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A Fast and Accurate Method for
Measuring the Dielectric Constant
of Printed Wiring Board Materials

Nicholas G. Paulter

Abstract— A new time-domain-reflectometry measurement
method is described that provides accurate measurements of the
average high-frequency (0.1 GHz to 5 GHz) dielectric constant
of printed wiring board (PWB) materials and that is suitable for
“factory-floor”” usage. A parallel-plate transmission line is used
for the sample geometry. A model is developed that describes
the electrical behavior of the transmission line thereby allowing
the dielectric constant to be extracted from the observed signal.
The data analysis and the sample preparation are both simple
to accomplish.

Index Terms—Dielectric materials, factory-floor measurement,
permittivity, printed wiring board, time-domain reflectometry.

I. INTRODUCTION

NEW time-domain measurement method was developed

to measure the high-frequency (0.1 GHz to 5 GHz)
relative dielectric constant, €., values of printed wiring board
(PWB) dielectrics using simple sample geometries. PWB's are
used as the substrate on which the integrated circuits (IC’s)
and discrete devices of an electronic product are mounted
and electrically interconnected. In certain applications, the
PWB interconnect behaves as a transmission line (TL) and,
as such, the electrical-wave propagation properties of the TL
becomes important. The electrical properties of the PWB TL’s
are dependent on a variety of variables that include dielectric
and conductor properties and the physical dimensions of the
TL’s. This paper focuses on one of these parameters, ¢,. In
particular, a frequency-averaged (0.1 GHz to 5 GHz) ¢, is
found because a scalar is typically used for PWB circuit design
and e, is fairly constant for most PWB dielectrics over this
frequency range.

The purpose of the work described in this paper was to de-
velop a measurement technique for determining €,. Although
there are a variety of frequency-domain [1]-[9] and time-
domain [10]-[17] methods that have been developed for ob-
taining €,., this work is focused on measurement requirements
unique to the PWB industry. These measurement requirements
are that the technique should be an inexpensive, easy-to-
use, robust “factory-floor” measurement system capable of
providing immediate results. In addition, sample preparation
should be as simple as possible to avoid increased cost of
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PWB production. Another concern is that €. as measured
by the laminate (metal-clad or unclad dielectric) supplier is
often different from the ¢, that is measured by the PWB
manufacturer. Typically, the PWB manufacturer uses time-
domain equipment such as an oscilloscope operating in the
time-domain reflectometry (TDR) mode, whereas, laminate
suppliers typically use frequency-domain equipment such as a
network analyzer. Often a difference in the ¢, values obtained
from these two techniques is observed and the PWB manufac-
turers then find themselves redesigning their PWB’s because
the TL’s do not have the correct impedance. By developing
a measurement technique that can be easily adopted and used
by both laminate suppliers and PWB manufacturers, such as
the one described here, a common ground for communication
can be established.

Many of the time-domain techniques [10]-[17] previously
developed for measuring €, use uniform coaxial air-line sam-
ple holders where the dielectric sample extends over a given
length of the air line and fills the corresponding volume. These
techniques are adequate for dielectrically isotropic materials
but not for anisotropic materials. However, for PWB materials,
errors may appear in the extracted ¢, unless the sample is
aligned properly with respect to the applied electric field. This
alignment is difficult to attain for PWB materials because
PWB materials are usually too thin to be fabricated so that
the sample spans the inside diameter of the air line, and
at the same time, allow the electric-field-PWB orientation
inside the air line to be the same as the electric-field-PWB
orientation under normal use. Under normal use, the electric
field of the electrical signals propagating on the PWB TL's
is perpendicular to the surface. The work presented here uses
planar TL’s and, as with the other time-domain methods, uses a
sampling oscilloscope operating in the TDR mode. Some time-
domain techniques [10]-[15] attempt to obtain €,.( f), where f
is frequency, and thus require knowledge of the input pulse.
The method described here obtains an ¢, that is the average
over a given frequency band (to be discussed later) and, thus,
does not require knowledge of the input pulse.

The proposed measurement method can be operated in
two ways; one way (manually, method 1) does not require
a computer controller and provides very fast measurement
results and the second way (automatically, method 2) requires
a computer controller and it provides a more accurate method
that is also amenable to a numerical uncertainty assessment.
Both methods use the same hardware and require dimensional
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Fig. 1. Idealized TDR signal.
TABLE 1
PHYSICAL DIMENSIONS OF MEASURED SAMPLES
SAMPLE W (m]) ty (m) t, (m) ty (m)
{in} {in} {in} {in}
S1 1.93e-2 1.52e-3 6.4e-5 1.40e-3
{0.756} {0.0600} {0.0025} {0.0550}
52 1.92e-2 2.653e-3 3.8Be-b 2.48e-3
{0.755) {0.1005} {0.0015} {0.0975}
s3 6.12e-3 4,19e-4 1.5e-5 3.89e-4
{0.241} {0.0165} {0.0006}) {0.0153}
sS4 3.26e-3 1.9e-4 3.3e-5 1.2e-4
{0.128} {0.0073) {0.0013} {0.0047}
s6 6.43e-3 6.73e-4 3.1e-5 6.12e-4
{0.253} {0.0265) {0.0012} {0.0241}
S6 5.08e-3 1.87e-3 1.57e-3/3.8e-5 2.54e-4
{0.200} {0.0735) {0.0620/0.0015} {0.0100}

measurements of the TL sample. The difference between
methods 1 and 2 is in the acquisition of the reflection co-
efficient data from which e, is extracted. Method 1 uses the
oscilloscope-displayed reflection coefficient, making measure-
ment uncertainty operator-dependent, whereas method 2 uses
the computer-acquired reflection coefficient data which makes
measurement uncertainty dependent on measurement noise.

