ 

e,. = 4.4 

I - unit=mil -

Fig. 2.2.1 A three-conductor microstrip line. 

To calculate the capacitance matrix [CJ and the inductance matrix [LJ of 

the three-conductor micros trip line shown in Fig. 2.2.1 using UAC program, 

an input data file must be provided by the user. This data file contains the 

data defining the thickness of the substrate, the dielectric constant and the 

relative permeability of each dielectric medium, coordinates of the vertices of 

each conductor. The computer program reads in those data and then calculates 

the [CJ matrix and the [LJ matrix. The results of the calculation are 

( 

0.883 
[CJ = -0.102 

-0.0779 

(

3.792 
[LJ = 0.836 

0.292 

-0.102 -0.0779) 
0.899 -0.102 , 

-0.102 0.883 

0.836 0.292 ) 
3.755 0.836 . 
0.836 3.792 
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The unit of [C] and [L] are ~ and ~!, respectively. 

The shunt conductance matrix [G] accounts for the dielectric losses of the 

transmission line. Hthe real dielectric constants, €i, are replaced by the complex 

dielectric constants, fi' in the procedure of calculating the capacitance matrix 

[C], a complex matrix [C] is obtained (Wei, et al., 1984). The transmission line 

equation can be written in the frequency-domain as 

-aJ(x,w) - . [e"]V- ( ) ax -JW x,w. (2.2.2) 

Comparing the above equation with (2.1.10) it can be seen that the following 

relationship exists 

iW[G] = {[G] + iw[e]}. (2.2.3) 

Thus the shunt conductance matrix [Gj and the capacitance matrix [C] can be 

extracted from [Gj by 

[G] = Re{iw[C]} = -Im{w[G]}, (2.2.4) 

and 

[ej = Re{[C]}. (2.2.5) 

Since the complex dielectric constants, fi' are in general frequency-dependent, 

the capacitance matrix [Cj and the shunt conductance matrix [Gj are now 

frequency-dependent. 

The series resistance matrix [R] accounts for the conductor losses and in 

general should portray the skin effect and the proximity effect(Dworsky, 1979; 

Frankel, 1977). Since the proximity effect depends not only on the configuration 

of the transmission line but also on the terminating networks, the procedure for 

obtaining the series resistance matrix is quite involved (Harrington, et al., 1984). 
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2.3. Modal analysis in time-domain 

Modal analysis, also called modal decomposition, consists of separating 

the TEM wave propagating along the transmission line into mode components. 

Each mode component propagates with its modal velocity. This analysis is 

applicable only when the transmission line is non-dispersive because each mode 

contains components of different frequencies. For transmission lines which are 

dispersive, modal analysis can only be performed in frequency-domain. 

The mth mode can be written in the form 

(2.3.1) 

(2.3.2) 

where the superscript "m" denotes the mth mode; the "+" sign is for the 

negative-going wave; the "-" sign is for the positlve- going wave; em is the 

modal velocity; Vom and J[f are vectors of constants representing the relative 

amplitudes of the conductor voltages and currents, respectively; and gm(t) is 

an arbitrary function of time. 

Substituting (2.3.1) and (2.3.2) for v(x, t) and ,(x, t) in wave equations 

(2.1.7) and (2.1.8), respectively, we obtain 

where [U] is an identity matrix and 

x 
r=t±-. 

em 

(2.3.3) 

(2.3.4) 
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Equations (2.3.3) and (2.3.4) formulate the eigenvalue problems. The symbol 

+ represents the eigenvalue of matrix [LHC], and Vom is the corresponding 
Cm 

eigenvector. Similarly, c~ is the eigenvalue of matrix [C][L], and If{' is the 
m 

corresponding eigenvector. For an N-conductor transmission line, [L][C] is an 

NxN matrix, and N different modes can exist. In the following we shall assume 

that the eigenvalues are distinct. 

The field distribution of each mode is a function of the relative amplitudes 

of the conductor voltages and the configuration of the transmission line.' 

Two-conductor transmission line in general has two wave modes: even mode 

and odd mode. The relative amplitudes of conductor voltages of the even mode 

are +1.0 and +1.0, respectively. The relative amplitudes of conductor voltages 

of the odd mode are + 1.0 and - 1.0, respectively. A typical field distribution of 

each mode of a micros trip line is shown in Fig. 2.3.1. It is evident that the odd 

mode has more field existing in region 1, the region with dielectric constant ell 

than the even mode. 

---

t a I Evtn mod, 

E -Ii, .. , 

H -litld 

Ibl Odd mod, 

Fig. 2.3.1 Field distribution of even mode and odd mode. 

For an electromagnetic wave propagating in a homogeneous dielectric 
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medium, the propagation velocity is inversely proportional to the square root of 

the dielectric constant, fr' For a multi-conductor transmission line with several 

layers of dielectric media, the wave mode with large portion of its field exist

ing in media of larger fr will propagate slower than the wave mode with small 

portion of its field existing in media of lager fr' Thus the odd mode of a two-

conductor micros trip line has larger propagation velocity than the even mode. 

Two examples are given below to further illustrate the relationship between the 

modal velocity and the field distribution. 

Example 2.3: 

5.0 5.0 5.0 
fl = 1.0 \ ~ _\4 "\ ~ "\ t=l.4 

IJ...___ 

1 
t 

0 
1:2 = 2.0 ....c 

:c - unit=mil . 

Fig. 2.3.2 A two-conductor micros trip line. 

The propagation velocities of the two modes of the microstrip line shown 

in Fig. 2.3.2 have been calculated. They are 

Cetlen = 2.42 X 108 m/ s 

Codd = 2.53 X 108 m/s 
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The result agrees. with the above argument about the propagation veloci-

ties. 

Example 2.4: 

o ... 

CI ::: 1.0 

5.0 5.0 5.0 5.0 5.0 

'\' I~ \, ,\ l=1.4 .,--r===::L-1 -----C::-~I~ t 
C, ::: 2.0 

7 unil=rnil 

Fig.2.3.3 A three-conductor microstrip line. 

The propagation velocities of the three modes of the microstrip line has 

been calculated. They are 

Cl = 2,39 X 108 m/s 

C2 = 2.51 X 108 m/s 

Ca = 2.53 x 108 m/s 

The relative amplitudes of the conductor voltages of each mode are shown 

in Fig. 2.3.4, Fig. 2.3.5, and Fig. 2.3.6, respectively. 

0.554 0.600 0.578 

l 

Fig. 2.3.4 Relative amplitudes of conductor voltages of mode 1. 
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-0.809 0.225 0.543 

I 

Fig. 2.3.5 Relative amplitudes of conductor voltages of mode 2. 

0.196 -0.768 0.610 

I 

Fig. 2.3.6 Relative amplitudes of conductor voltages of mode 3. 

It is not easy to sketch the field distribution of each mode; but the relative 

amplitudes of the conductor voltages of each mode do provide the explanation 

why mode 1 is the slowest mode. 
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When a wave is launched into a transmission line, it will decompose into 

mode components. Since the relative amplitudes of the conductor voltages of 

each mode can be calculated, the actual amplitudes of the conductor voltages 

of each mode can also be calculated. 

2.4. Modal analysis in frequency-domain 

As mentioned in Section 2.3, m.odal analysis in the time-domain can not 

be applied if the transmission line is dispersive. In such situation we use modal 

analysis in frequency domain, which is briefly outlined below. 

The phasor representation of the modal voltages and currents are 

(2.4.1) 

(2.4.2) 

If (2.4.1) and (2.4.2) are substituted for Vm(x) and 1m (x) in the wave equations 

(2.1.11) and (2.1.12), we obtain 

{"(2[U] - [Z][Y]}Vomexp(±"(x) = 0, 

{"(2[U] - [Y][Z]}lO"exp(±"(x) = 0, 

where [U] is an identity matrix. 

(2.4.3) 

(2.4.4) 

From the above equations we can see that Vom is the eigenvector of [Z] [Y] 

corresponding to the eigenvalue "(~, and 1rr is the eigenvector of [Y][Z] corre

sponding to the eigenvalue '"Y~. Hence, Vcr contains the relative amplitudes of 

the conductor voltages of the mth mode, and '"Ym is the propagation constant. 



2.5. The characteristic impedance matrix of a transmission 

line 

i(x) 

~ 
0 + 0 

~ Rs Zo v(x) RL 

0 I 0 
I - , 

vs(t) I -
I 

I I 
I I - I I -- -

x=O x=d 

Fig. 2.5.1 A one-conductor transmission line terminated 
with resistive terminating network. 
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Consider the one-conductor transmission line shown in Fig. 2.5.1. This 

line is driven at x=O by a voltage source, and terminated at x = d with a 

resistance RL • Rs can be the internal resistance of the voltage source or an 

external resistance. Let v_ be the wave traveling to the right, and v+ the wave 

traveling to the left, then 

v(x,t) = v+(x,t) + v_(x,t), (2.5.1) 

i(x,t) = i+(x,t) + L(x,t). (2.5.2) 

The charactristic impedance of a one-conductor transmission line is defined as 

(2.5.3) 

Substituting (2.5.3) into (2.5.2) we obtain 

.( ) v+(x, t) - v_(x, t) 
, x,t = Zo . (2.5.4) 



By Ohm's law at x = d we have 

R _ v(d,t) 
L - i(d,t)' 

29 

(2.5.5) 

From (2.5.1), (2.5.3), (2.5.4)-, and (2.5.5) we can obtain the voltage reflection 

coefficient r at the right boundary which is defined as follows 

Taking into account the definition of characteristic impedance and terminal 

circuit relations we can obtain 

(2.5.6) 

In a similar way we may define a reflection coefficient at the left boundary. 

Reflection is in general not desired in analog and digital electronic circuits. 

From equation (2.5.6), it is obvious that reflection can be minimized by choosing 

the value of RL to be close to the value of Zoo When RL = Zo, i.e., r = 0, the 

line is said to be matched at x = d. 

For a multiconductor transmission line a characteristic impedance matrix 

[Ze] can be defined by 

(2.5.7) 

iL(x,t) = [Ze]L(x,t). (2.5.8) 

Using (2.3.1) and (2.3.2) we can write 

(2.5.9) 

(2.5.10) 



where y_{x,t) and y+{x,t) are the modal waveforms defined as 

where 

y_{x,t) = [g':{x,t), ... ,g~{x,t), ... ,g~{x,t)]T, 

y+{x,t) = [gi{x,t), ... ,g+{x,t), ... ,g~{x,t)(, 

. . x 
g:'{x,t) = g'{t - -), 

Ci 

. . x 
g+(x,t) = g'{t + -)j 

Ci 
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(2.5.11) 

(2.5.12) 

[Bv] is the modal matrix of [L][C](a matrix with its columns being the eigen

vectors of [L][C]). Similarly, [Bl] is the modal matrix of [C][L](a matrix with its 

columns being the eigenvectors of [C][L]). 

