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A Note on the Modeling of Transmission-Line Losses

Antonije R. Djordjevic Alenka G. Zaji¢ Dejan V. Taic, and Truc Hoang

Abstract—We consider uniform lossy transmission lines char- Based on the above assumptions, the characteristic

acterized by their primary parameters. Exact and approximate jmpedance is often approximated as purely real and given
formulas for the characteristic impedance and propagation coeffi- by

cient are reviewed and discussed for low-loss lines. Approximating
the characteristic impedance by its real part can lead to erroneous
results for the input impedance of short- and open-circuited 7 L
stubs. This problem is analytically demonstrated on electrically c“No
short stubs. Results obtained using the exact and approximate
expressions are compared with numerical solutions that are Thjs expression is commonly used in practice.
generated by various circuit simulation software. The propagation coefficient is usually properly taken to be

Index  Terms—Circuit simulation, distributed parameter  complex,i.e.;y = «+j3, wherew is the attenuation coefficient
circuits, lossy  circuits, ~modeling, ~simulation software, anq g3 js the phase coefficient. After expanding in a series, the
transmission-line theory. - - .

propagation coefficient can be approximately evaluated as

®)

. INTRODUCTION

r G
v +
N THIS paper, we consider the classical problem of trans- 9 /£’ 9 /g’
mission-line modeling by circuit-theory equations. This C’ r

modeling is important because it often represents the first cut
in the analysis and design of microwave circuits and becau¥8®®
it is sufficiently accurate for lower microwave frequencies.

+ juv e (6)

/ !
Electromagnetic simulation can be used for more accurate o= R + ¢ @)
design to include fringe fields, parasitics, radiation, etc. 2\/? 2\/@
We assume the line to be uniform and in the sinusoidal regime c’ r
at the angular frequency. The line is described by its primarya“d
parameters: 11.’: per-unit-length inductance; Z)’: per-unit- B=wVvL'C. (8)
length capacitance; 3}': per-unit-length resistance; and@):
per-unit-length conductance. The line lengttls The attenuation coefficient can be represented as the sum of
From the telegraphers’ equations, one can derive the extb termsa = a. + g, where the first term
expressions for the characteristic impedance of the line
R/
7 R+ jwl/ 1 e = r ®)
TN @+ juC (1) 2\/;
and the propagation coefficient is due to the conductor losses, and the second term
v = VR +jwl) (G + jwl). @) - G;/ (10)
For most microwave transmission lines, conductor and di- 2 i
electric losses are relatively low. Hence, we may assume
is due to the dielectric losses.
R <wl’ (3) The aim of this paper is to call attention to a problem that can
, , be encountered when previous approximations are used in the
G <wC. (4) analysis of short- and open-circuited transmission-line sections

(stubs). The approximation (5) leads to erroneous evaluation of
transmission-line losses, which ultimately affect analysis results
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with numerical solutions generated by various circuit simulatidB.  Open-Circuited Sub

software [1]+2345 Now, let us consider a dual situation, i.e., an open-circuited

transmission line. The exact input admittance to the line is
Il. SHORT-LENGTH LOSSY STUBS

Let us consider an electrically short section of a uniform Yino = Y. tanh(yD) (15)
lossy transmission line. We shall analyze the input impedance _ o ) )
of short- and open-circuited sections using the exact aMiiereY. = 1/Z. is the characteristic admittance of the line.
approximate expressions for the characteristic impedance an§/sing (1), (2), and (12), we obtain

propagation coefficient.
Yino & (G + jwC")D (16)

A. Short-Circuited Sub ) )
) ) ) where G’ D is the total (parallel) conductance of the line and
The exact expression for the input impedance of a short-Cii» 1, s the total capacitance. This line acts like a capacitor
cuited line is whose quality factor i€)c = wC’/G'.
If we use (5) and (6) instead of (1) and (2), we obtain

Zins = Zetanh(yD). (11)
C’ .
For a short line|yD| < 1, thus, we can approximate the Yino & I (Oéc + g + jwv L’C’) D
hyperbolic tangent in (11) by RC' &
= < éL’ + > —i—ij’) D. a7)
tanh(yD) = vD. (12)

) ) In comparison with (16), (17) yields the same imaginary part,
Hence,Zins ~ _C'VD' Using the exact expressions (1) and (2}t 4 gifferent real part of the input admittance. If the conductor
we further obtain losses on the transmission line dominate (i.ex.if> «4), (17)
gives overestimated losses. If the dielectric losses dominate (i.e.,