II. EXPERIMENTAL

The measurement system used to acquire ¢, for PWB
dielectrics requires an equivalent-time (nominally 50-€2 input
impedance) sampling oscilloscope and a computer controller
to obtain reflection coefficient data from which ¢, is extracted.
The sampling oscilloscope makes use of the built-in pulse
generator and is operated in the TDR mode. In the TDR
mode, the oscilloscope delivers a rectangular voltage pulse
to the sample and then records the pulse that is reflected
from the sample. The reflected pulse is a consequence of
the impedance discontinuity between the oscilloscope and the
sample and, therefore, provides a measurement of the sample’s
impedance from which ¢, is extracted. The TDR signal that
we observed is represented by the trace shown in Fig. 1.
The duration of the steps in Fig. 1 corresponds to the round

trip propagation time of the TL. The amplitude of the steps
reflects the impedance discontinuities between the TL and the
oscilloscope and between the TL and its termination. Here,
the termination is an open circuit and we use only the first
reflected step.

The sample uses a parallel-plate transmission line (PPTL)
structure to minimize design and fabrication complexity. Sam-
ple preparation for the PPTL is extremely simple. A TL of
length, L, having a uniform width, W, is sheared from a
sheet of laminate. Both sides of the laminate must be metal
clad. The sample should be prepared so that the long edges of
the PPTL are as parallel as possible. Deviations from parallel
increase measurement uncertainty as explained in Appendix
A. The edges should be deburred to ensure that the electric
field is uniform along the length of the samples. The widths
of the samples were initially chosen arbitrarily (see Tables I
and II); however, an analysis later showed that an optimal TL
impedance may be around 14 (2 (see Appendix B). This result
has not yet been experimentally tested or verified. All samples
prepared subsequent to those of Tables I and II were made to
have an approximate impedance of 14 §2. The sample holder
used is a coaxial-to-stripline adapter (see Fig. 2). The sample
is placed between the center conductor and two of the four
ground tabs of the adapter.
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TABLE II
EXTRACTED DIELECTRIC CONSTANT AND MODEL PARAMETERS. THE [ef_‘ffﬂ] 1s EXPLAINED IN THE TEXT
SAMPLE P Z, (Q) 0} Z,, Q) Zpe, (O) &
{target}
L)

s1 -0.612 12.04 459.4 219.4 13.1 4.382
{4.384")
15.19]

s§2 -0.580 13.29 585.9 177.3 14.73 10.92
{10.8+0.25""}
(13.42]

s3 -0.630 11.35 476.4 243.1 12.21 3.841
{3.91'}
[4.45]

sS4 -0.762 6.754 265.3 139.8 7.292 3.604
{3.58")
(4.20]

S5 -0.650 10.61 448.9 146.7 11.73 9.37
{10.2+0.5%}
[11.46]

S6 -0.800 5.56 3423 108.2 5.96 10.01
{10.8+0.25"}
[11.49]

SMA CONNECTION example, an observation time of 10 ns corresponds to a lower

PWB MATERIAL
SAMPLE

Fig. 2. Schematic of PWB right-angle jack that was used as the sample
holder.

The ¢, of the sample material is extracted from the PPTL
impedance which in turn is obtained from the observed reflec-
tion coefficient, p

Zr — Zy
o Tt 1
p Zr + Zo (1
and, therefore
14
Zr = Zop—~ @)
~P

where Zr and Z; are the PPTL and the oscilloscope im-
pedances and are real-valued in this case. In method 1, p is
obtained from the oscilloscope display and is the difference
between the vertical positions of the horizontal-line cursors
that are placed colinearly along the nominally flat regions of
the TDR signal (see Fig. 1). For method 2, p is acquired using
the computer and is averaged over the time corresponding to
the round trip pulse propagation time. The corresponding value
for ¢, is then extracted from p using (1), (2), and (8). The e,
found with this technique is the average over the frequency
range of the measurement. The lower limit of this range is
dependent on the duration of the displayed TDR signal. For

limit of 1/10 ns or 100 MHz. The upper limit is based on
the approximation f = 0.35/tg.y, where tg,) is the observed
90%-10% transition of the PPTL-induced reflected pulse and
f is frequency. So, for a 10 ns window and tgy ~ 70 ps, the
bandwidth is 0.1 GHz to 5 GHz: this is what is assumed here.

