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Extraction of the Model Parameters for the
Attenuation in Printed Transmission Lines

Reydezel Torres-Torres, Member, IEEE, and Svetlana C. Sejas-Garcia, Student Member, IEEE

Abstract—A method for determining the parameters of the
frequency-dependent attenuation model for transmission lines
fabricated on printed circuit boards is presented in this letter.
The proposed method allows the separate characterization of the
conductor and dielectric losses even when the conductor losses
present nonideal variation with frequency. Moreover, the steps for
implementing a complete model for a transmission line, including
the complex propagation constant and characteristic impedance
using the extracted data, are also illustrated. Excellent model-ex-
periment correlation for the complex propagation constant for
lines fabricated on a printed circuit board technology is achieved
up to 110 GHz.

Index Terms—Attenuation, loss, PCB, transmission lines.

I. INTRODUCTION

HE attenuation constant («) is an important figure of

merit for the interconnects used at the different levels of
high-speed electronic systems [1], [2]. In the frequency (f)
domain, « can be expressed as the sum of two components:
the attenuation associated with the conductor losses («.), and
that associated with the dielectric losses (o). Actually, for the
case of a two-conductor transmission line (TL) fabricated on
printed circuit board (PCB) technology operating at microwave
frequencies, the widely used attenuation model dictates that
a, and a4 are approximately proportional to f® and f re-
spectively [3]. Based on this fact, a technique for separating
the conductor and dielectric losses in PCB TLs was reported
in [4]. However, the ideal f-dependent model for . fails to
reproduce experimental data above a certain frequency and
poor agreement between simulated and experimental data is
obtained beyond this limit. For this reason, a modified model
for «.. has been applied to TLs on semiconductor [1] as well as
on PCB substrates [2], in which the typical dependence on f°-3
is substituted by a dependence on f™. This modified model
allows the proper correlation of simulated with experimental
data within a wide frequency range.

This letter presents an approach for determining the model
parameters for a including the exponent n that is required for the
modeling of the conductor losses. Afterwards, physically-based
f-dependent models are implemented for the per unit resistance
(R), inductance (L), conductance (G), and capacitance (C')
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Fig. 1. Sketch illustrating the layout of the fabricated microstrip lines. Notice
also the configuration of the probing pads for measuring S-parameters.

(i.e., the RLGC parameters) of PCB TLs. This allows to rep-
resent the corresponding propagation constant (v = a + j3)
and characteristic impedance (Z.) up to 110 GHz.

II. EXPERIMENTS

Fig. 1 shows the layout of the TLs used for illustrating the de-
velopment and verification of the proposed method. These lines
were fabricated on a PCB made of a low-loss Rogers RT/Duroid
5880 material, with a thickness of 127 yym, and nominal relative
permittivity (e,.) and loss tangent (tan #) of 2.2 and 0.0017, re-
spectively. The lines were made of copper with a thickness (%)
of 36 pm and the substrate—metal interface presents a nominal
root mean square roughness (h,.,s) of 1.8 pm. Fig. 1 shows
that the lines have a width (w) of 350 pm, different lengths (1),
and are terminated with ground-signal-ground (GSG) pads so
that coplanar RF-probes with a pitch of 150 xm can be used to
perform S-parameter measurements. These measurements were
carried out using a vector network analyzer (VNA) which was
calibrated up to the probe tips by using a line-reflect-match
(LRM) algorithm and an impedance-standard-substrate (ISS)
provided by the probe manufacturer. Afterwards, v (per meter)
was determined from the experimental data of two lines with
[ = 12.7 mm and 25.4 mm by applying a line-line procedure
that removes the effect of the parasitics associated with the pads
shown in Fig. 1 [5].

III. PARAMETER DETERMINATION FOR THE ATTENUATION

A detailed f-dependent model for the attenuation occurring
in TLs is described in [3]. Assuming that tan # < 1, such as in
the case of typical PCB substrates, the model is reduced to [4]

a=kif"% +kof (1

where k1 and ko are constants. Thus, in accordance to (1), these
constants can be respectively obtained from the intercept with
the ordinates and the slope of the linear regression of the exper-
imental o/ f°-5 versus f°-5 curve.

