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A Universal Model for Lossy and Dispersive

Transmission Lines for Time Domain

CAD of Circuits
JOS5 I. Alonso, Member, IEEE, JOS4 Borja, and F61ix P&ez, Member, IEEE

Abstract—In this paper, the Branin’s method of characteris-
tics has been extended to obtain a universal equivalent model

for Iossy and dispersive transmission lines. Existing CAD soft-

ware packages, snch as SPICE, can be used for this implemen-
tation. The starting point for obtaining the model are the an-

alog filters that approximate the characteristic impedance 2.(s)

and the propagation function F(s) = exp (–-@ of the trans-
mission line. The circuits are synthesized using conventional

network synthesis techniques. An examination of the validity
of the model is carried out analyzing an example of RLCG lines
driven by bipolar logic gates and the distortion of a Gaussian dc
pulse as it propagates along a microstrip line.

I. INTRODUCTION

T HE DEVELOPMENT of high-speed circuits is cur-

rently of increasing technological importance given

the rising demand for greater velocities in the computa-

tion, signal processing and data link fields. Increasing ve-

locities will require that more attention be paid to the de-

sign of interconnections, whose length may become

significantly large in proportion to the wavelength. In ad-

dition to propagation delay, other wave shape related pa-

rameters such as rise and drop times, settling time,

overshoot, preshoot, attenuation and coupling are key to

the success of high velocity digital or wideband analog

circuits. Consequently, the transmission lines models used

in SPIC!E-type [1] commercial programs, which generally

assume ideal lines, are unsuitable for studying the above

mentioned phenomena.

It is thus necessary to find more complete and efficient

transmission line models that allow inclusion of the ef-

fects of varying line parameters with frequency on a time

domain analysis of the circuit. A SPICE compatible model
for dispersive and lossy transmission lines is proposed in

[2]. This model, however, requires a large number of sec-

tions of lumped elements and is thus inappropriate for

many practical cases.

This article proposes a technique for obtaining trans-
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mission line models that uses conventional elements—re-

sistors, capacitors, ideal transmission lines and dependent

generators—and can thus be used in any SPICE-type com-

mercial program. The model is based on an extension of

Branin’s model [3], as well as on the use of transfer func-

tions that approximate frequency domain line behavior.

The appropriate circuits are then synthesized using con-

ventional network synthesis techniques.

II. DERIVING THE TRANSMISSION LINE MODEL

A. Basic Principles

The transmission lines used in circuit interconnections

can be uniquely characterized in the frequency domain by

the following matrix equation:

[1[VI cosh yl

][ 1

ZO sinh -fl V2

z~ ‘1
(1)

— sinh T1 cosh 71 –Iz
z~

where (VI, Zl), and ( Vz, ZJ are the terminal voltages and

currents at the near end and the far end of the transmission

line, as shown in Fig. 1, Zo(s) is the line’s characteristic

impedance, T(S) is the propagation constant and 1 is the

line length.

In an ideal transmission line, the characteristic imped-

ance is independent of the frequency, and the propagation

constant is imaginary and varies linearly with the fre-

quency, giving rise to a constant delay in the signals prop-

agated. In real lines, however, owing to diverse effects

(such as air-dielectric interfaces or conductor resistivity),

the dependence of the characteristic impedance and prop-

agation constant on the frequency is more complex and

demands that the lines be simulated appropriately.

The method normally followed consists of obtaining a

generic two-port network that characterizes the transmis-

sion line. The set of parameters chosen for the character-

ization can be any of those used for defining a two-port:

ABCD parameters [2], Z parameters [4], etc. Conse-

quently, it becomes a matter of fitting the chosen param-

eters to functions that are dependent on the characteristic

impedance and on the propagation constant of the line.

From this point of view, careful attention must be paid to

the topology chosen, since, as is shown in the appendix,

an unsuitable choice could limit the fit’s validity.

0018-9480/92$03.00 @ 1992 IEEE
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Fig. 2. The characteristic model of a transmission line.