Substituting (2.5.9) and (2.5.10) into (2.5.7) we obtain 

(2.5.13) 

and consequently 

(2.5.14) 

Procedures similar to that for a one-conductor transmission line can be carried 

out to obtain the matrix form of reflection coefficients at right boundary of a 

multi-conductor transmission line. Th~ matrix form of reflection coefficients at 

right boundary is defined as follows 

(2.5.15) 

The calculations yield 

(2.5.16) 
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Analogously we may obtain the matrix form of reflection coefficients at left 

boundary. 

The above discussion is valid for loss less transmission lines. For lossy trans-

mission lines, we can define the characteristic impedance matrix in an analogous 

way but in the frequency-domain. 

2.6. Circuit model of a linear transmission line derived from 

the impulse response data 

The conductor currents of a linear transmission line, lossless or lossy, can be 

calculated using convolution integral if the impulse response of the transmission 

line is available{Djordjevic, et aI., 1986, 1987). 

An linear N-conductor transmission line can be treated as a 2N-port linear 

system. The current of the kth port, ik(t) can be calculated by 

2N t 

ik{t) = L 1 ikj(t - r)vj{r)dr, 
j=1 0 

(2.6.1) 

where ikj(t) is the impulse response of the kth port to the voltage excitation on 

the ith port, Vj(t). 
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11';(w) 
N+l IN+lJ(w) 

~ ~ 
I;.;(w) j ':" 

N+j 

~.O 
~IN+i';(W) 

':' I • .;(w) It 
N+1t IN+ItJ(W) 

~ ~ 
':' IN';(w) 

N 2N ~ I~N';(w) 
~ 

':' 

0 I 0 

Fig. 2.6.1 Arrangement for finding the impulse,reRpo:{lsP-__ 
of a transmission line. 

The schematics shown in Fig. 2.6.1 can be used to find the transfer function 

of the 2N-port system in the frequency domain. Impulse response is then found 

using corresponding inverse Fourier transforms. A 1.0 volt (in frequency domain) 

source is applied at the jth port, and current of each port is calculated using 

modal analysis in frequency domain. 

We know that 

(2.6.2) 

where hj(w) and Vi(w) are the Fourier transforms of ikj(t) and Vj(t), respec

tively; Yki (w) is the transfer function. 

Since we have set Vj (w) = 1.0; therefore, 

(2.6.3) 

We can proceed to find the impulse response by 

(2.6.4) 
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The current of the kth port due to an arbitrary excitation, Vj(t), at jth port is 

then 
2N t 

i/c(t) = L 1 ikj(t - r)vj(r)dr. 
j=1 0 

(2.6.5) 

Equation (2.6.5) can be written in the form which shows explicitly the response 

to the excitation on the same end and the response to the excitation on the 

other end of the transmission line, 

N t 

ik(t) = L 1 ikj8(t - r)vj8(r)dr 
;=1 0 

(2.6.6) 
N t 

+ L 1 ikim(t - r)Vjm(r)dr, 
i=1 0 

where ikj8 is the impulse response to the excitation at the (js)th port which is 

on the same end as i/c, and ikjm is the impulse response to the excitation at 

(jm)th port which is on the other end of the transmission line. 

To solve (2.6.6) numerically we have to replace the integrals by summations 

and obtain 
N q 

i/c(q) = L L ikj8(q - P)~tVj8(P) 
j=1p=O 

N q 

+ L L i/cim(q - p)~tVjm(P), 
j=1 p=O 

(2.6.7) 

where q denotes the qth time step; p denotes the pth time step; and f:l.t is the 

size of time step. 

Since ikim(O) is zero, (2.6.7) can be arranged in the form 

(2.6.8) 

where 
N 

ik1(q) = L>ki8(O)~tvi8(q), (2.6.9) 
j=1 



and 
N q-l 

ik2(q) = L L ikis(q - P)L\tvis(P) 
i=1p=O 

N q-1 

+ L L ikim(q - p)L\tvim(P). 
i=1 p=O 
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(2.6.10) 

Since ik1 (q) depends only on the current value of vis, it is equivalent to a 

combination of N voltage-controlled current sources. On the other hand, ik2(q) 

depends only on the previous values of vi, it can be expressed as a current 

source. Thus a circuit model can be derived and is shown in Fig. 2.6.2. For 

the purpose of simplicity, only the kth terminal of the (2N+1)-terminal circuit 

model is shown. 

• 

Fig. 2.6.2 Circuit model of a linear transmission line 
(only one terminal is shown). 
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CHAPTER 3 

COl\lIPUTlNG THE TRANSIENT RESPONSES OF NETWORKS 

CONTAINING LOSSLESS TRANSMISSION LINES 

In this chapter, methods of computing the transient response of networks 

containing lossless transmission lines are discussed briefly. Networks are divided 

into three categories: (1) networks containing only one transmission line termi

nated with resistive networks (2) networks containg linear circuit elements and 

arbitrary number of transmission lines (3) networks containing nonlinear circuit 

elements and arbitrary number of transmission lines. 

3.1. Transmission line with resistive terminating networks 

Transient response of a loss less transmission line with resistive termina

tions can be calculated using two different approaches. In the first approach 

the terminating network equations are incorporated into the analysis of a multi

conductor transmission line. This is referred to as the transmission line ap

proach. In another approach the transmission line, which is represented by its 

equivalent circuit, is incorporated into the analysis of the terminating network. 

This is referred to as the network approach. 

3.1.1. Transmission line approach 

In this approach equations used in the analysis of a one-conductor transmis

sion line is applied to the analysis of a multiconductor transmission line. This is 

done by replacing the scalar quantities by the corresponding vector quantities 

and matrices. A detailed presentation of the transmission line approach is given 

in (Djordjevic, etal., 1987). A brief summary of of this approach is provided 
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below for the reader convenience. We shall refer to an electrical configuration 

shown in Fig. 3.1.1. 

1 

[RL\ • IRnJ (ZcJ • N 
• 

VL Un 
-L 

x=o x=d 

Fig. 3.1.1 An N-conductor transmission line terminated 
with resistive networks. 

Let us define 

[RLJ = the instantaneous Z-parameters of the left hand terminating 

network, 

[RRJ = the instantaneous Z-parameters of the right hand terminating 

network, 

'ih(t) = the open-circuit voltage vector of the left hand terminating 

network, 

VR(t) = the open-circuit voltage vector of the right hand terminating 

network. 

The modal waveforms a-ex, t) and a+(x, t) are defined in Chapter 2 as 

a-(x,t) = [g':(x,t), ... ,g~(x,t), ... ,g~(x,t)(, (3.1.1) 

, . ...,..~ 
a+(x,t) = [g~(x,t), ... ,g+(x,t),.·.,gf(x,t)(. (3.1.2) 
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The relationship between g~(O, t) and g~(d, t) is 

g~(d,t) = g~(O,t - i£.). 
em 

(3.1.3) 

Similarly, the relationship between g+(O,t) and g+(d,t) is 

(3.1.4) 

Thus !i+(x,t) is the modal waveform propagating to the left, and g_(x,t) the 

modal waveform propagating to the right. They are related by the following 

equations 

9-(0,t) = [TLm]th(t) + [PLm]9+(0,t), 

9+(d,t) = [TRm]VR(t) + [PRm]9-(d,t), 

(3.1.5) 

(3.1.6) 

where TLm, TRm are left end and right end transmission matrices; PLm, PRm 

are left end and right end reflection matrices. The transmission and reflection 

matrices are defined in (Djordjevic, eta!., 1987) as 

[PLm] = [Sv]-1{[RL]- [Ze]}{[RL] + [Ze]} -1[Sv], 

[rRm] = [Sv]-1[Ze]{[RR] + [Ze]} -1, 

[PRm] = [Svr1{[RR]- [Ze]}{[RR] + [Ze]}-1[Sv]. 

From Equations (2.5.1) and (2.5.9) we can obtain 

v(O, t) = v+ (0, t) + V_ (0, t) 

= [SV]{9+(0,t) + 9-(0,t)} 

v(d, t) = v+ (d, t) + V_ (d, t) 

= (SV]{9+(d,t) + g_(d,t)} 

, 

(3.1. 7) 

(3.1.8) 

(3.1.9) 

(3.1.10) 

(3.1.11) 

(3.1.12) 
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With given ih(t), VR(t), initial !l+(O,t), and initial !l-(d,t), we can calculate 

y_ (0, t) and y+ (d, t) for the first time step from (3.1.5) and (3.1.6). The con

ductor voltages v(O,t) and v(d, t) can be calculated from (3.1.11) and (3.1.12). 

If we keep tracking of the propagation of the modal wave, we can obtain y+ (0, t) 

and y_(d,t) at each time step using (3.1.3) and (3.1.4). Thus computing the 

transient response at the ends of a transmission line consists of modal wave 

tracking and the solution of Equations (3.1.5), (3.1.6), (3.1.11) and (3.1.12). 

3.1.2. Network approach 

In this approach the lossless transmission line is replaced by its equivalent 

circuit, and incorporated into the terminating networks. The transients in the 

resulted augmented networks are then computed using the techniques of circuit 

analysis. The solution of equivalent circuits representing the transmission line 

involves special technique called modal waveform tracking. Detailed discussion 

of this approach is given in the next section. 

3.2. Network containing lossless transmission lines 

and linear circuit elements 

The network approach offers computational advantages over the transmis

sion line approach in cases of networks containing more than one transmission 

line. An example of such network is shown in Fig. 3.2.1. 



Augmented network A Augmented Network B Augmented Network C 

Fig. 3.2.1 A network containing lossless transmission 
lines and linear circuit elements. 
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The first step of the analysis consists of replacing each loss less transmission 

line with its equivalent circuit. This yields a n.etwork shown in Fig. 3.2.2. 

TLNO 1 TLNO 2 

· · · Network B · Network A · · Network C 

~ -±-

Fig. 3.2.2 Network with lossless transmission lines 
replaced by their l!quivalent circuits. 