Fig. 2 shows the extraction of k; and k, for the fabricated
lines. Notice that the linear regression allows to represent the
experimental data up to about 20 GHz. For higher frequencies,
however, (1) is no longer valid and the regression deviates from
the data. Hence, an alternative model is necessary for «, in
which a. is assumed to be proportional to f™, where 7 is a pos-
itive real number. In this case, o can be written as

a=Kif"+ Ksf. 2
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Fig. 2. Determination of the parameters in (1). A single linear regression fails
for representing the data for the measured frequency range (up to 110 GHz).
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Fig. 3. Regressions used to determine the attenuation model parameters using
the new method for the fabricated lines from 1 to 110 GHz.

Even though K; and K5 are constants, the introduction of the
third unknown parameter n increases the difficulty of the param-
eter extraction since (2) cannot be written so that a simple linear
fit of experimental data is performed. However, this problem can
be solved as described as follows.

Equation (2) can be rewritten as

9=Kif" + K> 3)
where g = a/f and N = n — 1. The derivative of g is given by
dg N-1
— =NK 4
i Lf (4)

which allows to reduce the number of unknown parameters to
two. Then, multiplying by —1 and applying the logarithm (with
base 10) to both sides of (4) yields

log <_d_g> =log(—NKfN=1h). 5)

df
In accordance to (3), since 0 < m < 1then N < 0and g is a
monotonically decreasing function of f. In consequence, dg/df
is negative, which makes necessary the use of the minus signs
in (5) for the logarithms to be real numbers.
Using logarithmic identities, (5) can be expanded as

g (=40 =lou(-NE) + (V= DIoel)  ©)

which allows to respectively determine log(—NK;) and (N —
1) from the intercept with the ordinates, B, and the slope, M,
of the linear regression of the experimental log(—dg/df) versus
log(f) curve. Thus, K7 and n in (2) can be obtained using

108
Klz —m (7)
n=M+2 (8)

Once K7 and n are known, (2) can be solved for g = K> f,
which allows to determine K5 from the slope of the linear re-
gression of the (o — K f™) versus f data. This regression, as
well as that associated with (6) is shown in Fig. 3.

In order to apply the linear regression defined by means
of (6), the experimental dg/df has to be obtained. In this
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Fig. 4. Determination of C' L, at f = 1 GHz (left) and f = 30 GHz (right).

regard, it is well known that differentiating using finite-dif-
ference approaches greatly amplifies the noise associated
with experimental data. Due to this, we applied an alternative
differentiation algorithm described in [6] to accurately obtain
dg/df. In this case, an excellent linear trend of the experi-
mentally determined data is observed in Fig. 3, which allows
to easily obtain the following values for the fabricated lines:
K =7x107% Ky = 4.2 x 107, and n = 0.52.

In [3], obtaining n > 0.5 is attributed to the effect of the
roughness of the substrate—metal interface, which starts be-
coming apparent when f increases to around fs, defined as the
frequency at which the skin depth of the metal () equals Ayps.
For considering this effect, k1 in (1) can be modeled including
an f-dependent term. When f > f5, however, this term be-
comes weakly dependent on f [7]. Thus, since the fabricated
lines present fs ~ 1.3 GHz, it is expected that the dependence
of k1 with f is relatively weak at 20 GHz. Notice, however,
in Fig. 2 the accentuated variation in « around this frequency,
which indicates the combined influence of the roughness with
another effect. This effect is the variation in the distribution of
the current within the cross section of the metal lines, which
is dependent on f and is accentuated when ¢ is comparable
to w in microstrip lines [8]. Full-wave simulations of the cur-
rent distribution in the cross-section of the studied TLs indi-
cate that, around 20 GHz, most of the current in the signal trace
flows at the bottom and at the sidewalls, increasing the value of
k1 as compared to that seen at relatively low frequencies (i.e.,
when considerable part of the current also flows at the top of the
line). The combined impact of these effects on R is quantified
in Section IV.

IV. IMPLEMENTATION OF A TRANSMISSION LINE MODEL

This section focuses on implementing a model for the RLGC
parameters of a TL assuming quasi-TEM mode propagation and
using the extracted n.

Neglecting the low-frequency resistance and conductance is
valid for PCB TLs since § < ¢ the skin depth is much smaller
than the trace thickness at microwave frequencies and the di-
electric leakage currents are very small. Thus, assuming that a.
is proportional to ", the RLGC parameters can be represented
by using a causal model as [9]

R = Krw" ©)
L=Ly+ Kpw"! (10)
G =wCtanf. sy (11)

where Kg and Lg are constants, whereas C' and the effective
loss tangent (tan 6. s7) are dependent on f for the model to be
causal. For simplicity, we used here w = 27 f.