III. SIMULATIONS AND MODEL

To obtain an estimate for €., the electrical behavior of
the TL must be modeled correctly. To do this, simulations
of PPTL’s having various geometries (widths and dielectric
thicknesses) and various €, values were performed and the
characteristics of the PPTL’s studied. Measurements using the
PPTL configuration were then performed on materials having
a known ¢,. However, the measurements did not agree with
the expected results of the simulations; the measurement data
yielded higher-than-actual ¢, values. A possible explanation
for this discrepancy is that the model used in the simulation
described an ideal PPTL immersed in a material of ¢,., whereas
in the actual PPTL, the ¢, between the conductors is different
from that of the surrounding environment, namely air. Conse-
quently, there is an effective dielectric value that affects the
line impedance and, therefore, the extraction of an accurate
¢-. To check this hypothesis, PPTL samples having various
widths were obtained from a common sheet of material and
¢, extracted from p measurements. The results (not shown in
this paper) clearly indicated a dependence of ¢, on the PPTL
width, W. A possible model for the PPTL samples which
could explain the observed behavior is that the actual PPTL
behaves as if it were three ideal transmission lines in parallel
(see Fig. 3): an ideal PPTL having an impedance Zpp ;, an
ideal parallel line transmission line (PLTL) immersed in an
air dielectric with impedance Zpy, air, and an ideal PLTL
immersed in the sample material having an impedance Zpp, ;.
Therefore, the total impedance of the actual PPTL, Z7, can
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Fig. 3. Electric field pattern for parallel-plate transmission line: (a) ideal,
(b) actual. and (c) modeled.

be described by
1 1 1 1

skt il ik 3
Zr  Zprair ZprLs ZpPs s

where Zpr air is given by [18]
Zpp aic = 120cosh™ (ti) “@

and t,, is the thickness of the conductors and s is the center-
to-center spacing between conductors; Zpr, s is given by [18]

ZPL,air
ZpLs = : (5)
PL, e
and Zpp , is given by [18]
120w tgq
Zpps = —— —. 6
PP, e W (6)

The two variables s and t4 are most easily obtained not from
direct measurements but from measurements of t,, and the
total sample thickness, tr.

The t,, should be inferred from the “weight” and density
of the copper cladding; this is discussed

s=tp —tm,
tg =iy — 2tn (7

further in the Section VL

The model predicts that the reciprocal impedance as a
function of line width will have a nonzero line-width intercept
and a slope proportional to the square root of €,.. Four samples
having different widths were prepared and the reciprocal
impedance as a function of line width was calculated from
the data for these samples and plotted (see Fig. 4). The data
agree well with a fit to the model.

IV. RESULTS

A. Method 1

Various PPTL samples were prepared and measured and
values for €, extracted using this method. It is important to
note that the ¢, values obtained and presented here required
only one PPTL sample for each different material and that
the multiple samples of different widths were solely for model
verification. The physical dimensions of the PPTL samples are
given in Table I. Combining (3)~(7) and solving for ¢, gives

2
ir — m
[120cosh_1 (-’ft—t) = ZT]ar(tT = 2tm)
€,—- - - L = .

Zr [m’(tT — 2,) + Wcosh™? (tﬁf_ﬁﬂ

m

(®)

The ¢, values extracted from the measured reflection-
coefficient data using (8) are shown in Table II along with
nominal target values where the target values are either
manufacturer’s specifications or the results of resonant-cavity
methods performed by the Electromagnetic Fields Division at
NIST, Boulder, CO. The €*f; value, which is the dielectric
constant calculated using the assumption that the PPTL is an
ideal line is also shown in Table Il. The €°%; provides an
upper limit for ¢, and it also shows that the time-domain data
can give an erroneous reading if the proper TL model is not
used. The last two ¢, entries in Table II show a significant
deviation from the target values compared to the other four
entries. For the next-to-the-last entry this may be due to a line-
length effect: the corresponding PPTL was much shorter than
the other PPTL’s, approximately 7.6 cm (3”) long compared to
20.3 cm or 22.9 cm (8" or 9”) long. To determine if line length
did indeed affect the measurement, FR4 samples of various
lengths were prepared and examined. Table III shows the result
for two different widths, 1.9 cm (3/4”) and 1.3 cm (1/2").
This line-length effect is a low-frequency effect and may
be caused by the length-dependent low-frequency electrical
load of the PPTL. Consequently, line lengths should exceed
25.4 cm (10”) to avoid this potential source of error. The
sample corresponding to the last entry had a thick conductor
on one side (see Table I) that caused the dielectric to partially
delaminate during sample preparation which may have caused
the deviation from the target value. In general, however,
the results in Table II, corresponding to method 1, indicate
excellent agreement between target values and those obtained
by this measurement method.

B. Method 2

Several new samples were prepared for analysis using the
more accurate process of this method. The ¢, results, along
with uncertainties, are shown in Table IV. More will be said
about uncertainties in the next section. Samples S8 through
S11 show a continuous increase in the extracted e, with
increasing number of plies. This may be due to an unexpected
thickness-dependence on the measurement results or to the
construction of the PWB itself: the variation in actual €, of
the PWB material may be caused by the interface between
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Fig. 4. Reciprocal impedance plotted as function of line width. The solid line represents measured data (the circles represent the actual data values)

and the dashed line is a linear fit extrapolated to W = 0.