Resistive Resistive 

Network Network 

Fig. 3.2.3 Equivalent circuit of an N-conductor 
lossless transmission line. 
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The equivalent circuit of an N-conductor lossless transmission line is shown 

in Fig. 3.2.3. This circuit is developed on the basis of the relations pro

vided by the method of characteristics applied to the transmission line equa

tions(Amemiya, 1967). The symbols VlLi and VlRi represent the equivalent 

voltage sources. The amplitudes of those sources are twice the amplitudes of 

the incoming waves at the ends of the transmission line. They are related to 

the modal waveforms, y+ and y_, as follows: 

vt(t) = 2v+(O, t) 

= 2[Sv]y+(0,t) 

vk(t) = 2v_(d,t) 

= 2[Sv ]y_ (d, t) 

(3.2.1) 

(3.2.2) 

The resistive network is the realization of the characteristic impedance 

matrix, [Ze], of the loss less transmission line. 

At any time instant if we know the amplitudes of the incoming waves at 

both ends of each transmission line, i.e., y_ (d, t) at the right end and ii+ (0, t) at 
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the left end; we can carry out the network analysis and obtain nodal voltages of 

all network nodes including those at both ends of each transmission line. Then, 

we can apply Ohm's law to both ends of each transmission line which yields 

where 

'OL (t) = '0+(0, t) + '0_ (0, t), 

f.iR(t) = 'O+(d,t) +'O_(d,t), 

'OL{t) = vector of nodal voltages at the left end of the 

transmission line, 

'OR(t) = vector of nodal voltages at the right end of the 

transmission line. 

(3.2.3) 

(3.2.4) 

Expressing '0+ and '0_ in terms of li+ and li-, we obtain from (3.2.3) and 

(3.2.4) 

'O_(O,t) = 'OL(t) - [Sv]li+(O,t), 

'O+(d,t) = 'OR(t) - [Sv]li-(d,t). 

(3.2.5) 

(3.2.6) 

Equations (3.2.5) and (3.2.6) can be solved for 'O_(O,t) and 'O+(d,t). Now the 

new modal waveforms can be found simply by 

li_(O,t) = [Svr1'O_(0,t), 

li+(d, t) = [Sv]-l'O+(d, t). 

(3.2.7) 

(3.2.8) 

Thus the procedures for the analysis of a network containing loss less transmis

sion lines and linear circuit elements can be summarized as follows: 

1. Replace the lossless transmission lines with their equivalent circuits. 



2. Solve the network at initial instant of time. 

3. Calculate the amplitudes of the left and right traveling modal 

wave using (3.2.5),(3.2.6),(3.2.7), and(3.2.8). Track the 

propagation of modal wave. 

4. Advance the time step. 

5. Determine the amplitudes of the incoming waves at both ends of 

each transmission line using the technique of modal wave 

tracking. Calculate the amplitudes of the corresponding equivalent 

voltage sources using (3.2.1) and (3.2.2). 

6. Solve the network. 

7. Repeat steps 3,4, 5, and 6 until the computation is completed. 

3.3. Network containing lossless transmission lines and 

nonlinear circuit elements 
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When the network to be analyzed contains lossless transmission lines and 

nonlinear circuit elements such as junction diodes, BJT's, MOSFET's, ... , etc, 

the procedure of analysis is similar to the one for the network containing lossless 

transmission lines and linear circuit elements. The significant difference is that 

the network to be solved in Step 6 is nonlinear and different solution techniques 

must be applied in calculation. 
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CHAPTER 4 

NETWORK EQUATIONS AND THEIR SOLUTIONS 

In this chapter, modified nodal analysis (MNA), used to form the differential 

equations modeling lumped element networks, is briefly introduced. Application 

of MNA to linear networks is described in Section 4.1. Subsequently its appli

cation to nonlinear networks is presented in Section 4.2. Numerical treatment 

of network equations which result from MNA is discussed in Section 4.3. 

4.1 Modified nodal analysis of networks compm:"ed of linear 

elements 

The elements of a network can be partitioned into three groups: (1) ele

ments that have an admittance representation; (2) elements that do not have an 

admittance representation, independent voltage sources; (3) independent cur

rent sources. The equations expressing Kirchoff's current law(KCL) can be 

written in the form 

(4.1.1) 

where All A2 , A3 are components of so called incidence matrix; 11 is a vector 

containing branch currents of elements that have an admittance representation; 

12 is a vector containing branch currents of elements that do not have an admit

tance representation, branch currents of voltage sources, and branch currents 

which are required as solutions; J is a vector containing independent current 

sources. 
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The equations expressing Kirchoff's voltage law(KVL) are 

(4.1.2) 

where VI, V2 , V3 are vectors of branch voltages which are partitioned into three 

groups defined above; Vn is a vector of nodal voltages. 

The branch relations, also called constitute equations ( eE), for elements in 

partitions 1 and 2 can be written in the form 

(4.1.3) 

(4.1.4) 

where Y I is an admittance matrix; Y2 contains admittances and dimensionless 

constants; Z2 contains impedances and dimensionless constants; W2 contains 

nonzero entries only for the voltage sources. 

The equation (4.1.1) can be written in the form 

(4.1.5) 

The Equation (4.1.2) can be separated into three matrix equations 

( 4.1.6) 

(4.1.7) 

(4.1.8) 

Substituting (4.1.3) and (4.1.6) into (4.1.5), we obtain 

(4.1.9) 
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Substituting (4.1.7) into (4.1.4), we obtain 

(4.1.10) 

The Equations (4.1.9) and (4.1.10) can be assembled into one matrix equation, 

(4.1.11) 

The advantages of this equation obtained by the MNA are that the quantity of 

unknowns is moderate{as compared with other methods like tableau formula

tion), and the construction of the matrix on the left hand side and the vector 

on the right hand side can be done by inspection of network and thus easily 

computerized. 

Application of the MNA to a linear network composed of R, L, and C 

elements yields a system of linear differential equations of the form 

[G]x(t) + [D]x'(t) = w(t), (4.1.12) 

. where [G] and [D] are constant matrices; w(t) is a vector of independent sources; 

x(t) is a vector of circuit variables(unknowns); x'(t) represents the time deriva

tive of x(t). Comparing (4.1.12) with (4.1.11), we see that 

(4.1.13) 

x(t) = (~; ) . (4.1.14) 

4.2. Modified nodal nalysis of nonlinear networks 

The MNA of nonlinear networks is similar to the one of linear networks 

except that an additional vector fi(X) is introduced to incorporate the relations 
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for all nonlinear elements. This is achieved by introducing charges in nonlinear 

capacitors and fluxes in nonlinear inductors as additional circuit variables. We 

then have for the branches composed of nonlinear capacitive elements 

fc(vc, qc) = 0, (4.2.1) 

(4.2.2) 

where qc is charge in the element; Vc is the branch voltage; ic is the branch 

current. The charges of all nonlinear capacitive elements are assembled in a 

single vector ij. 

For the branches with nonlinear inductive elements we have the following 

relations: 

fL(iL,tPL) = 0, 

d 
VL = dttPL, 

(4.2.3) 

(4.2.4) 

where tPL is flux in the element; VL is the branch voltage; tL is the branch 

current. The fluxes of nonlinear inductive elements are assembled in a vector ¢. 

The MNA applied to the network yields the nonlinear differential equations 

in the form 

[Dlx'(t) + [Glx(t) + p(x, t) = w(t), (4.2.5) 

where [D 1 and [Gl are constant matrices; w (t) is a vector of independent sources; 

p(x) is a vector function containing the relation describing all nonlinear ele

ments; x(t) is a vector of circuit variables and can be written as 

(4.2.6) 
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4.3. Numerical treatment of network equations 

The system of first-order ordinary differential equations such as (4.1.12) 

can be numerically integrated by a variety of methods. Those methods can be 

broadly grouped into two categories: the linear multistep(LMS) formulae and 

the Runge-Kutta(R-K) formulae. 

The LMS formulae have been widely used because their theory has been 

well developed. It is known that the systems of most networks are stiff and 

need a stiff integration formula, a formula which can handle stiff systems with

out requiring very small step sizes. It is also known that Gear's backward 

differentiation formulae(BDF) are among the best for stiff problems(Vlach and 

Singhal,1983) . 

The BDF is one of the LMS formulae. The k-step BDF has the form 

k 

Xn+k = L a;jXn+k-j, 
;j=1 

-f 1 ~ _ 
xn+k = -h L- b;jXn+k-;j, 

:j=0 

( 4.3.1) 

(4.3.2) 

where h is the step size of numerical integration; Xn+k and Xn+k-j are the 

numerical solution at (n+k)th step and (n+k-j)th step, respectively. 

The application of the method to computing transients in linear networks 

is straightforward. Indeed substituting (4.3.2) into (4.1.12), we obtain 

k-I 

[Gjxn+k - ~[D]{L b:jXn+k-:j} = W(tn+k)' 
;j=0 

(4.3.3) 

Equation (4.3.3) is a system of linear algebraic equations. A variety of different 

linear solvers can be used to solve it. 
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The situation is more complicated in the case of nonlinear networks de-

scribed by the equations of type (4.2.5). The equation (4.2.5) can be written in 

the form 

= [DJX~+k + [G]Xn+k + P(Xn+k) - W(tn+k), 

where tn+k is the time of the (n + k)th step of the integration. 

( 4.3.4) 

Equation (4.3.4) is nonlinear and thus must be solved iteratively utilizing 

their linear approximation. In this work, Newton-Raphson(N-R) method is 

used. The N-R algorithm for solving (4.3.4) yields 

(4.3.5) 

where superscript lim" stands for the mth iteration. The quantity OXn+k is 

obtained by solving 

(4.3.6) 

The symbol 88!"tk is the abbreviation of the system Jacobian which in the case 
"'''tk 

of Equation (4.3.4) has the form 

a~n+k = [DJ a:~+k + [GJ + ap~n+k) . 
aXn+k aXn+k aXn+k 

(4.3.7) 

The symbol 8~~"tk) represents the Jacobian of nonlinear elements and has the 
"t" 

form 

(

!J..I?J..!J..I?..J.. .!tEJ..) 8Xl 8X2 8ZN 

a~ = gi~ g!:; :i;. 
ax: : . . 