The proposed technique to obtain a circuit model com-

patible with SPICE uses a topology derived from the gen-

eralization of the method of characteristics, very similar

to that used in the works of F. Y. Chang [5] and Gruodis

et al. [6]. Nevertheless, the aim of the Gruodis work is

not to find equivalent circuits for their implementation in

SPICE, although his method has been implemented in

ASTAP [7] for low-frequency power lines,, On the other

hand, our models are more efficient in the sense of re-

quiring less elements, and an efficient way of implement-

ing the model in SPICE is presented as welll.

B. Generalization of the Method of Characteristics

Equation (1) can be converted into the following equiv-

alent form:

VI =ZOZI + [exp (–-yZ)] (Vz + ZOZZ)

Vz = ZOZZ + [exp (–T1)] (Vl + ZOZI)

which suggest using the transmission line model

in Fig. 2.

Generators El and Ez can be expressed as

El = [exp (–-yZ)] “ VP

Ez = [exp (–-yl)] - V~

where

vp=v’’+v~

VQ = VI + Va.

(2a)

(2b)

shown

(3a)

(3b)

(4a)

(4b)

In this way, El(s) and E2(s) are two voltage controlled

voltage sources (VCVS’S) whose gain ,and phase are de-

pendent on the frequency. The problem consists of find-

ing networks that implement the circuit’s impedance 2.(s)

and generators El(s) and E2(s). These networks can now

be found independently, although it must be borne in mind

that in the physical problem the related phenomena are

not independent.

III. IMPLEMENTING THE MODEL

The problem of synthesizing the impedance is solved

by using conventional network methods [8], [9]. With re-

spect to the voltage source El (s), it is obtained by filtering

VP(S) in a filter for which the transfer function is F(s) =

exp ( – 71). As shown in Fig. 3, this filtering can be per-

formed using a two-port network that has propagation

function F(s) and characteristic impedance any R., and is

loaded with the said characteristic impedance.

The voltage source with value 2VP may be obtained by

means of two voltage sources in series, dependent on the

voltages Vb and V.. of the circuit in Fig. 2. The voltage El

of the circuit in Fig. 3 can be used as a control voltage of

a voltage dependent source of unity gain, in order to ob-

tain the generator El of Fig. 2. With this technique a fre-

quency dependent voltage controlled voltage source can

be easily implemented using a two-port loaded with re-

sistances and frequency independent voltage controlled

voltage sources. The generator E2 of Fig. 2 can be ob-

tained in a similar way with the second circuit of Fig. 3.

It is possible, however, to reduce the complexity of the

resultant circuit. Since the line is symmetric, the circuits

to obtain El and E2 are identical and the superposition

principle can be applied, leading to the results shown in

Fig. 4.

As can be seen, V,. and V,~ are now the voltages ob-

tained on the loads of the two port, instead of El and E2,

with

V,a = El – VQ (5a)

V,b = E2 – VP (5b)

Therefore, it is now necessa~ to place two voltage

sources dependent on V2 and ?“b in series with the Vtb de-

pendent generator (right part of the circuit in Fig. 4) in

order to add VQ to it, and in a similar way, sources de-

pendent on V, and V. must be placed in series with V,. to

add Vp.

IV. SYNTHESIZING THE CHARACTERISTIC IMPEDANCE

AND THE PROPAGATION FUNCTION

The utility of the circuit in Fig. 4 will depend on the

availability of simple circuit models for implementing the

impedance 2.(s) and the two-port network with transfer

function F(s). Although this problem can be attempted by

several different approaches; we will present a technique

that can be used to obtain circuits with few elements and

whose approximation error is small.

The starting point in the proposed technique are the ra-

tional functions in s that approximate the functions F(s)
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mzvp esis, we compel the function to be synthesized to be
real positive [9] in the adjustment procedure. In this case,

the function Z. corresponding to an RLC immittance, can

be synthesized by any of the canonical realizations.

2vqE!TT!51
Fig. 3. Circuits to obtain the voltages 1?, and E2

‘TIA$!!!IT!%3!ZZ
I 1

Fig. 4. Universal transmission line model.

and Zo(,s). As it is described in [10], the following

can be used to approximate the functions Zo(,s) and

‘S2+U, @+bk
Zo(s) = kl ~ z

~=l,s +a~s+b;

filters

F(s) :

(6)

n (s + C,) fi (s2- a~s + ‘k)exp (-S7).