656 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 20, NO. 12, DECEMBER 2010

T T T T T T T T T
85 I Other extracted parameters: L = 0265 um, K,=0.331 @/m/rad’ ] 40 _
~80 | 435 B
] N
=75 130>
S0k 425 5
65 420~
1 1 1 1 L L 1 1 1 L
0 10 20 30 40 50 60 70 80 90 100 110
f (GHz)
Fig. 5. Extracted parameters for implementing the RLGC model.
T T T T T T T T T
8 F experimental data 3F
model ~
6} ©
£ x 2r 7
sS4 £
& "f ]
3,0 Elr 1
i /=76 GHz U
0 1 L4y 1 1 0 1 1 1 ! |
0 20 40 60 80 100 20 40 60 80 100
/ (GHz) / (GHz)
a) b)
Fig. 6. Simulation-experiment comparison for: a) o, and b) 3.

)
T

w
S
T

o
T

T
<3
<T
<=

- - - - No pad deembedding ]
i i " 4 l:ruposu% mclho({

0 10 20 30 40 50 60 70 80 90 100 110
f (GHz)

Im(Z) (Q) Re(Z) (@

K

Fig. 7. Comparison between Z. obtained using the extracted parameters and
directly obtained using the data of the fabricated line with = 12.7 mm [11].

To obtain the parameters in (9)—(11), ~y is expressed as
y=a+jf=VIiY

where Z = R+ jwL,Y = G+ jwC, and j2 = —1. Thus, sub-
stituting (9)—(11) into (12) and assuming tan 6.5 < 1 yields

Im(y?) — Re(v?)
wn-{—l

12)

X = =20Kgr + CLow'™™. (13)
Hence, the term C' I can be determined from the slope of the
linear regression of the experimental X versus w'~™ curve.
However, since C' depends on f the regression has to be per-
formed at intervals at which the variation of this parameter is
small, which is achievable due to the weak dependence of C'
with f for PCB TLs [10]. Fig. 4 shows the extraction of C'L at
two different frequencies showing good linearity considering a
frequency interval of 1 GHz; notice also that 2C' K i, is obtained
from the intercept with the ordinates. Afterwards, Kr can be
determined at low frequencies from 2C K g /2C, where Cj is
the DC capacitance of the line [10]; Lg is found in a similar way,
whereas C is obtained from C'Lg/Ly.
To complete the extraction, tan f ¢ is obtained from

Im(y?) — CKgw™*!
CLow? + CK gw™tl '

tan 96 ff= (14)
Fig. 5 shows the extracted parameters, which allow to accurately
representing «y as shown in Fig. 6. This figure also shows the
curves for a. = K7 f™ and ag = K> f, as well as the crossover
frequency fy, which is the frequency at which ay = .. As is
well known, fy is dependent not only on the material properties
but also on the structure and dimensions of the TLs. Analyti-
cally, fg can be calculated as

K 1/(1—n)
fo= (7;) : (15)
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Fig. 8. Simulated R curves assuming » = 0.5 and » = 0.52 in the model for
a.

Notice that other than the experimental 7, no additional data
is required for applying the proposed method. This is conve-
nient because the accurate determination of Z,. at high-frequen-
cies represents a challenge [11]. Hence, we propose obtaining
Z. = +/Z]Y using (9)-(11) and the extracted parameters.
Fig. 7 shows the result, where the fluctuations introduced by the
effect of the pad parasitics are not observed.

Finally, R is plotted versus f in Fig. 8 using (9) and n = 0.52.
As can be seen, R is about 10% higher when compared with
the model obtained assuming n» = 0.5 and carrying out the
parameter extraction using data up to 20 GHz. This result points
out the importance of considering additional effects in «. when
implementing wideband TL models.

V. CONCLUSION

A method to obtain the attenuation model parameters for PCB
transmission lines has been presented and demonstrated up to
110 GHz. The method allows the implementation of a model
for the fundamental parameters of a transmission line. More-
over, the frequency at which the dielectric losses surpass the
conductor losses can also be obtained using the extracted pa-
rameters. The extraction technique is simple and analytical, al-
lowing the modeling of transmission lines for circuit design and
deembedding purposes.
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