TABLE III
OBRSERVED REFLECTION COEFFICIENT, p, FOR VARIOUS LENGTHS OF 0.019 m (3/4" WiDE anp 0.025 m (1") WinE FR4 PPTL SAMPLES
L (m) 0.51 0.38 0.30 0.25 0.23 0.18 0.15 0.10 0.08
(in} {20} {15} {12} {10} {9} {71 {6} {4} {3}
P -0.610 | -0.610 | -0.610 | -0.610 | -0.610 | -- - -0.600 -
0.019 m (3/4")
P - - -0.680 | -- -0.680 | -0.680 | -0.670 | -- -0.660
0.025 m (17}

plies or by a variation of e, between plies. Consequently,
it may be difficult to ascertain if the ply-dependent ¢, for
S8-S11 in Table IV are a measurement artifact or real. It
may also be difficult to determine what causes the thickness-
dependence for single-ply boards of the same material because
material properties vary between production runs and single
plies having different thicknesses require different production
runs. Sample S7 deviates significantly from the S8-S11 trend
probably because S7 was very narrow, about 800-pm wide,
and any imperfections in the shear blade could have significant
effects on p. A large perturbation was observed in the TDR
signal that correlated with a notch in the sample width.
Other wider samples also had similar notches but they did
not display the effect as greatly as S7. Furthermore, the
metal roughness may affect measurement accuracy. Preparing
the samples by routing instead of shearing may reduce the
calculated measurement uncertainty because the edges would
be more uniform and parallel in routed samples than in sheared
samples. 5

During measurements using a reference short-circuit, it was
noticed that the short-circuit reflection coefficient was not

equal to —1 and that an offset error was present. Accordingly,
reflection coefficients obtained should be corrected for these
two errors

p = S .. W ©)
Poff — Psc

All subsequent p measurements must be corrected according to
(9) and the impedance, Zr, of the PPTL found relative to Zg

1+ p
zT=za(1_‘;,). (10)

V. ERROR AND UNCERTAINTY ANALYSIS

An error and uncertainty analysis is performed here to
determine to which measurable parameters the calculation
of €, is sensitive. The general equation for the propagation
of uncertainties, assuming the measurement uncertainties of
the parameters is independent of and uncorrelated to each
other and that the uncertainties are normally distributed and
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TABLE IV
MEASURED PHYSICAL PARAMETERS, OBSERVED REFLECTION COEFFICIENT, AND EXTRACTED €,
SAMPLE reflection coefficient, p total thickness, t; metal thickness, t,, width, W €,
(m) (m) (mj) {target}

S7 (1 ply) -5.174e-1 £+ 1.42e-2 1.6586e-4 3.43e-5 + 3.43e-6 8.1255e-4 5.412 + 1.47
{4.1113)

S8 (2 ply) -5.025e-1 + 8.46e-3 2.0371e-4 3.43e-5 = 3.43e-6 1.4790e-3 3.261 + 0.696
{4.11'%)

S9 (4 ply) -5.626e-1 + 5.79e-3 3.2182e-4 3.43e-5 + 3.43e-6 3.2286e-3 3.753 = 0.524
{4.11%3)

S10 (8 ply} -5.654e-1 + 9.51e-3 5.9055e-4 3.43e-5 + 3.43e-6 6.8153e-3 3.825 + 0.410
{4.1173)

S11 (16 ply) -5.678e-1 + 1.25e-2 1.0950e-3 3.43e-5 + 3.43e-6 1.3515e-2 3.940 + 0.401
{4.11'%)

512 -5.705e-1 = 9.03e-3 1.5305e-3 1.72e-5 = 1.72e-6 1.9204e-2 4.348 + 0.322

213 -5.676e-1 + 5.01e-3 1.4831e-3 1.72e-5 £ 1.72e-6 1.8964e-2 4111 £ 0.240

S14 -5.907e-1 + 8.55e-3 1.56127e-3 6.86e-5 + 6.86e-6 1.8868e-2 4,318 + 0.395
{4.384"}

S15 -5.833e-1 £ 1.12e-2 1.3404e-3 3.43e-5 + 3.43e-6 1.0641e-2 10.20 + 0.953
{10.2*}

S16 -5.595e-1 + 1.12e-2 1.3802e-3 3.43e-5 + 3.43e-6 1.3467e-2 6.040 + 0.551
{6.15"}

817 -6.049¢-1 + 1.48e-2 7.9451e-4 3.43e-5 £ 3.43e-6 1.4130e-2 2,335 + 0.290
{2.2"}

t Measured values obtained by NIST-Boulder, measured at 16 GHz.

#! Manufacturer specification, measured at 10 GHz.
+? Manufacturer specification, measured at 1 MHz.

expressed in the same number of standard deviations is [19]

(11)

where x; are the measurement variables, u; are the uncertain-
ties associated with the z;, and ur is the total measurement
uncertainty. The variables are W, tr, t,,, Zo, and p; pg. is the
the short-circuit reflection coefficient and p,g is the reflection-
coefficient offset error. Because the partial derivatives of
€, with respect to W,tp,tm, Zo,p, pse» and pog are rather
lengthy, these are given in Appendix C.