F(s) = k2 ~
k=l (s + CL) k=l (s2+ a~s + &6)

(7)

The coefficient values for the former expressions are

calculated by means of a least square matching procedure,

with restrictions that ensure the realizability of the func-

tions obtained, using any of the several available expres-

sions for the dielectric effective constant [11 ] and the

characteristic impedance [12], in the case of the micro-

strip line, or using the expressions of Zo(s) and -y(s), in

the case of a RLCG line [13]. The frequency range for

the fitting procedure must be consistent with the band-

width of the signals present in the circuit.

Synthesis of the Characteristic Impedance

For a RLCG transmission line, the fact that the reactive

component of Zo(s) is capacitive when C > GL/R and

inductive when L > RC/G, leads to the synthesis of an

RC immittance or an RL immittance. The design proce-

dures [8] of RC or RL immittances using the Foster or

Cauer expansions result in a variety of circuits with a min-

imum number of elements, once the order of the function

that achieves the approximation is determined. This order

is related with the selected frequency range and with the

grade of the adjustment.
For the case of the microstrip line, it should be noted

that its characteristic impedance is often formulated as a

power-to-current ratio [14], hence it is real; therefore,

some phase must be admitted when it varies with fre-

quency in order for the circuit used to synthesize the char-

acteristic impedance to be realizable. Under this hypoth-

Synthesis of the Propagation Function

The rational function in s proposed to simulate the ex-

ponential propagation function F(s) ,—(7)—can be sepa-

rated in the product of the following three functions:

S+ck
F,(s)= k2 ; —

k=l S+C;
(8)

r
S2

F2(s) = ~ z
– ~ks + &

(9)
k=l S +Ck!ks+(?k

and

F3(s) = exp ( –sT). (lo)

Filter F1 (s) is a minimum phase filter whose modulus

will approximate the attenuation constant a(o). Filter

Fz(s), on the contrary, corresponds to an all pass filter,

and F3(s) is a constant delay. The physical line delay, as-

sociated to the phase constant @(co), is approximated using

both filters: Fz(s), the delay of which is frequency de-

pendent, and F3(s). The approximation procedure must be

such that the sum of the delays of these two filters, added

to the additional delay introduced by filter F,(s) must give

a good approximation to the physical line delay.

We will now describe how the filters may be synthe-

sized using conventional circuit elements.

The transfer function F,(s) can be realized with a single

bridged-T network, such as shown in Fig. 5, or a cascade

of such networks [6], [15]. The input-output relation in

the frequency domain for the network in Fig. 5 is given

by

F~(s) = ; =
R. 1

R. + Z(s) = , ~ .Z(S)
(11)

and so

()z(s) =~fi S+ck _,

R, kzk=l S+C;
(12)

and it is demonstrated [8] that if FI (.s) is an approximation

with alternating negative real poles and zeros, the imped-

ance Z(s) /R. will always be realizable.

The transfer function F2(s) can be realized as a lattice

network [8], [9]. In that case, both generator and load

can’t be simultaneously grounded, and so a transformer

must be included. To avoid this trouble, we propose the

circuits shown in Fig. 6, for second order all pass net-

works [16], [17].

It should be noted that Fl(s) and F2(s) must be realized

as two-port networks with the same characteristic imped-

ance R., a constant for further simplicity. The importance

of adding a lossless ideal transmission line to the model
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Fig. 6. Grounded second order allpass circuits (Characteristic Impedance
Rn).

should be stressed. Other models obtain all the delay us-

ing only lumped elements. In our model, however, the

major part of the physical delay is obtained with this loss-

less transmission line, whereas functions Fl(s) and F’z(s)

implement the, dispersive effects due to attenuation and

frequency dependent delay. Thus, the use of the ideal

transmission line simplifies the circuit and makes it more

efficient. On the other hand, the model allows the use of

any other kind of circuit to simulate the characteristic

impedance and the transfer function.

V. EXAMPLES

Various examples with different types of transmission

lines have been analyzed to check the validity of the pro-

posed model. Some of the results obtained are described

below. They give an idea of the universality, simplicity

and versatility of the technique presented.