8PN 8PN 8PN 
8Xl 8X2 8ZN 

(4.3.8) 

In (4.3.8), the subscript "n + k" is omitted for the purpose of simplifying the 

notation. From (4.3.2) we can obtain 

aX~+k = -.!.bou 
aXn+k h ' 

(4.3.9) 



where 

Substituting (4.3.9) into (4.3.7), we have 

Thus the procedure of solving (4.3.4) consists of the following steps: 

1. Predict X~Jk using the k-step BDF 

k 

'" (p) - '" a .". k . .... n+k - ~ .1 .... n+ -.1' 

;=1 

3. Evalute x~+k using the k-step BDF (4.3,2). 

4. Evalute W(tn+k)' P(Xn+k), and 8~~n±k). 
n+k 

5. Evalute 88~n+k using (4.3.10). 
:Cn+k 

6. Solve (4.3.6) for 8Xn+k' 

7. Obtain X~c~k by 

8 S t - _(c) 
. e Xn+k = xn+k' 

9. Repeat Steps 1, 2, ... , 8 until the solution converges. 
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(4,3.10) 

(4,3.11) 

10. Advance the time step; repeat Steps 1, 2, ... , 9 until the computation 

is completed. 
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CHAPTER 5 

NUMERICAL ALGORITHM 

A computer program, called U ANTL, has been developed on the bases 

of the algorithms described above. This program can be used for simulating 

the transient responses of networks containing resistors, capacitors, inductors, 

coupled inductors, piecewise linear independent voltage sources, junction diodes, 

BJT's, MOSFET's, and loss less transmission lines. The flow diagram of UANTL 

is shown in Fig. 5.1.1. 

(Start) 
~ 

Read in network description 

1 
Form [G], [E], and Wj 

collect parameter values for 
updating ill at each time step 

! 
Collect and manipulate the 
parameter values required 

for evaluating p and ~ 
at each time step 

• Calculate the DC solution 
! 

Calculate the transient response 
1 

Output the result J 
t 

( End 

Fig. 5.1.1 Flow diagram of the computer program UANTL. 
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In this chapter, the numerical algorithms used in developing U ANTL are 

discussed. The algorithm for computing the DC solution is discussed in Section 

5.1. The algorithm for calculating the transient response, which includes the 

procedure for modal wave tracking and the algorithm for numerical integration, 

is discussed in Section 5.2. 

5.1. Computing the DC solution 

DC solution of a network without a transmission line can be calculated 

simply by setting x'(O) = 0 and solving the reduced network equation 

[G]x(O) = -p(x(O)) + w(O). (5.1.1) 

The situation is complicated when the network contains transmission lines. 

If there are non-zero independent voltage sources acting on the network long 

before t = 0, the transmission lines become charged at t = O. The wave modes 

are already propagating on the transmission lines. A brute- force approach to 

solving this problem is replacing the independent voltage sources of the type 

shown in Fig. 5.1.2 by the ones shown in Fig. 5.1.3 and then solving the tran

sient for the time interval (-t, 0) with the assumption that the asymptotically 

stable steady state is reached at t = O. 

v.(t) 

Vo 
---fJ /---1,-------

---ff--'--------- t 
t=O 

Fig. 5.1.2 A DOD-zero voltage source applied before t = o. 
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~ 
t 

t=o 

Fig. 5.1.3 A DOD-zero voltage source applied at t = -tl' 

The value of tl is chosen to be large enough such that all transmission lines 

are at steady state at t = O. There are some difficulties in this approach. First, 

the value of h depends on the network to be analyzed. There are no a priori 

estimates for this value. Second, the size of time step for solving the transient 

must be small in order that the error introduced at t = 0 is small. To avoid 

such difficulties, a different approach is proposed. It is based on the observation 

that at steady state, the two ends of each conductor of a lossless transmission 

line are at the same voltage. This feature is utilized in constructing an iterative 

scheme to find the steady-state amplitude of each modal wave propagating on 

each transmission line at t = O. This constitutes the solution of (5.1.1). The 

procedures of this iterative scheme are as follows: 

1. Set the amplitudes of the equivalent voltage sources of transmission lines 

to zero. 

2. Solve (5.1.1). 

3. Calculate v_ (0, 0) and v+ (d, 0) from (3.2.5) and (3.2.6). 



4. Calculate y_ (0, 0) and y+ (d, 0) from (3.2.7) and (3.2.8). 

5. Set 

y_(d,O) = y_(O,O), 

y+(O, 0) = y+(d, 0). 

6. Calculate the amplitudes of the equivalent voltage sources of 

transmission lines from (3.2.1) and (3.2.2). 

7. Repeat Steps 2, 3, ... , 6 until the solution converges. 
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5.2. Calculating the transient response 

The procedure for calculating the transient response is illustrated by the 

flow diagram shown in Fig. 5.2.1. Major steps of the procedure are discribed 

in the following sub-sections. 

From the previous step 

Compute 
Prediction and correction of Xn +2 

Estimate local truncation 
error, E 

No 
~---.I Reduce h 

Yes 

Calculate V IR(i,j,k), 
VRR(i,j,k), and T(i,j,k) 

To the next step 

No 

Fig. 5.2.1 Procedure for calculating the transient response. 
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5.2.1. Modal wave tracking 

As mentioned in Chapter 2, the magnitude of the equivalent voltage sources, 

Vt and vk, of each transmission line are related to the modal waveforms, 9_ 

(5.2.1.1) 

(5.2.1.2) 

In order to determine the magnitudes of Vt(t) and vk(t) at time instant, t, we 

must know the magnitudes of 9+(O,t) and 9-(d,t) at that time instant. 

We know that 9_(X,t) is the modal wave propagating from the left to the 

right end, and 9+ (x, t) the modal wave propagating from the right to the left 

end of a transmission line. We also know that 

d 
g~(d, t) = g~(O, t - -), 

em 
(5.2.1.3) 

(5.2.1.4) 

In other words, each modal wave takes a time of c~ to arrive to another end 

of the transmission line. Thus once g~(O, t) and g+'(d, t) are determined from 

(3.2.7) and (3.2.8), we know the time at which they arrive to another end of the 

transmission line. However, since there can be more than one transmission line 

in a network, and modal waves of a transmission line propagate, in general, with 

different velocities; an efficient method of tracking the propagation of modal 

waves is required. 

Modal waves g~(O, t) and g+'(d, t) are discretized as shown in Fig. 5.2.2 for 

the purpose of tracking modal waves. The time intervals between the discrete 

moments ti are the same as the step sizes in the numerical integration. 



g~(O,t) 

g~,l(O) g~,2(O) 

~ 
I 
I 

, 
; 

tl t2 tn+l tn+2 

g+(d,t) 

~----~------~--~Jr(----~----~-----

t2 

Fig. 5.2.2 Discretization of modal waves. 

We now have 

g~,n(O) = g~(O, tn), 

g~ n(O) = g~(d,tn + ~), 
, em 
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t 

t 

(5.2.5) 

(5.2.6) 

(5.2.7) 
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(5.2.8) 

We can store g".!:k(O), g+mk(d) , and the value of (tk +...4...) in three-dimensional , , em 

registers VIR, V RR, and T, respectively. Let us denote the contents of those 

registers as V IR(i,j, k), V RR(i,j, k), and T(i,j, k), respectively, where i stands 

for the ith transmission line; j stands for the jth wave mode; k stands for the kth 

discretized quantity of the modal wave. At each time step, tn, of the numerical 

integration, we can search through register T to find T(i,j, k) and T(i,j, k + 1) 

such that 

T(i,j, k) ::; tn < T(i,j, k + 1). 

We then obtain g".!:(d, tn) from V IR(i,j, k) and V IR(i,j, k + 1) by linear in

terpolation. We can obtain g+,(O, tn) from V RR(i,j, k) and V RR(i,j, k + 1) in 

the same way. 

5.2.2. Numerical integration 

In this work, two-step BDF with variable step size is used for the numerical 

integration.The formulae of the predictor and corrector, and the algorithm for 

the adjustment of step size are presented in (Vlach and Singhal,1983). 

The formulae of the predictor and corrector are 

where 
1'2 

al =--, 
1'2 -1 

-1 
a2 = --, 

1'2 -1 

(5.2.2.1) 

(5.2.2.2) 

(5.2.2.3) 

(5.2.2.4) 
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bo = -1, (5.2.2.5) 

(5.2.2.6) 

(5.2.2.7) 

The step size of the next time step is calculated from 

hnext = h.", (5.2.2.8) 

(5.2.2.9) 

(5.2.2.10) 

where h next is the step size of next time step; h is the step size of current time 

step; E is the estimated local truncation error at current time step; € is the user 

specified error tolerance; X~c~2 is the solution obtained by the corrector; X~22 

is the result obtained by the predictor. 

The numerical integration begins with predicting X~22 using (5.2.2.1). Pro

cedures for correction outlined in Section 4.3 as Step 2, ... , Step 9 is carried 

out to obtain X~c~2' Gaussian elimination with partial pivoting is used to solve 

the system of linear algebraic equations. After X~c~2 converges to within the 

user specified tolerance, N RTOL, the local truncation error is estimated from 

(5.2.2.10). If the estimated local truncation error is larger than ETOL, which 

represents the user specified tolerance of local truncation error, the current step 

size is reduced according to (5.2.2.8). The procedure of prediction and correc

tion is repeated. 

The above procedure is repeated as many times as necessary until the 

estimated local truncation error is within the user specified error tolerance. 
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Sometimes it is not possible to make the estimated local truncation error 

smaller than the user specified error tolerance because of the round-off error. 

When this occurs, an endless loop would result. To avoid this difficulty, a 

lower limit, fl, for the error tolerance is built-in. This lower limit will override 

whenever the user specified error tolerance ,ETOL, is smaller than fl. 

Number of the N-R iterations in calculating X~c~2 is limited by a user 

specified value, NITER. This is established to avoid a large number of N-R 

iterations. When this limit is exceeded, the current step size is reduced and the 

whole procedure of prediction and correction is repeated. The default value of 

of NITER is 20. 

In a network with transmission lines it is often observed that significant 

signal changes occur at certain time intervals which are short in comparison 

with the time interval of interest. If the size of a time step is larger than the 

time interval in which such rapid changes occur, the tracking of modal waves 

may fail to track the modal waves which represent the rapid signal changes. A 

scheme is designed to solve this problem. After the size of next time step is 

determined, the magnitudes of modal waveforms which will arrive at the ends 

of some transmission lines in the time interval (t, t+hne:&t) are checked. If none 

of them varies in that time interval, the step size is accepted. If any of them 

varies in that time interval, the step size is reduced. The step size is reduced to 

an extent such that there is at most one discretized quantity of modal wave(see 

Fig. 5.2.2) which changes the magnitude in the time interval (t, t+hne:&t). 

It has been observed that sharp peaks always appear in the transient re

sponse of a network containing transmission lines. This is caused by two modal 

waves propagating with slightly different velocities. In the time interval (O,tdim) ' 
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,,1L\;11.l tdim is the line delay of the mth mode of the ith transmission line, the 

modal wave does not vary; the algorithm for. the step size control discussed 

above may generate large steps such that the above-mentioned sharp peaks dis

appear partly or even completely. A special scheme was designed to solve this 

this problem. 