The measurement uncertainties presented here represent
either one or three standard deviations (1o for method 1 and
30 for method 2). Table V shows the 1s e, uncertainties,
ur1, using method 1 (samples from Tables I and II). In
addition, the squares of the values of the partial derivatives
used to calculate wr; are shown in Table V. The 1lo-
uncertainties in W, tp, t;n, Zo, and p for the data in Table V are
45.04 x 10~4m (0.02"”), £1.27 x 10~° m (0.0005"), £1.27 x
1075 m (0.0005"),4+0.167Q, and =+0.006. Table V also
shows the importance of having small. dimensional uncer-
tainties and an accurately-known reference impedance, Z.
However, obtaining less than +1% 3c-uncertainty in Zg is
difficult.

Table VI displays the uncertainties in the values of ¢,
extracted by method 2, ur,, and the possible contributors to
ups. For the data presented in Tables IV and V1, the values
used for Zy, pse, and pog and their associated 3o-uncertainties
were Zg = 50 + 0.5, p, = —0.994 £ 3.36 x 1073, and

Pof = 2.2094 x 1072 4 1.37 x 1072, The 30 uncertainties
for W and ¢y were 2.45e-6 m (0.0001”) and for t,,, was 10%
of t,,. All uncertainties shown in Tables IV and VI are 3o
uncertainties. From Table VI, it is easy to see that the largest
uncertainty contributors are p and t,,.

The calculated uncertainties, ur2, are much greater than the
variations in €, extracted from different samples. For example,
six additional samples were sheared from the same sheet from
which S11 was obtained and then the average extracted e,
from these six samples was calculated. The average extracted
€, was 3.953 and had a 3o variation of 0.093. This 3¢ variation
is about four times less than the uro of 0.401 for S11.

The uncertainty in p reflects measurement noise and vari-
ations in the physical dimensions of the PPTL, that is, of
W (z),tr(z), and t,,(x), where x is position along the PPTL.
Recall, that the p used is an average for the PPTL sample and,
therefore, variations in W (z), tr(z), and t.,,(z) contribute to
uncertainties in p. The variables W, ¢p, and t,, are, for this
analysis, the average values of W(z),tr(z), and t,,(z) over
the sample length. What is important here are the uncertainties
of these average values (see Appendix A), which is found by
obtaining many average values and then finding the average
and standard deviation of that group of averages. The actual
measurement uncertainties of W(zx),¢r(z), and t,,(z) can
be much less than their variations along a given PPTL. For
example, by using an accurate digital micrometer, the 3¢
uncertainty in the measurements of W(z) and tr(z) can be
reduced to about +2.54e-6 m (0.0001”). The variations in
tr(x) and t,,(z) are fixed by the manufacturing process and
cannot be controlled here. However, variations in W(z) can
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TABLE V

MEASUREMENT UNCERTAINITES FOR METHOD 1. THE VALUES IN CURLY BRACKETS ARE THE SQUARES OF THE VALUES OF THE PARTIAL
DERIVATIVES THAT ARE USED IN THE UNCERTAINTY ANALYSIS [SEE (11)]. ALL UNCERTAINTIES REPRESENT ONE STANDARD DEVIATION