Example 1

This example analyzes a lossy transmission line with a

100 kfl resistor load, and its near-end terminal is con-

nected to the output of an emitter-coupled-logic (ECL)

gate as shown in Fig. 7(a). This example is similar to that

proposed in [5]. The lossy transmission line is 10 cm long,

and its parameters are R = 2.5 fllcm, L = 10 nH/cm,

‘C = 4 pF/cm and G = 0.5 mSlcm. The ECL gate,

shown in Fig. 7(b) is excited by a step from – 1.6 to

–0.75 volts, with a 0.5 ns risetime, and the values of the

parameters of the transistors are SPICE default except for
T~ = 0.065 ns, Cje = 0.2 pF, and Cjc = 0.3 pF.

EXAMPLE 1

ELEMENT VALUES OF NETWORKS FOR THE

SYNTHESIS OF CHARACTERISTIC IMPEDANCE

AND (b) exp ( –y(s)l)

Element Values

R,, = 49.9999 Q

R2, = 5.701S9 0

(a) R3, = 15.00903 Cl

C2t = 0.89221 nF

C3, = 0.49900 nF

Element Values

Rn = 50.0 Q

R$o = 21.2060 Q

R., = 0.86521 Q

R,, = 0.67850

R@ = 109.8920 Q

(b) R,, = 3.6635 Q

RP2 ,= 4.3355 Q

L, = 4.0952 nH

,?& = 4.5434 nH

C, = 1.3392 nF

C2 = 1.5987 nF

pgm
(a)

V2

‘J I

-5,2V

(b)

Fig. 7. (a) Analyzed circuit. (b) ECL inverter circuit configuration used
in (a).

The characteristic impedance and the propagation func-

tion [13] are approximated by ratios of polynomials in the

complex s-plane for their circuit synthesis. Figs. 8 and 9

illustrate the adjustment of the real and imaginary parts of

the characteristic impedance and the attenuation and phase

due to the propagation constant, respectively. Only one

section is needed for the adjustment of each one of both

functions. The circuit elements of the Foster 1 realization

of the characteristic impedance and the bridged T network
for the attenuation constant are shown in Fig. 10. The

model includes as well an ideal transmission line of ~ =

2 ns. As it can be seen in Figs. 11 and 12, the errors are

very small, even when very low order circuits are used.

Comparing our method with the work of F. Y. Chang

“[5], 13 elements (4 capacitors and 9 resistors) are needed
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Characteristic impedance 0.033

4 I

45 q I I 1111111 I I I 111111 I I 1111111 i I 11111

105 10’ 107 108 10’
Frequency –Hz–

(a)

–12-l I I I 11111[ I I I 111111 I I 1111111 I I 11111

105 10’ 107 10’ 10’
Frequency –Hz-

(b)

Fig. 8. Characteristic impedance of an RLCG line. (a) Real [2.(s)]. (b)
Imag [2.(s)]. (_) Computed values for the line (++++) Values
calculated for the model.

to approximate ZO(S) with a 0.01% error in magnitude and

a 0.010 error in phase. With our model, Z. is approxi-

mated to within 0.0015% magnitude error and 0.0010

phase shift using a circuit of only 5 elements. On the other

hand, the adjustment of the propagation function needs at

best 80 lumped elements (40 capacitors, 20 inductors and

20 capacitors) for a correct simulation, while our ap-

proach needs only 12 lumped elements and a 2 ns. ideal

transmission line to obtain similar results. The time do-

main analysis of our circuit was performed with SPICE

giving the results shown in Fig. 13, which are very close

to those presented in Fig. 11 of [5].

0030~
105 10’ 107 10’ 1

Frequency –Hz–

(a)

I

1992

9

-1

-z_

-3_

-4_

-5
I I 1111111 I I 1111111 I I I 11111[ I I 111111

105 10’ 107 10’ 10’
Frequency -Hz-

(b)

Fig. 9. Propagation constant of an RLCG line. (a) Attenuation -dB /mm-
, (b) Phase-rad/mm-. (_ ) Computed values for the line. (++++)
Values calculated for the model.

Example 2

This example studies the propagation of a 45-ps-wide

(at the half magnitude points) Gaussian pulse along a

122.14 mm transmission line realized on an alumina sub-

strate (E, = 10.2). As shown in Fig. 14 the line physical

parameters, are: H = 0.635 mm, W = 0.508 mm, t =

0.017 mm, tan 6 = 0.0015 and R. = 8.63 x 10-3

-. The line is loaded at both ends with a 53.7 Cl
impedance.