Zins R (R + jwl’)D (13) i o, < ag), (17) yields a X better quality factor than (16).

where R’ D is the total (series) resistance of the line ddd
is the total inductance. The result given by (13) is obvious for
a microwave practitioner: the line approximately acts like an To investigate and illustrate the sources of discrepancy among

I1l. NUMERICAL EXAMPLE

inductor whose quality factor i€, = wl//R'. various formulas of Section Il, we consider a numerical ex-
If we use (5) and (6) instead of (1) and (2), we obtain in ample. It is a transmission line with the following primary
similar way from (11) parameters, which are realistic data for a microstrip line at
1 GHz [2].
L/
Zins 2| 75 (0 + aa+ jwVI'CT) D » L' = 228.8 nH/m.
}C;/ oL « ¢' = 91.54 pF/m.
— <_ + == —i—ij’) D. (14) e R = 7.640 Q/m.
2 20 o & = 485.2 uS/m.

In comparison with (13), (14) yields the same result for th‘ghe line is assumed to be short circuited and its length is as-

imaginary part, but a different expression for the real part of tﬁé'med to be) - 10 mm.
input impedance. Hence, the quality factors obtained from (13)AS Summarized in Table | (Case #1), the charac-
and (14) are also different. For example, if the conductor losd€&iStic  impedance of the line, according to (1), is
dominate (i.e., ife, > ay), (14) yields a two times smaller 2 = (49.99 — j0.1118) Q. The propagation coefficient,
real part than (13), and, hence, a Bigher quality factor. If the according to (2), isy = (0.088 537 + j28.755) m~*. From-,
dielectric losses dominate (i.e.df, < «y), (14) gives overes- One can calculate the attenuation coefficient 0.7690 dB/m
timated losses, i.e., an underestimated quality factor. We sHanost of which is due to the conductor losses because
demonstrate in Section Il that (13) gives numerical results sirfte = 0.6636 dB/m) and evaluate the effective relative permit-
ilar to (11). The different result obtained from (14) is primarilyiivity €. = 1.882. Hence, the line lengthl{) is much shorter
due to using (5) instead of (1). than the wavelength\(= 218 mm).
Three approximations are introduced in Sections | and II,

IMicrowave Harmonica PC, ver. 6.0, Compact Software Inc., Paterson, N.],given by (5)’ (6)’ and (12)' rESpeCtively' Each one can be
1994, used alone or in a combination with other approximations. To

2SuperStar, professional ver. 6.5B, Eagleware Corporation, Norcross, GA, estimate the influence on the input impedance of the line, we

1999. . . introduce one approximation at a time. The results are given
3Microwave Office 2001, ver. 4.00, Applied Wave Research Inc., El Segundo, .

CA. 2001. as Cases #2—#4 in Table I.
“4Touchstone 1.45, EEsof, Westlake Village, CA, 1985. The approximation of the propagation coefficient [see (6)]

5pSpice 9.2, Cadence Design Systems Inc., San Jose, CA, 2000. has a negligible influence.
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TABLE | 20
INPUT IMPEDANCE OF ASHORT-CIRCUITED TRANSMISSIONLINE ' /\
10
Case  Formulas used Z, Q] y [m] Zins [Q] ) /
#1  Exact Z,,y,tanh  49.99476-j0.11176 0.0885368 +(28.7551  0.081187 +j14.78569 0
(1), (2), (1D i
#2 Exact Zg,y 49.99476 ~j0.11176  0.0885368 +j28.7551  0.076400 +j14.37593 -10
Approximate tanh o /
(13 = 20
#3  Exact Z,tanh 49.99476 -70.11176  0.0885370 +j28.7550  0.081188 +j14.78566 /
Approximate y
(1), (6), (11) 30
#4  Exacty, tanh 49.9945 0.0885368 +j28.7551  0.048135 +14.78574 - /
Approximate Z, 40 v
(5), @, (11 ]
#5  Approximate Z,, 49.994537 0.0885370 +j28.7550  0.044264 +j14.37593 s
¥, tanh = T T r
(4 0.0 0.5 1.0 1.5 2.0
#  Touchstone model 0.093660 + j14.78565 Din

Fig. 1. Relative error in the real part of the input impedan@eirftroduced
The approximation of the hyperbolic tangent [see (13% using (5) instead of (1) in (11) as a function of the normalized line length
. . /A).
introduces an error of approximateh6% for the real part of

the input impedance and 3% for the imaginary part. This
error diminishes for shorter line lengths. larger than the exact one, as in Case #6 of Table |. The result