In the time interval (0 i td,max), where 

an upper limit, hTL is set for the step size. The value of hTL is given by 

In the cases that hT L is extremely small or even zero, it is impractical 

to determine the step size based on the value of hT L. To remedy this a user 

specified parameter, NMSTEP, is used to limit the step size such that under no 

circumstances shall the step size be smaller than hmin where 

tend 
hmin = NMSTEP 

and tend is the time interval of computation. The default value of NMSTEP is 

10,000. 
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CHAPTER 6 

COMPUTER IMPLEMENTATION 

In this chapter a detailed description of the computer implementation is· 

presented. The subjects to be discussed here include the input format; the 

formation of matrices [G] and [D], vectors iIJ and p, and the Jacobian ~;and 

the evaluation of iIJ,p, and ~ at each time step. 

6.1. Input format 

The program execution begins by reading the input file containing infor

mation about the network, excitations, and output requirements. The input file 

contains two distinct clusters of information: 

1. Specification of computing parameters and output requests. 

2. Description of network components and configuration. 

Detailed description of the input format is given in Appendix B. 

6.2. Breaking circuit elements into "basic" elements 

After the description of network components are read in, the circuit ele

ments are sorted into the following sets of "basic" elements: 

1. Resistors 

2. Capacitors 

3. Inductors 

4. Coupled inductors 

5. Piecewise linear independent voltage sources 

6. Equivalent voltage sources of transmission lines 
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7. Dependent current sources used in modeling of BJT's 

8. Static junction diode models 

9. Junction capacitors 

10. Diffusion capacitors 

11. Dependent current sources used in modeling of NMOS' 

12. Dependent current sources used in modeling of PMOS' 

Transmission lines, junstion diodes, BJT's, and MOSFET's are treated as 

composite elements and modeled using combinations of "basic" elements. Mod

els of the "basic" elements together with models of junction diodes, BJT's, and 

MOSFET's are given in Appendix A. The computer program breaks the com

posite elements into "basic" elements at the time when the network description 

given in the input file is read in. For each type of "basic" element, a register 

is assigned for storing the total number of such element. Registers are also 

assigned for storing the element number, node numbers, and proper parameter 

values for each type of "basic" elements. 

6.3. Formation of matrices [G] and [D] 

The formation of matrices [G] and [D] is straightforward. The program 

reads through those registers assigned for storing the node numbers and pa

rameter values of each type of basic element, and fills in the elements of [G] and 

[D] as indicated by the MNA. 

6.4. Formation of vector w 

The formation of vector w is similar to the formation of matrices [G] and 

[D]. The vector w contains some elements which are to be evaluated at each 

time step of integration. Those elements correspond to the time-varying voltage 
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sources and the equivalent voltage sources of transmission lines. Registers are 

assigned to store the information about such functions. 

6.5. Formation and evaluation of p 

The vector p is formed in such a way that the ith element, Pi, can be 

expressed as 

Pi = LPi; 
j 

where Pij is the subelement contributed by the ith nonlinear "basic" element 

which is related to Pi. 

Several one-dimensional registers are assigned for storing data or inform a-

tion related to Pi;. The names of registers and their functions are given below: 

IP: contains the row number of fi to which the given subelement 

corresponds. 

NCP: contains the code number which defines the type of the 

subelement. The type dictates the formula to be used in 

evaluating this subelement. 

NVIP, ... ,NV4P: contain the node numbers involved in evaluating 

the subelement. 

PRIP, ... ,PR6P: contain the parameter values required for evaluating 

the subelement. 

Before the parameter values are stored into PRIP, ... ,PR6P, they are ma

nipulated so as to minimize the number of calculations required in evaluating 

the sub element at each time step. 

To evaluate fi the program carries out, for each subelement Pi;, the following 

operations: 
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1. Obtain the row number, i, from IP. 

2. Evaluate Pij using the formula corresponding to the code number stored 

in NCP. The formula can be written symbolically as 

Pij = f(v(NVIP), ... ,v(NV4P),PRIP, ... ,PR6P). 

3. Add Pij to Pi. 

6.6. Formation and evaluation of the Jacobian 

To simpify the notation, the Jacobian ~ will be denoted as [J] in this 

paragraph. 

[J] is formed in such a way that the element at the ith row and the jth 

column, Jij, can be expressed as 

where Jijk is the sub element contributed by the kth nonlinear "basic" element 

which is related to Jij. 

Several one-dimensional registers are assigned for storing data or inform a-

tion related to Jijk. Their names and functions are listed below: 

IDPX: contains the row number of [J] to which the given subeiement 

corresponds. 

JDPX: contains the column number of [J] to which the given 

sub element corresponds. 

NCDPX: contains the code number which defines the type of the 

subelement. The type dictates the formula to be used in 



evaluating the subelement. 

NVIDPX, ... ,NV4DPX: contain the node numbers involved in 

evaluating this subelement. 

PRIDPX, ... ,PR6DPX: contain the parameter values required for 

evaluating the subelement. 
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Before the parameter values are stored into PRIDPX, ... ,PR6DPX, they 

are manipulated so as to minimize the number of calculations required in eval

uating the sub element at each time step. 

To evaluate [J] the program carries out, for each sub element Jijk, the 

following operations: 

1. Obtain the row number, i, from IDPX. 

2. Obtain the column number, j, from JDPX. 

3. Evaluate Jii k using the formula corresponding to the code number 

stored in NCDPX. The formula can be written symbolically as 

Jiik=f(v(NVIDPX), ... ,v(NV4DPX),PRIDPX, ... ,PR6DPX). 

4. Add Jiik to Jij. 



66 

CHAPTER 7 

NUMERICAL EXPERIMENTS 

The transient responses of three networks were simulated using both 

U ANTL and SPICE programs. The results are summarized and discussed. The 

first network is a linear network containing two three-conductor lossless trans-

mission lines. The second network is a nonlinear network without transmission 

lines. The third network is a nonlinear network containg one two-conductor 

transmission line. 

7.1. Simulation of a linear network containing two transmission 

lines 

A network composed of three simple linear sub-networks interconnected by 

two transmission lines is shown in Fig. 7.1.1. 

l1 .. (t) 
+ 3 12 

5 TL2 

~ 65. G5toJ 65° OJ" ~ OJ" 187~tO~ 87 ~ 87 
unit: R: Ohm; C: pF 

Fig. 7.1.1 A linear network containing two transmission lines. 

The [L] and [C] matrices of transmission line # 1 are 

(

3.792 0.836 0.292 ) 
[L] = 0.836 3.753 0.836 , 

0.292 0.836 3.792 



( 

0.883 -0.102 -0.0779) 
[e] = -0.102 0.899 -0.102 . 

-0.0779 -0.102 0.883 

The [L] and [e] matrices of transmission lines # 2 are 

(

5.033 
[L] = 1.734 

0.818 

1. 734 0.818) 
4.792 1.734 , 
1.734 5.033 

[e] = -0.163 0.722 -0.163 . 
( 

0.677 -0.163 -0.0145) 

-0.0145 -0.163 0.677 

The unit of [L] and [e] are ~! and ~, respectively. 

v. (t) 

( volt) 

0.1 
t 

(liS) 

Fig. 7.1.2 Driving voltage of the network in Fig. 7.1.1. 
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The network, excited by a voltage source indicated in Fig. 7.1.2, was 

simulated using U ANTL for a time interval of 3.0 nsec. The transient response 

was simulated with the tolerance parameter, ETOL, for local truncation error 

set to 10-2 , 5.0 X 10-3 , 10-3 , and 5.0 X 10-4 , respectively. Voltages at node 

2, node 3, node 11, and node 12 were plotted and are shown in Fig. 7.1.3 and 

Fig. 7.1.4 for ETOL=1O-2 and ETOL=5.0 X 10-3 , respectively. The voltages 

at node 2 and node 11 have a much smaller magnitude than those on node 3 
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and node 12, and thus they are shown separately in Fig. 7.1.5 and Fig. 7.1.6. 

The plots of the results with ETOL less than 5.0 X 10-3 look almost the same 

as the ones with ETOL equal to 5.0 X 10-3 , hence they are not shown. 

Fig. '1.1.3 Transient response calculated by UANTL with ETOL = 
1.0 x 10-2 ; A: voltage at node 2; B: voltage at node 3; 
C: voltage at node 11; D: voltage at node 12. 



.8 >t-./_a--.--e--. 
v~ 0 D-D 

.Ii 

.4 

.9 

-.1 

-.2 0 .I .6 .. .. l.O • .1 LA • .1 • .1 1.0 U "4 U La LO 

Fig. 7.1.4 Transient response calculated by UANTL with ETOL = 
5.0 x 10-3 ; A: voltage at node 2; B: voltage at node 3; 
C: voltage at node 11; D: voltage at node 12. 
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Fig. 7.1.5 Transient response calculated using UANTL with ETOL = 
1.0 x 10-2 ; A: voltage at node 2; B: voltage at node 11. 
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Fig. '1.1.6 Transient response calculated using UANTL with ETOL = 
5.0 x 10-3 ; A: voltage at node 2; B: voltage at node 11. 

The CPU time required for the simulation with different ETOL settings 

are as follows 

ETOL=10-2 : 446 sec., 

ETOL=5 X 10-3 : 773 sec., 

ETOL=10-3 : 1,813 sec., 

ETOL=5 x 10-4 : 2,386 sec. 

The same network was simulated using SPICE program. Each transmission 

line is represented by the distributed lumped parameter model. The RELTOL 

parameter was set to 10-5 • This value was determined on the basis of previ

ous simulations which indicated that RELTOL can not be larger than 10-5 if 

adequate accuracy is required. The characteristic quantity, Nc , designated to 

distinguish various simulations, is the number of distributed lumped cells for 
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each transmission line. The transient response was simulated with Nc equal to 

20, 40, 60, 80, 100, and 120, respectively. Voltages at the nodes, observed in 

simulations performed using UANTL, were plotted and are shown in Fig. 7.1.7 

through Fig. 7.1.16. The plots of the results with Nc = 120 look almost the 

same as the ones with Nc = 100, hence they are not shown. 

The CPU times required for the simulation with different number of dis-

tributed lumped cells are listed below: 

Nc = 20: 1,644 sec., 

Nc = 40: 3,575 sec., 

Nc = 60: 6,455 sec., 

Nc = 80: 11,144 sec., 

Nc = 100: 16,023 sec., 

Nc = 120: 23,266 sec. 