The line is the same used by V. K. Tripathi in [2], ex-

cept that the length is 26 times shorter. In [2] for that

length (4.7 mm), and using a first order network, 16

lumped elements sections (more than 175 lumped ele-

ments in total) and 15 ideal transmission line sections are
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Fig. 10. Networks for the synthesis of (a) The characteristic impedance and (b) exp ( – ~(s)l).

xE–3

1.5 ,
Percentage error in magnitude

0.5

-0.5

–1.5 I
I I I 11111[ I I I 111111 I I I mTJ~

105 10’ 107 10 1
(a) Frequency –Hz–

xE-3

‘“”~

–1.0 I
I I I 111111 1 I 1111111 I I I 11111[ I I 111111

9 105 10’ 107 10’ 10’
(b) Frequency -Hz–

Fig. 11. Errors of approximating ~(s) by the circuits of Fig. 10. (a) Percentage error in magnitude ZO(S). (b) Error in

phase angle.

xE-4 Percentage error in Realcti]

2“5 ~——

1.5 –

0.5 –

–0.5 –

–l.5–

xE-4 percentage error in Img[if]

--l

–2.5 I
I I I 11111[ I I I [11111 I I 1111111 I Tllm,l –4 ~ I I 1111111 I I I 111111 I I 11111[[ I I Ilrr

10’ 10’ 107 1.00 109 105 106 107 108 1
(a) Frequency –Hz- (b) Frequency –Hz–

Fig. 12. Errors ofapproximating T(s) bythecircuits of Fig. 13. (a) Percentage error in Re [~(s)]. (b) Percentage error in Imag

[-Y(s)]. The time delay of the lossless transmission line is 2 ns.
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%7
%.7, 1

‘L

A

.— A/2

*

Fig. 14. A microstrip transmission line excited by a Gaussian pulse.
rameters and dimensions of the line.

Time- m -
(b)

Fig. 13. SPICE analysis of an RLCG line excited by an ECL gate. (a)

Near-end waveform (b) Far-end waveforms. (----) Lossless line.

(—) Lossy dispersive line.

EXAMPLE 2 —
ELEMENT VALUES OF NETWORKS FOR THE

SYNTHESIS OF (a) NORMALIZED PHASE CONSTANT
(ONE SECTION IS NEEDED FOR A 12.21 mm LINE

LENGTH) (b) ATTENUATION (ONE SECTION IS
NEEDED FOR A 40.71 mm LINE LENGTH) (c)

CHARACTERISTIC IMPEDANCE

Element Values

L, = 0.35007 nH

C, = 92.21530 fF

(a) L,, = 0.55310 nH

Cll = 85.38790 fF

C21 = 0.18443 fF

Element Values

Rn = 53.70

R., = 4.767280

Rb, = 0.87580 Q

L. = 53.19857 PH

(b) Lb = 93.09022 pH

R.z = 604.90395 Q

Rbz = 3.29262 KQ

C. = 18A4809 fF

Cb = 32.28163 fF

Element Values

R,, = 53.6514 !l

R,, = 16.5538 Q

(c) R,, = 0.07880

& = 80.6861 pH

C,, = 85.4848 pF

1992

Pa-

C1 c1

T.fJl L1

c 21 L 11

(a)

Lb

%

La

Ral
w

Rn Rn

● m

(b)

R21 R31

%1

L21 C31

(c)

Fig. 15. Networks for the synthesis of (a) Normalized phase constant (one

section is needed for a 12.21 mm line length), (b) Attenuation (one section”
is needed for a 40.71 mm line length), (c) Characteristic impedance.
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I

2.751’

I

F.mwmcy -6hz-

(a)

Attmue.tlon mmtant

1 I

FP.wency -6hz-

(b)

,,o~
F.equww-m-

(c)

Fiiz. 16. ProDazation characteristic of the microstriu transmission line. (a) Normalized ohase constant. (b) Attenuation constant.
(c) Ch&a&eristic impedance. (__ ) Co~puted values for the line (++++; Values calculated for the model.