SAMPLE (2esaw)® (m?) | (aesot,)’ (m) (3e/at,)* im2) (2e.z,)? 102 (3e,/p)* Uy
il s oy luz. | 942, |1 (u,|2e/0 |1
luw|2esow |1 | v, |2esar |) (u. | 2€ /21, |1
S1 1.81e5 3.63e7 2.21e8 3.21e-2 B.14e2 0.344
{1.17e2} {2.34e4) {1.43e5) [2.99e-2] 1.71e-1)
[2.16e-1] [7.65e-2] [1.89e-1)
s2 1.10e6 6.92e7 7.94e8 1.99e-1 4.52e3 0.770
{7.10e2} {4.46e4} {5.12e5) [7.43e-2) [4.04e-1]
[5.33e-1] [1.06e-1] [3.5Be-1]
s3 1.43e6 3.68e8 2.24e9 2.50e-2 6.83e2 0.803
{9.23e2} {2.37e5) {1.45e6} [2.64e-2] [1.57e-1]
[6.07e-1] [2.44e-1] [6.01e-1]
s4 4.78e6 3.48e9 1.54e10 2.40e-2 1.34e3 2.08
{3.08e3} {2.25e6} {9.94e6} [2.58e-2] [2.20e-1)
[1.11] [7.49e-1] [1.57]
S5 7.24e6 8.46e9 5.3Be9 1.46e-1 4.3%3 2.07
{4.67e3} {5.46e6) {3.47e6} [6.37e-2] [4.21e-1]
[1.37) [1.17] [9.32e-1]
S6 3.65e8 3.26e9 6.46e10 5.94 4.58e5 1.1
{2.35e5} {2.10e6} {4.17e7) [4.06e-1] [4.18]
[9.70] [7.25e-1) [3.24)
average 2.95e6 2.48e9 4.81e9 8.52e-2 2.35e3 1.03
(excluding S6) {1.90e3} {1.60e6} {3.10e6} [4.86e-2) [2.75e-1]
[7.67e-1] [6.14e-1] [7.30e-1]
TABLE VI
MEASUREMENT UNCERTAINTIES FOR MEASUREMENT TECHNIQUE METHOD 2. ALL UNCERTAINTIES REPRESENT THREE STANDARD DEVIATIONS
SAMPLE from p from p,, from p, from t; from t,, from W from Z, Uy
S7 (1 ply) 4.50e-1 5.66e-2 2.04e-2 1.40e-1 1.38 2.75e-2 1.16e-1 1.47
S8 (2 ply) 1.57e-1 3.22e-2 1.23e-2 9.60e-3 6.64e-1 7.83e-2 6.93e-2 6.90e-1
59 (4 ply) 1.23e-1 4.44¢-2 1.34e-2 5.33e-2 4.96e-1 5.23e-3 7.82e-2 5.24e-1
S10 (8B ply) 2.23e-1 4.54e-2 1.35e-2 3.38e-2 3.3%e1 2.57e-3 7.90e-2 4.10e-1
S11 (16 ply) 3.00e1 4.68e-2 1.38e-2 2.23e-2 2.47e-1 1.39e-3 | B.10e-2 4.01e1
512 2.39%e1 5.19e-2 1.51e-2 2.44e-2 1.87e-1 1.06e-3 8.8Be-2 3.22e1
513 1.25e-1 4.86e-2 1.43e-2 2.36e-2 1.78e-1 1.01e-3 8.40e-2 2.40e-1
514 2.25e-1 5.33e-2 1.43e-2 1.52e-2 3.08e-1 1.01e-3 8.51e-2 3.93e-1
515 7.14e-1 1.28e-1 3.63e-2 4.92e-2 5.79e-1 4.32e-3 2.09e-1 9.53e-1
S16 4.07e-1 6.98e-2 2.13e-2 2.89%e-2 3.41e-1 2.05e-3 1.24e-1 5.51e-1
517 2.26e-1 3.16e-2 7.80e-3 1.68e-2 1.71e-1 7.77e-4 | 4.79e-2 2.90e-1
average 2.9%e1 5.53e-2 1.65e-2 3.7%e-2 4.44¢-1 1.14e-2 | 9.66e-2 5.68e-1

be reduced by careful attention to sample preparation. By
reducing W (z)-variations, the uncertainty in p can also be
reduced (see Appendix A).

As mentioned earlier, one can use the “weight” (weight
per unit area, typically given in ounces per square foot, is
implied) of the conductor to infer its thickness. According
to the Institute for Interconnecting and Packaging Electronic
Circuits (IPC) specification ANSI/IPC-MF-150F, the variation
in conductor thickness is less than +5% for wrought copper
foils and less than +10% for electrodeposited copper foils
and the density of copper is 8.93 gr/cm® +1%. The percent
thickness variation in the t,, measured for samples S1-S6

ranges from 20% (sample S1) to 83% (sample S3). Conse-
quently, the t,, uncertainty contribution, assuming adherence
of the metal foil manufacturer to ANSI/IPC-MF-150F, can
be significantly reduced by using the manufacturers’ specifi-
cations and ANSI/IPC-MF-150F. This assumption was used
in the data presented in Table VI. In practice, it is better to
use ANSI/IPC-MF-150F for t,, and then subtract this from
tr to get ty than it is to measure ¢y directly. Not only does
the ANSI/IPC specification give smaller variations than can
be measured simply, but the effects of the roughness of the
copper foil can be ignored. The copper surface is roughened
to enhance adhesion between the copper and the dielectric.
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Fig. 5.
Ten measurements each for both the reference and sample were taken.

This roughened surface, however, creates a mirror image on
the dielectric surface so that a direct measure of the dielectric
thickness will give a peak-to-peak value. Using ANSI/IPC-
MF-150F, we will not be subject to this peak-to-peak error
because the outer surface of the copper foils is relatively
smooth. Furthermore, ANSI/IPC-MF-150F for £,, is based on
" the mass of the copper so that t,, based on ANSI/IPC-MF-
150F is a mean value. Consequently, {1 — 2t,, will result in
a more accurate estimate of the mean value of the dielectric
thickness than that obtained from a direct measurement.
Errors in the measurement of p can arisé from two other
sources: lack of repeatability of sample insertion and the
position of the sample-holder center pin with respect to sample

Reflection-coefficient traces corresponding to the maximum, mean, minimum, and standard deviation for the (a) sample and (b) reference measurements.

center. The repeatability issue was examined by taking ten
consecutive data sets, where a set consists of a reference
(short-circuit) and a sample measurement, and comparing
the reference and sample data. In particular, the data were
taken so that the transition between the 50-{) oscilloscope
impedance and sample impedance could be observed. The
appearance of this transition region is the most sensitive
to sample insertion. The mean, maximum, minimum, and
standard deviation as a function of time for both the ten
reference and ten sample measurements were calculated. The
results are shown in Fig. 5. The peaks in the standard deviation
curves are caused primarily by time-base drift and not sample
insertion repeatability. This is supported by the independent
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Fig. 6. Reflection-coefficient traces corresponding to different locations of the sample-holder center pin relative to the center of the sample.