The approximation Of the Characteristic impedance [See (gy])uld be correct Only When the dieleCtriC |OSSGS are negl|g|b|y
is critical. The resulting characteristic impedance is real asnall.
practically identical to the real part of (1). The differenceis only In certain programs, the input data for defining a lossy
in the small imaginary part, whose magnitude is approximatel§ansmission line are all four primary parameters and line
0.2% of the real part. Although small, this number has the maj&ngth. This data set completely describes the line. One example
impact on the real part of the input impedance. The resultif the program of [1], which uses an exact formulation for
error is—41%, as predicted in Section II. In contrast, the apghe characteristic impedance and gives the same result as in
proximation (5) has practically no influence on the imaginaryase #1 of Table I.
part of the input impedance. In the programPSpice 9.2, the standard lossy transmis-
The combination of all three approximations, given by (14pion-line model T-RLGC uses all four primary parameters.
gives practically the same imaginary part as (13). The real pitewever, the result is the same as in Case #4 of Table I. On
given by (14) is significantly smaller, which, again, is attributethe other hand, the analog behavior model (ABM) module in
to using (5) instead of (1). this program, from the Library of Transmission Line Models
All microwave circuit simulators and many “low-frequency”and Subcircuits (tline.lib), gives correct results, as in Case #1
simulators implement a transmission line as the circuit elemeaf.Table I.
Usually there are two models of the line. One is a losslessThe same problem as investigated for the physical model of
line, defined by its characteristic impedance and electriciie transmission line was also discovered in other models in
length. The other model, referred to as the physical model,seme programs (e.g., the coupled microstrip lin€Birchstone
usually given by the characteristic impedance that is assuniedb), but we shall not elaborate on this further.
to be real, the attenuation coefficient, and the electrical length.Fig. 1 presents the relative error in the real part of the input
We are interested here only in lossy lines. According to thmpedance introduced by using (5) instead of (1) in (11), as a
results shown in Table I, the data that define the physicainction of the line length. The error in the imaginary part is
model are insufficient to produce accurate results for thmeegligibly small, except in the immediate vicinity of resonant
real part of the input impedance. This insufficiency has bedengths. The error in the real part has a maximum for electrically
often overlooked by microwave researchers, practitioners, astibrt lines and it vanishes at resonant lengths. The envelope of
software developers. this error diminishes with an increase in the line length. A more
We have evaluated several available software packages, detailed mathematical analysis of this error is beyond the scope
Microwave Harmonica PC V6.0, SuperStar, professional ver-  of this paper.
sion 6.5B, Microwave Office 2001, version 4.00, which give For the same transmission line as above, the input ad-
identical results for the physical model of the transmission limaittance is calculated for an open-circuited stub. Equations
as in Case #4 of Table |, i.e., they underestimate the real par(df, (2), and (15) give the exact input admittantg, =
the input impedance. (6.0343 + j5915.6) ©S. Equations (16) and (17) give the
The progranTouchstone 1.45 has a model that tries to bypassnput admittanced’,., = (4.8520 + j5751.6) 1S, andYi,, =
the problem of the real characteristic impedance. The model 857.7093 + j5751.6) 1S, respectively. Equations (2), (5), and
sumes all losses to be due to the conductor losses, i.e., it talds) yield Yi,,, = (19.2580 + j5915.6) ©S. The last result,
G’ = 0. It evaluatesk’ from the given attenuation coefficientwith a highly overestimated real part, is also obtained by these
and internally computes the characteristic impedance as a cgmegrams.Touchstone yields Yi,, = (1.0441 + j5915.6) uS.
plex number. The resulting real part of the input impedanceTée real part is highly underestimated because the loss is
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associated only with conductors, whereas the major losses
this short line come from the dielectric (whose quality fact
is Qc = 1185).
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IV. CONCLUSION

We have considered uniform lossy transmission line
characterized by the primary (per-unit-length) parameters
a given frequency. The lines are assumed to operate in |
sinusoidal regime. We have presented exact and approximate
formulas for the characteristic impedance and propagation
coefficient of low-loss lines. The usual approximation of the
complex characteristic impedance by its real part introduces
a significant error in the real part of the input impedance of
transmission-line stubs. Consequently, the quality factor of the
stubs can be overestimated or underestimated. This error_is
particularly pronounced for electrically short lines. A simila
problem occurs in the time-domain analysis of lossy transmi
sion lines of arbitrary lengths. The remedy is to adequately ta
into account all four primary parameters of the line.
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