It is worthwhile to note the nonlinear, rapid growth of CPU time with the 

N c • This is typical for SPICE and is one of the reasons for which this program 

is inferior to UANTL in application to transmission line systems. 
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.2 

-.2 ~ 
g ~ .. .. .. 1.0 U 1.4 1.1 ,.I LO L.I .... U U U 

Fig. 7.1.7 Transient response calculated using SPICE with Nc= 20; 
A: voltage at node 2; B: voltage at node 3; C: voltage at 
node 11; D: voltage at node 12 . 

• 0 

.4 

.3 

o 

-.l 

-.2 0 .J .. .. .. 1.0 1.1 I.. I" I.. LO L.I Lt I.' .... .... 

Fig. 7.1.8 Transient response calculated using SPICE with Nc= 40; 
A: voltage at node 2; B: voltage at node 3; C: voltage at 
node 11; D: voltage at node 12. 
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Fig. 7.1.9 Transient response calculated using SPICE with Nc= 60; 
A: voltage at node 2; B: voltage at node 3; C: voltage at 
node 11; D: voltage at node 12 . 

. 7 ,.........,... 

.8 .~ rj>tpl--"-. ~ 00 D 

.0 i ., 
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.3 

I ..2 

.1 
r--, 0--, 

-.1 V 
-2 0 .I .. .. .. 1.1 U IA 1.1 ,. LO ..... Lt ••• , 

Fig. 7.1.10 Transient response calculated using SPICE with Nc= 80; 
A: voltage at node 2; B: voltage at node 3; C: voltage at 
node 11; D: voltage at node 12. 
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Fig. 7.1.11 Transient response calculated using SPICE with Nc= 100; 
A: voltage at node 2; B: voltage at node 3; C: voltage at 
node 11; D: voltage at node 12 . 
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Fig. 7.1.12 Transient response calculated using SPICE with Nc= 20; 
A: voltage at node 2; B: voltage at node 11. 
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Fig. 7.1.13 Transient response calculated using SPICE with Nc= 40; 
A: voltage at node 2; B: voltage at node 11. 
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Fig. 7.1.14 Transient response calculated using SPICE with Nc= 60; 
A: voltage at node 2; B: voltage at node 11. 
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I 
Fig. 7.1.15 Transient response calculated using SPICE with Nc= 80; 

A: voltage at node 2; B: voltage at node 11 . 
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Fig. 7.1.16 Transient response calculated using SPICE with Nc= 100; 
A: voltage at node 2; B: voltage at node 11. 
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For the purpose of comparison, the voltages at node 2 and node 11 obtained 

using UANTL with ETOL=5xlO-4 are used as reference values. The deviations 

from the reference values are calculated at certain time steps. The results are 

shown in Table 7.1.1, ... , Table 7;1.4. The deviation from the reference value is 

denoted as t::. v. 

Table 7.1.1 Deviation of voltage at node 2 from the reference 
value (UANTL) 

Time Reference ~v 

(ns) (volt) (volt) 

ETOL=1O- 2 ETOL=5 x 10-3 ETOL=1O- 3 

0.3 0.042 0.000 0.000 0.000 

0.6 0.028 0.000 0.000 0.000 

0.9 0.048 0.003 0.000 0.000 

1.2 0.003 0.000 0.000 0.000 

1.5 0.004 0.000 0.000 0.000 

1.8 -0.001 -0.001 0.000 0.000 

2.1 -0.001 0.000 0.000 0.000 

2.4 0.001 -0.001 -0.001 0.000 

2.7 0.001 -0.001 -0.000 0.000 

3.0 0.000 0.000 0.000 0.000 



-. a· 

Table 7.1.2 Deviation of voltage at node 11 from the reference 
value (UANTL) 

Time Reference Av 

(ns) (volt) (volt) 

ETOL=1O-2 ETOL=5 X 10-3 ETOL=1O-3 

0.3 0.000 0.000 0.000 0.000 

0.6 0.015 0.000 0.000 0.000 

0.9 0.009 0.000 0.000 0.000 

1.2 -0.008 0.002 0.001 0.000 

1.5 -0.007 0.002 0.002 0.001 

1.8 -0.001 0.000 0.000 0.000 

2.1 0.002 -0.001 0.000 0.000 

2.4 -0.001 0.000 0.000 0.000 

2.7 0.000 0.000 0.000 0.000 

3.0 0.000 0.000 0.000 0.000 
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Table '1.1.3 Deviation of voltage at node 2 from the reference 
value (SPICE) 

Time Reference Av 

(ns) (volt) (volt) 

Nc = 20 Nc = 40 Nc = 60 Nc = 80 Nc = 100 Nc = 120 

0.3 0.042 0.000 0.000 0.000 0.000 0.000 0.000 

0.6 0.028 0.005 0.002 0.002 0.001 0.001 0.001 

0.9 0.048 -0.003 0.006 0.006 0.005 0.004 0.004 

1.2 0.003 0.002 0.000 0.000 0.000 0.000 0.000 

1.5 0.004 -0.003 -0.001 -0.002 -0.001 0.000 0.000 

1.8 -0.001 0.000 -0.004 0.000 0.002 0.000 0.002 

2.1 -0.001 -0.004 -0.003 0.000 0.000 0.000 0.000 

2.4 0.001 -0.001 -0.001 0.000 -0.001 0.000 0.000 

2.7 0.001 0.000 0.000 -0.003 -0.003 -0.001 -0.001 

3.0 0.001 -0.001 0.002 -0.001 -0.001 0.000 0.000 
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Table 7.1.4 Deviation of voltage at node 11 from the reference 
value (SPICE) 

Time Reference t::..v 

(ns) (volt) (volt) 

Nc = 20 Nc = 40 Nc = 60 Nc = 80 Nc = 100 Nc = 120 

0.3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.6 0.015 0.018 -0.003 -0.003 0.002 0.002 0.000 

0.9 0.009 0.000 -0.001 -0.001 -0.001 -0.001 0.000 

1.2 -0.008 -0.004 -0.002 -0.001 0.001 0.001 0.002 

1.5 0.007 0.010 0.010 0.005 0.002 0.002 0.002 

1.8 -0.001 0.003 0.002 0.001 0.000 0.000 0.000 

2.1 0.002 -0.002 -0.001 -0.002 -0.002 -0.001 -0.001 

2.4 -0.001 -0.002 -0.003 0.001 0.002 0.002 0.002 

2.7 0.000 0.001 -0.001 0.000 0.001 0.001 0.000 

3.0 0.000 0.001 -0.001 0.002 0.000 -0.001 -0.001 
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It can be observed that the results obtained using SPICE converge to the 

results obtained using UANTL as the number of lumped cells increases. The 

waveforms of the voltages at node 2 and node 11 obtained using SPICE keep 

changing as the number of lumped cells increases. The differences among the 

results obtained using UANTL with different ETOL settings are within 3.0 mY. 

To get a result with an accuracy comparable to the result obtained using 

UANTL with ETOL=10-2 at least 40 lumped cells are required for SPICE 

simulation. Comparing the corresponding CPU times, 446 sec.(for UANTL) 

and 3575 sec.(for SPICE), we see that the saving of CPU time yielded by using 

U ANTL is significant. 
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7.2. Simulation of a nonlinear network without transmission 

line 

A network containing several nonlinear circuit elements is shown in Fig. 

7.2.1. The parameter values of QI, MI, and M2 are listed below. This network 

was simulated to test the transistor models built in UANTL. 

v~ (t) 

( volt) 

5.0 

0.1 

65 

5 
65 

t 

(ns) 
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9 

Vee = 5.0 

4 8 

7.2.1 A nonlinear network without transmission line. 

18 = 1.0 X 10-15 A 

PF = 100 

PR = 1.0 

CJE = 1.0 pF 

mJE = 0.33 

VJE = 0.6 



CJC = 3.0 pF 

mJC = 0.33 

VJC = 0.6 

'T"F = 0.1 nsec. 

'T"R = 0.1 nsec. 

Ml andM2 : 

IVTol = 1.0 

k = 1.0 X 10-4 

"y = 0.37 

.\=0 

214>FI = 0.6 

Is = 1.0 X 10-15 A 

CBD = 14.7 fF 

CBS = 15.8 fF 

mJ = 0.33 

VJ = 0.6 

CGD = 2.415 fF 

CGS = 2.415 fF 
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The transient response of the network was simulated using UANTL with 

ETOL set to 10-2 , 10-3 , and 10-4 , respectively; and the time interval of simu

lation is 3.0 nsec. Voltages at node 4, node 5, node 8, and node 9 were printed 

out and plotted. The differences among the results with different ETOL set

tings are very small and almost unobservable on the plots, hence only the plot 

of the result with ETOL=10-4 is shown in Fig. 7.2.2. 
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Fig. 7.2.2 Transient response calculated using UANTL with ETOL = 
1.0 x 10-4 ; A: voltage at node 4; B: voltage at node 5; C: 
voltage at node 8; D: voltage at node 9. 

The transient response is also simulated using SPICE with RELTOL= 

10-4 • The difference between the result obtained using UANTL and the one 

using SPICE is very small and is not observable on the plots. For the purpose of 

comparison, the voltage at node 9 obtained using SPICE with RELTOL=10-4 

is used as the reference value. The deviations from the reference values are 

calculated at certain time steps and are shown in Table 7.2.1. The deviation 

from the reference value is denoted as ~v. 



Table 7.2.1 Deviation of the voltage at node 9 from the reference 
value 

Time Reference Av 

(ns) (volt) (volt) 

ETOL=1O- 2 ETOL=1O- 3 ETOL=10-4 

0.3 5.385 0.016 0.004 0.002 

0.6 4.138 0.017 0.006 0.004 

0.9 2.918 0.012 0.004 0.002 

1.2 1.850 0.010 0.004 0.003 

1.5 0.967 0.007 0.003 0.002 

1.8 0.309 0.003 0.002 0.001 

2.1 0.034 0.003 0.000 0.000 

2.4 0.027 0.001 0.001 0.001 

2.7 0.026 0.000 0.000 0.000 

3.0 0.026 0.000 0.000 0.000 

The CPU times required for the simulation are listed below: 

SPICE,RELTOL=1O-4 : 16 sec. 

UANTL,ETOL=1O- 2: 23 sec. 

UANTL,ETOL=1O-3: 53 sec. 

UANTL,ETOL=1O-4: 118 sec. 
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We observed that UANTL although not yet optimized and not meant for 

the circuits without transmission lines generates the results which are close to 

those generated by SPICE which is specialized and optimized for such circuits. 