0.3

‘t ‘DFT.
&

$! 0.2 H 1

Time -ns-

Fig. 17. Gaussian dc pulse dispersion at a distance L = 122.142 mm,

(----) Response of the model developed with SpICE (— ).
Computed by using DFT technique.

needed. For the same length and frequency adjustment

range, our method needs only an ideal line of ~ = 30 ps.

and 32 lumped elements.

Fig. 15 shows the values of the elements of a section

of those used to adjust the 122.14 mm line, In this case,

for a narrower range of frequencies, ten circuit sections

as those of Figure 15(a) are used for the simulation of the

phase constant and three bridged-T networks are neces-

sary to simulate the attenuation. A single ideal transmis-

sion line with ~ = 858 ps is used to complete the circuit

model of the line. Fig. 16 shows a good agreement be-

tween the propagation characteristics of the obtained cir-

cuit and the values computed for the line.

Finally, Fig. 17 illustrates the results of the time do-

main analysis of the proposed example using the SPICE

and the circuit model. The results of analyzing the same

circuit via DFT techniques are shown in the same figure,
in which a good fit between the results obtained with both

methods can be observed.

VI. CONCLUSION

A technique to develop an efficient and universal model

for lossy and dispersive transmission lines has been pre-

sented. This technique is based on a generalization of

Branin’s model, which allows the optimization of the

characteristic impedance 2.(s), and of the propagation

function F(s) = exp ( –-yl) to be performed indepen-

dently.

The advantages of the proposed technique are related

with the next facts:

a) The use of an ideal transmission line to implement

part of the physical delay reduces the number of lumped

elements needed.

b) The use of a topology that allows the adjustment of

2.(s) and F(s) to be independent processes also reduces

the number of lumped elements and complexity.

c) A novel combination of voltage sources allows its

implementation in SPICE.

d) The proposed technique permits, as well, an easy

implementation of frequency dependent voltage con-

trolled voltage sources.

The application of the technique to different types of

transmission lines -RLCG and microstrip- discloses its

simplicity, versatility and accuracy.

APPENDIX

This appendix discloses the reason why it is preferable

to adjust independently the characteristic impedance and

the propagation constant. Let us consider the model in

figure 18, proposed in [2] for simulating a lossy and dis-

persive transmission line. The model consists of an ideal

transmission line and two RLC two-port networks con-

nected in cascade. The conclusions reached also hold

when no ideal transmission line exists; simply take T = O

in the model.

The general topology is the following:

Keeping in mind that the two port networks must be

passive and symmetric, the [A~CllJ parameters of two-

port networks 1 and 2 are

AT= D1=D (Al)

BZ=B1=B (A2)
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Z. (Lo). a’(w)

Fig. 18. General topology of a circuit model of a transmission line.

After normalizing the impedances with respect to R., the

following equation must be satisfied:

[ 1[ 1[ 1A B cosh (jcw) sinh (join) D B

C D sinh (jm) cosh (jti~) C A

[

cosh-yl

1
Z. sinh -yl

—
–1

(AS)

— sinh yl cosh yl
Zn

where

z+.
n

(A6)

In this system of equations, the [ABCD] parameters may

be calculated, and, hence the [Z] parameters, that, nor-

malized with respect to R., are given by

Zl+=zn
1 + exp [– (TZ – .@)]

1 – exp [– (71 – .jw)]

q,=;=
1 + exp [– (T1 – j-m)]

1 – exp [– (-fl – jcm)]

(A7)

(A8)

Z2,=Z*2=-;=2”JZ ‘Xrzm
1 – exp [– (71 – jt-m)] “

(A9)

These results explain the difficulty in finding a suitable

topology for networks, as the variation of the [Z] param-

eters is not easy to carry out. In an L network such as that

used in [2], ZZ2 = Zlz, and that is incompatible with (A8)

and (A9). In that case, the model works because a very

short ideal transmission line is used in comparison with

the wavelength, and therefore 1 and r are very small, and

&,= fi. z2, (A1O)

and since the variation of Zo(.s), and therefore, of Z. with

the frequency is very small, Z21 and Z22 can be equal to a

value somewhere between the values given by (A8) and

(A9) giving acceptable results. For another point of view,

if one analog filter was associated to exp [– (-yl – jw) /2]

and another one to ~, the two-port network that we

should have to synthesize would not be realizable as Z21

has poles that Z22 does not, that is, those of Q.
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