TABLE VII
MEAN AND 3¢ STANDARD DEVIATION FOR THE REFLECTION COEFFICIENT BOUND BETWEEN THE 1 ns AND 3 ns TiMES IN FiG. 6.
EacH VALUE CORRESPONDS TO THE POSITION OF THE SAMPLE-HOLDER CENTER PIN RELATIVE TO SAMPLE CENTER

center pin position relative to sample center

reflection coefficient

5 mm to the left

-6.0111e-1 + 6.15e-3

2.5 mm to the left

-6.0100e-1 + 4.20e-3

centered

-6.0074e-1 + 3.83e-3

2.5 mm to the right

-6.0077e-1 = 4.37e-3

5 mm to the right

-6.0136e-1 + 6.16e-3

observation of time-base drift and by the correspondence
between the peaks of the first-differences (first derivatives)
of the mean curves and the peaks of the standard-deviation
curves. Furthermore, the mean and 30 standard deviation in p
for the reference and sample sets are —9.8987 x 10~143.273 x
102 and —5.87579 x 10~! £2.30 x 10~3, which shows that
sample insertion is a negligible contribution to measurement
€rTOr.

To examine the effect of the position of the center pin on
the measurement, five measurements were taken from a 19
mm wide sample where the center pin was placed at different
positions relative to the center of the sample (see Fig. 6).
Table VII also shows the mean and standard deviation of p
for the region between 1 ns and 3 ns. The p is relatively
insensitive to center pin location.

A couple of general comments can be made on comparing
the uncertainties for the two measurement methods. Even
though the uncertainties are much greater for method 1 than
method 2, there are more uncertainty contributions in method
2 than in method 1. The uncertainty contributions in method
1 from sample width and thickness were reduced significantly
by careful measurement using an accurate digital micrometer.
A reduction in p uncertainty was attained by attention to

sample preparation. And, if one can confidently assert the
IPC specifications for metal-thickness uncertainty, we get a
decrease in metal-thickness uncertainty by a factor of four to

eight.

VI. CONCLUSION

A new measurement method, based on a simple trans-
mission line structure, was developed to extract an average
value for the permittivity in dielectric materials, €., from a
measurement of the transmission-line reflection coefficient, p.
Sample preparation and measurement analysis for the method
is simple. The method uses a sampling oscilloscope and e,
can be readily extracted from the observed or acquired p and
sample dimensions. The insensitivity to the position of the
sample in the sample holder and high repeatability make this a
robust measurement technique for ¢,.. The 3o uncertainties for
the extracted e,., calculated from a propagation of uncertainties
for the six parameters that can affect ¢,., are less than 10%.
The 3o variations in €, obtained from almost-identical samples
that were prepared by shearing is about 2%. Finally, we can
infer an average accuracy in the extracted ¢, of better than
2% by comparing the results of this work to manufacturer
specifications or the results of resonant-cavity measurements.
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APPENDIX A
EFFECTS OF POSITIONAL VARIATIONS OF SAMPLE
WIDTH AND THICKNESS ON ¢, UNCERTAINTY

The reflection coefficient, p, used in the main part of this
paper is actually the average of p(z), where x is the direction
of propagation of the pulse along the PPTL. Consequently,
the uncertainty o,, contains not only uncertainty contributions
from the measurement of p(zx), but also from the effects of
the variations in the width and thickness of the PPTL sample
along its length. This latter contribution is a consequence of the
dependence of p(z) on t4(z), t,m(z), and W(z). To understand
the effect of the variations of £ and W on o, let’s start with a
simplifying assumption that the PPTL sample is an ideal PPTL.
With this assumption, we can use (2) in (6) and rearrange to
solve for ¢,. This gives a general equation

€r ('T) = Oelx)

) {12011‘)[t(:1.‘) on < Jt(z)] llie= p(x) x 0;(::] i
\(Zo+0z,)(W(z) L ow)) 1+ p(z) £ Oz

(12)

where t(z) = tq(z) + 2¢,,(z) is used for brevity and 0':,(1) is
the uncertainty in the measurement of p(x). Equation (12) can
be simplified by assuming that the uncertainties shown in (12)
are, for the measurement described herein, independent of z,
that is, for example, oy(,) = o,. Furthermore, ¢, should not
be varying within the sample and, so, should not be a function
of x. If we use these assumptions and also substitute

t(r) =t + At(x)
W(z) =W + AW(x)

p(z) =p+ Ap(z) (13)
into (12), we get
T (1207)[t + At(zz) £ 0y
=9 =\ (2o £ 0z,)(W + AW (z3) £ ow)
: g
: l—p—Ap(.rl):I:Jp) (14)
14+ p+ Ap(zy) 0,

The o; and o are the uncertainties in the measurement of
t and W,t and W are the mean values of ¢(z) and W(z),
and x;,79, and r3 indicate positions along the z-direction
of the PPTL. The z-position correspondence between p(z;)
and t(z2) and W(z3) is lost with this method because that
positional information is not stored, only an average value
of these variables over z is retained. If the z-correspondence
was retained, however, the effects of variations in W(z3) and
t(z2), AW (x3) and At(zz), could have been mapped to an
equivalent variation in p(z;). Because the correlation between
AW (z3) and At(z2) and position is lost, AW(z3) and
At(z4) effectively increase the uncertainty in p(x; ). Similarly
the positional correspondence of Ap(z;) is lost. Consequently,
Ap(z,) affects the uncertainty in the mean “value of p(z).
Therefore, by losing the x-position correspondences between
p(z), W(x), and £(x), the uncertainty in the observed p and the

extracted ¢, is increased. Accordingly, (14) can be rewritten as

2
o ( (1207)[t + oy 1 —p+crp) 1) |
(Zo+oz,)(Wxow)l+pto,

where o, includes contributions from 0’;, and from the uncer-
tainties in p that are caused by the unassociated z-dependent
variations in ¢ and W. The o; and oy are determined by

calculating the standard deviation for a set of mean values of
t and W.