The CPU time required by UANTL is larger, but it is of the same order of 

magnitude. We are aware that there are possibilities for further optimization 

of UANTL. They will be discussed in Chapter 8. 
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7.3. Simulation of a nonlinear network containing one transmission 

line 

A nonlinear network containing a two-conductor transmission line is shown 

in Fig. 7.3.1. The parameter values of Ql, Ml and M2 are the same as those 

in Example 2. 

v.(t) 
Vee = 5.0 

(volt) 

5.0 lK 

9 M2 
t 

0.1 (ns) 4 8 

65 
3 Ql 

65 
2 

I 
+ 

Ml 

v.(t) 

":' ":' -: 

Fig. 7.3.1 A nonlinear network containting a transmission line. 

The [L] and [C] matrices of the transmission line are 

[L] = (3.792 0.836 ) 
0.836 3.792 ' 



[e] = ( 0.883 
-0.102 

-0.102) 
0.883 . 

The unit of [L] and [C] are ~! and ~ respectively. 
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The transient response of the network was simulated using UANTL with 

ETOL set to 10-2 ,10-3 , and 10-4 , respectively. The time interval of simulation 

is 3.0 nsec. Voltages at node 2, node 3, node 8, and node 9 were plotted and 

are shown in Fig. 7.3.2, Fig. 7.3.3, and Fig. 7.3.4. 
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Fig. 7.3.2 Transient response calculated using UANTL with ETOL = 
1.0 x 10-2 ; A: voltage at node 2; B: voltage at node 3; C: 
voltage at node 8; D: voltage at node 9 
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Fig. 7.3.3 Transient response calculated using UANTL with ETOL = 
1.0 x 10-3 ; A: voltage at node 2; B: voltage at node 3; C: 
voltage at node 8; D: voltage at node 9. 
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Fig. 7.3.4 Transient response calculated using UANTL with ETOL = 
1.0 x 10-4 ; A: voltage at node 2; B: voltage at node 3; C: 
voltage at node 8; D: voltage at node 9. 



The CPU times required for the simulation are listed below: 

ETOL=1O-2 : 125 sec., 

ETOL=1O-3 : 250 sec., 

ETOL=1O-4 : 476 sec. 
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The transient response was also simulated using SPICE with Nc equal to 

20, 40,60, 80, and 100, respectively. Again the RELTOL parameter is set to 

10-5 to ensure adequate accuracy. Voltages at the above-mentioned nodes were 

plotted and are shown in Fig. 7.3.5 through Fig. 7.3.9. 
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Fig. 1.3.5 Transient response calculated using SPICE with Nc = 20; 
A: voltage at node 2; B: voltage at node 3; C: voltage at 
node 8; D: voltage at node 9. 
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Fig. 7.3.6 Transient response calculated using SPICE with Nc = 40; 
A: voltage at node 2; B: voltage at node 3; C: voltage at 
node 8; D: voltage at node 9. 
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Fig. 7.3.7 Transient response calculated using SPICE with Nc = 60; 
A: voltage at node 2; B: voltage at node 3; C: voltage at 
node 8; D: voltage at node 9. 
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Fig. 7.3.8 Transient response calculated using SPICE with Nc = 80; 
A: voltage at node 2; B: voltage at node 3; C: voltage at 
node 8; D: voltage at node 9. 

Fig. 7.3.9 Transient response calculated using SPICE with Nc = 100; 
A: voltage at node 2; B: voltage at node 3; C: voltage at 
node 8; D: voltage at node 9. 



The CPU times required for the simulation are listed below: 

Nc = 20: 602 sec., 

Nc = 40: 1,673 sec., 

Nc = 60: 3,165 sec., 

Nc = 80: 4,660 sec., 

Nc = 60: 6,245 sec. 
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We note here again, typical for SPICE, rapid increase of CPU time with 

N c • For the purpose of comparison, the voltages at node 8 and node 9 obtained 

using UANTL with ETOL=10-4 are used as reference values. The deviations 

from the reference values are calculated at certain time steps. The results are 

shown in Table 7.3.1, ... , Table 7.3.3. The deviation from the reference value is 

denoted as A v. 

It can be observed that the results obtained using UANTL with different 

ETOL settings are almost the same. It can also be observed that when the 

number of distributed lumped cell used in SPICE simulation increases, the result 

obtained approaches the result obtained using UANTL. For SPICE simulation 

it requires at least 60 cells for the transmission line to get a result comparable 

to the result obtained using UANTL. Comparing the corresponding CPU times, 

125 sec.(for UANTL) and 3,165 sec.(for SPICE), we see that the efficiency of 

UANTL is much higher. Again we would like to emphasize that there is room 

for further improvements of U ANTL performance. 



Table 7.3.1 Deviation of the voltage at node 8 from the reference 
value (UANTL) 

Time Reference ~v 

(ns) (volt) (volt) 

ETOL=1O-2 ETOL=10-3 

0.3 5.000 0.000 0.000 

0.6 0.294 0.011 0.004 

0.9 0.005 0.000 0.000 

1.2 -0.003 -0.002 0.000 

1.5 0.001 0.000 0.000 

1.8 0.000 0.000 0.000 

2.1 0.000 0.000 0.000 

2.4 0.000 0.000 0.000 

2.7 0.000 0.000 0.000 

3.0 0.000 0.000 0.000 
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Table 7.3.2 Deviation of the voltage at node 9 from the reference 
value (UANTL ) 

Time Reference Av 

(ns) (volt) (volt) 

ETOL=10-2 ETOL=1O-3 

0.3 5.000 0.000 0.000 

0.6 5.344 -0.008 -0.002 

0.9 3.978 -0.006 -0.002 

1.2 2.724 0.002 -0.001 

1.5 1.687 0.002 -0.001 

1.8 0.843 0.001 -0.001 

2.1 0.218 0.000 -0.001 

2.4 0.032 -0.003 0.000 

2.7 0.027 0.000 0.000 

3.0 0.021 0.000 0.000 
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Table 7.3.3 Deviation of the voltage at node 8 from the reference 
value (SPICE) 

Time Reference ill! 

(ns) (volt) (volt) 

Ne = 20 Nc = 40 Nc = 60 Nc = 80 Nc = 100 

0.3 5.000 0.026 0.014 0.009 0.007 0.005 

0.6 0.294 0.009 0.004 0.004 0.003 0.002 

0.9 0.005 0.001 0.001 0.001 0.000 0.000 

1.2 -0.003 -0.006 0.001 -0.001 0.000 0.000 

1.5 0.001 -0.002 0.001 0.000 0.000 0.000 

1.8 0.000 -0.001 0.000 0.000 0.000 0.000 

2.1 0.000 -0.001 0.000 0.000 0.000 0.000 

2.4 0.000 -0.001 0.000 0.000 0.000 0.000 

2.7 0.000 -0.001 0.000 0.000 0.000 0.000 

3.0 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 1.3.4 Deviation of the voltage at node 9 from the reference 
value (SPICE) 

Time Reference Llv 

(ns) (volt) (volt) 

Nc = 20 Nc = 40 Nc = 60 Nc = 80 Nc = 100 

0.3 5.000 0.004 0.001 0.001 0.000 0.000 

0.6 5.344 0.016 0.010 0.007 0.006 0.005 

0.9 3.978 0.018 0.010 0.008 0.006 0.005 

1.2 2.724 -0.001 0.000 0.001 0.001 0.001 

1.5 1.687 -0.002 0.000 0.000 0.001 0.001 

1.8 0.843 0.000 0.001 0.001 0.001 0.001 

2.1 0.218 0.000 0.001 0.001 0.001 0.001 

2.4 0.032 0.000 0.000 0.000 0.000 0.000 

2.7 0.027 0.000 0.000 0.000 0.000 0.000 

3.0 0.027 0.000 0.000 0.000 0.000 0.000 
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CHAPTER 8 

CONCLUSIONS 

The techniques of circuit simulation and modal analysis of transmission 

lines have been successfully combined together and implemented to provide an 

efficient method of simulating the transient response of networks containing 

lossless transmission lines and circuit elements, both linear and nonlinear. 

UANTL has several advantages over SPICE in simulating the transient re

sponses of networks containing transmission lines for two major reasons. First, 

it is much easier to prepare the input data file. Second, the simulation takes 

much less CPU time(assuming the same accuracy of results). In addition to 

this, simulation with SPICE faces additional difficulty: determination of num

ber of lumped cells, N c , which must be used to represent the transmission lines. 

The relation between the N c , the transmission line length, transient character

istics and resulting accuracy of approximations is not known. For this reason 

the number of cells must be determined through experimenting ( comparing the 

simulations performed with different values of N c ). This increases the inconve

nience, designer time, and CPU time expenses. 

The program UANTL is in a prototype form, therefore a lot of further work 

can be done to improve its accuracy and efficiency. An important improvement 

would be the implementation of sparse Gaussian elimination method to replace 

the existing simple Gaussian elimination in solving the linear algebraic equations 

arising from the linearization performed at each integration step. This would 

reduce both the round-off error and the CPU time fraction related to solving 

the resulting systems of linear algebraic equations. Other improvements include 



98 

development of more efficient algorithm for evaluating the Jacobian at each time 

step, adaptation of higher level models for the transistors, optimization of algo

rithm for the control of step size in numerical integration, and implementation 

of control of the order of numerical integration. 

Since a lossy transmission line can be represented by the circuit model de

rived from the impulse response data, U ANTL can be expanded to incorporate 

the capability of simulating the transient responses of networks containing both 

loss less and lossy transmission lines. However this expansion would be a major 

work. 
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APPENDIX A 

MODELS OF CmCUIT ELEMENTS 

1. Basic elements 

1.1. Resistor, capacitor, inductor, and coupled inductor 

The models of resistor, capacitor, inductor, and coupled inductor are the 

same linear lumped time-invariant models as those used in the circuit-theory 

textbooks. 

1.2. Piecewise linear independent voltage source 

An example of a piecewise linear independent voltage source is shown in 

Fig. A!. 

Vs(t) 

(volt) 

0.1 
t 

(liS) 

Fig. AI. A piecewise linear independent voltage source. 

1.3. Dependent current source of BJT, leT 



lOT is described by the equation 

VBE 
leT = Is [exp( VT ) - 1] 

VBO - Is [exp( V
T 

) - 1], 

where 

1.4. Static junction diode model, ID 

I D is described by the equation 

VD 
ID = Is [exp( V

T
) - 1]. 

1.5. Junction capacitor, CJ 

CJ is described by the equation 

1.6. Diffusion capacitor, CD 

CD is modeled by 

VD <OJ 

VD ~O. 

CD = {1" ~~~ , V D > OJ 
0, VD :5 O. 

1.7. Dependent current source of NMOS, IDs 

IDS is modeled by 

VGS < VTj 
VGS ~ VT , VDS :5 (VGS - VT)j 

VGS ~ VT, VDS > (VGS - VT), 

100 
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where 

1.S. Dependent current source of PMOS, ISD 

Is D is modeled by 

where 

2. Junction diode 

The model of a junction diode is shown in Fig. A2. 

+ 
ID CD 

. 
Fig. A2. Model of a junction diode. 
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3. NPN BolT 

The model of an NPN BJT is shown in Fig. A3, where IDE and IDO are 

the static junction diode models; C JO and CJE are junction capacitors; CDO 

and CDE are diffusion capacitors; lOT is the dependent current source of BJT. 

C -
BC - C JC CDC -, t i DC -v 

+ ~ -t- lCT 
B 

v BE CJE -
CDS ....;'- ~ IDE - -

E -

Fig. A3. Model of an NPN BolT. 

4. PNP BJT 

The model of an PNP BJT is same as the one of NPN BJT except that all 

polarities are reversed. 

5. NMOS 

The model of an NMOS is shown in Fig. A4, where IDS is the dependent 

current source of NMOS; IDDB and IDSB are the static junction diode models; 

C JDB and CJSB are junction capacitors; CGDO, C GSO , and CGBO are the gate-

drain, gate-source, and gate-body overlap capacitances. 
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6. PMOS 
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Fig. A4. Model of an NMOS. 
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B 

The model of a PMOS is shown in Fig. A5, where ISD is the dependent 

current source of PMOS; IDDB and IDsB are the static junction diode models; 

CJDB and C JSB are junction capacitors; CGDO, CGSO, and CGBO are the gate

dra.in, gate-source, and gate-body overlap capacitances. 
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Fig. A5. Model of a PMOS. 
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APPENDIX B 

INPUT FORMAT 

1. Specification of computing parameters and output 

requirements 

105 

The first three lines of the input file are allocated for the specification of 

computing parameters such as time interval of simulation and error tolerance, 

and output requirements. The information is arranged in a format shown below: 

TEND, MAXSTP, NMSTEP, ETOL, NITER, NRTOL, NVPLOT 

NVPRINT 

VPNODE(l), VPNODE(2), ... , VPNODE(NVPRINT) 

where 

TEND = time interval for which the transient response is calculated, 

unit: sec., 

MAXSTP = limit of number of steps of numerical integration, 

NMSTEP = parameter for determining hmin, 

ETOL = error tolerance, 

NITER = limit of number of N-R iterations, 

NRTOL = relative error tolerance for N-R iterations, 

NVPLOT = number of nodes, from the list given in the array VPNODE, 

for which the voltages are to be plotted, 

NVPRINT = number of nodes for which the voltages are to be printed, 

VPNODE = one-dimensional array, contains the numbers of nodes for 
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which the voltages are to be printed. 

2. Description of network components and configuration 

The network components must be described using the specific formats. 

User must number the nodes in the network beforehand. The components 

should also be numbered. Each type of component has its own independent 

numbering system. The information about each component parameter and its 

placement in the network must be provided here. The placement of a component 

is determined by the specification of the nodes to which the component terminals 

are connected. Description of all components in such a way determines the 

network configuration. 

The units of component parameters are in MKS system unless otherwise 

specified. 

2.1. Resistors 

Input format for a resistor has the following form: 

Nc,NR,N+,N_,DY,DY,R,DY,DY,DY,DY 

where 

Nc = 1, 

N R = component number, 

N + = node number of the positive node, 

N _ = node number of the negative node, 

R = resistance value, 

DY = dummy variable(used for simplifying the task of FORTRAN 

coding). 



Note: The same constraint causes that all remaining elements have 

dummy variables, denoted as DY, in their descriptions. 

2.2. Conductors 

Input format for a conductor has the following form: 

Nc,NG,N+,N_,DY,DY,G,DY,DY,DY,DY 

where 

Nc = 2, 

NG = component number, 

N + = node number of the positive node, 

N _ = node number of the negative node, 

G = conductance value. 

2.3. Capacitors 

Input format for a capacitor has the following form: 

Nc, Nc,N+,N_,DY, DY, C, DY,DY,DY, DY 

where 

Nc = 3, 

N c = component number, 

N + = node number of the positive node, 

N _ = node number of the negative node, 

C = capacitance value; unit. 

2.4. Inductors 
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Input format for a inductor has the following form: 

N c , NL, N+, N_, DY, DY, L, DY, DY, DY, DY 

where 

Nc = 4, 

N L = component number, 

N + = node number of the positive node, 

N _ = node number of the negative node, 

L = inductance value. 

2.5. Coupled inductors 

Input format for a coupled inductor has the following form: 

N c , NM, NLl, NL2, DY, DY, K, DY, DY, DY, DY 

where 

Nc = 6, 

N M = component number, 

NLI = component number of one of the coupled inductors, 

N L2 = component number of the other coupled inductors, 

K = value of the coupling coefficient. 

2.6. Piecewise linear independent voltage sO!lrce 
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The input format of a piecewise linear independent voltage source has the 

following format: 

N c , N v , N+, N_, N vp , DY, DY, DY, DY, DY, DY 

TV B(Nv , 1), V B(Nv , 1) 



TV B(N,,, 2), V B(N", 2) 

TVB(N",N"p), VB(N",N"p) 

where 

Nc = 5, 

N" = component number, 

N+ = node number of the positive node, 

N _ = node number of the negative node, 

N"p = the number of PWL sections of the independent voltage source, 

TV B = two-dimensional array; contains the beginning time of each PWL 

section, 

VB = two-dimensional array; contains the value of voltage at the 

beginning of each PWL section of the voltage source. 
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An example of PWL independent voltage source designated element No. 1 

is shown in Fig. Bl. 
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v 

Section Section 

Section Section 3 Section 5 Section 
I I 2 I I 4 6 

I I I 
I I I 
I I I 

V8(1,4), V8(J,5) ____ L ___ -l-;t---_-\ 
I I I I 

V8(J,2),V8(1,3) I I 
I I 

I I I 
I I I 

V8(J,I),V8(t,6) I t I 1 
TV8(J,1) TV8(t,2) t t TV8U,5) TV8(1,6) 

TV8 (I, 3) TV8(1, 4) 

Fig. BI. An example of PWL independent voltage source. 

2.7. Lossless transmission lines 

The input format of a loss less transmission line has the following format: 

~,M,DY,DY,DY,DY,DY,DY,DY,DY,DY 

d 

NODEN(I), NODEN(2), .. 0' NODEN(N, + 1) 

NODEF(I), NODEF(2), 000, NODEF(N, + 1) 

[LJ 

[CJ 

where 

Nc = 9, 

N, = number of conductors, 

.. .- ~-"'~', . 



d = length of the line, 

NODEN = one-dimensional array; contains the numbers of the nodes 

to which the near-end terminals of the transmission 

line are connected, 

NODE F = one-dimensional array; contains the numbers of the nodes 

to which the far-end terminals of the transmission 

line are connected, 

[L] = the inductance matrix of the transmission line; unit: Henry/meter, 

[C] = the capacitance matrix of the transmission line; unit: Farad/meter. 

2.8. Junction diodes 

Input format for a junction diode has the following form: 

Nc Nd, N+, N_, DY, DY, Is, CjO, m, rp, T 

where 

Nc = 10, 

Nd = component number, 

N + = node number of the positive node, 

N_ = node number of the negative node; 

Is, CjO, m, rp, and r are the parameter values. 

2.9. NPN BJT's 

Input format for an NPN BJT has the following form: 

N c, Nnpn! Ne, NB, NE, DY, DY, DY, DY, DY, DY 

Is, fJF, fJR, CjeO, l/lE, mE, DY, TF, CjcO, l/le, me, DY, TR 
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where 

Nc = 15, 

N npn = component number, 

Ne = node number of the node to which the collector is connected, 

N B = node number of the node to which the base is connected, 

N E = node number of the node to which the emitter is connected; 
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Is, f3FI f3R, CieO, l/JE, mE, TF, Cjco,l/Je, me, and TR are the parameter 

values. 

2.10. PNP BJT's 

Input format for a PNP BJT has the following form: 

N c , Npnp , Ne, NB, NE, DY, DY, DY, DY, DY, DY 

Is, f3F, f3R, CieO, l/JE, mE, DY, TF, CjcO, l/Jc, me, DY, TR 

where 

Nc = 16, 

Npnp = component number, 

N c = node number of the node to which the collector is connected, 

N B = node number of the node to which the base is connected, 

N E = node number of the node to which the emitter is connected; 

Is, f3F, f3R, CjeO, l/JE, mE, TF, CjcO, l/Jc, me, and TR are the parameter 

values. 

2.11. NMOS' 

Input format for an NMOS has the following form: 



Nc,Nnm,ND,NS,NG,NB,DY,DY,DY,DY,DY 

VTO, ",(, k, A, I4>FI, CGDO, CGSO, CGBO 

Is, m, CJBDO, CJBSO, 4> 

where 

Nc = 19, 

N nm = component number, 

N D = node number of the node to which the drain is connected, 

Ns = node number of the node to which the sourcs is connected, 

N B = node number of the node to which the body is connected, 

NG = node number of the node to which the gate is connected; 
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VTO, ",(, k, A, 14>1, CGDO, CGSO, C GBO , Is, m, CJBDO, CJBSO, and ¢ are 

the parameter values. 

2.11. PMOS' 

Input format for a PMOS has the following form: 

N c, Npm , N D , Ns, NG, NB , DY, DY, DY, DY, DY 

VTO, ",(, k, A, I¢F I, CGDO, CGSO, CGBO 

Is, m, CJBDO, CJBSO, ¢ 

where 

Nc = 20, 

N nm = component number, 

N D = node number of the node to which the drain is connected, 

Ns = node number of the node to which the sourcs is connected, 



N B = node number of the node to which the body is connected, 

NG = node number of the node to which the gate is connected; 
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VTO, ,,(, k, A, 14>1, CGDO, CGSO, C GBO , Is, m, CJBDO, CJBSO, and 4> are 

the parameter values. 

3. End line 

Due to the coding constraints the input file must be ended with the line: 

END,DY, DY,DY,DY, DY,DY, DY,DY, DY, DY 

where 

END = 99. 
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