APPENDIX B
OpTIMAL PPTL IMPEDANCE

What we wish to determine here is whether there exists
an optimal impedance for which spurious variations in the
width, W, of the PPTL sample will have a minimal effect
on the observed reflection coefficient, p. Additionally, we
must be aware of the resolution limitations presented by the
oscilloscope. The width, W, is the only adjustable parameter of
the sample geometry once a laminate is made and, so, W will
be used to adjust the sample impedance. We will assume here
that the PPTL sample is ideal and can be described by (6) and
that the variations in the sample width, AW, are independent
of W. The AW is caused by the sample preparation procedure.
The AW will affect the sample impedance, Zpp 5, less as W
increases. Concurrently, the AW-induced uncertainty in the
extracted ¢, will decrease as W increases. The ideal situation,
then, is when W — oo. However, the resolution in the
measurement of p is limited and this resolution limit restricts
the maximum W. For example, if samples of widths W, and
W5 happen to yield the same p, then we will have a problem in
extracting an accurate ¢,.. Furthermore, p should be maximally
sensitive to changes in Zpp , to ensure measurement accuracy.
Consequently, we have two opposing criteria for an optimal
impedance. First, it is desirable that W — oo, or Zpp,s — 0,
so that the effects of AW on ¢, uncertainty are reduced, and
second, the measurement accuracy and resolution restrict how
small the PPTL impedance may be.

The sensitivity of p with respect to variations in the PPTL
impedance can be examined by considering how the variations
in p are affected by incremental changes in PPTL impedance

_Z+¢Z-20 Z-12y
CZ4EZ4Zy Z+ 2y

where £ is the incremental change of the PPTL impedance
and, for brevity, Z is used for the nominal PPTL impedance.
The optimal impedance for this criterion occurs when the
magnitude of Ap is as large as possible and, if possible, when
(16) is also constant with impedance. This criterion can be
considered the maximum-sensitivity-to-AZ criterion and, for
a 50 © measurement system (the oscilloscope), will occur
around 45 ). The partial derivative of Ap with respect to
Z and £

Ap

(16)

Mp _ T4t2-3
BZOE =~ (B HEZ 4 Gp)

goes to zero around 45 §2 and we will use this partial derivative
in the definition of the optimal impedance.

0 (17)
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To utilize both criteria, the author will define the optimal Zr — 120cosh ™" (tT > tm)
impedance as the one at which the product of (17) and Z, o
namely —tm\]’
. Z7 [w(t»r — 2t) + W cosh™? (tlr-—)]
9“Ap Z+ §Z - Zy A
Z——=-2220————= (18) (21
713
dZd¢ (Z+€Z + Zo) b N
which is dimensionless, exhibits a maximum. This maximum oty 1 (tr —tm
occurs between 10 Q and 16 2, depending on £. This maxi- Zr {“(tT = 2tm) + W cosh ( i

mum lies between the maximum-sensitivity-to-AZ criterion

(which occurs around 45 2) and the minimum-sensitivity- e aa

to-AW criterion (which occurs at 0 £2). Plots of (18) for . |120 cosh™? (u) — Zr
€ = +£0.01 and 0.1 (impedance changes of +1% and +10%) bm

are shown in Fig. 7.

A 120\/tr — 2t
APPENDIX C \/t_T
PARTIAL DERIVATIVES OF €, (tr = 2tm) [120 cosh™? (_tT ki tm) o Z’]"‘]
The partial derivatives of the extracted e, with respect to - b
the variables W, t1, t;n, Zo, P, Pse, and pog are given here. The w(tr — 2tm) + W cosh™! (M)
calculation of these derivatives is done using (2), (8), and the tm

chain rule for differentiation, i.e., for example

Je, _ Oer 0./€,

= 19 ' 2 — Otrt,
9z ~ 0/ Oz o Vir —2r
where z represents any of W,tr,tm, Z0,p,psc, and pog.  OVEr _ 27

Also, since J¢,/8Zg, e, /Bp, I [Opse, and Je, [Opog have o, ¢ 2 -1 fir—1tm

) y Uep sey — 2t W cosh .

a common factor, namely O¢,/0Zr, we will use this factor B {olte F e Lo

and the partials of Z1 with respect to the appropriate variable.
The following are the required partial derivatives:

e
e 2\/er ) (20)

o/ 1 [tr —tm 120+/1% — 2trt,
W w(tr — 2t,,) cosh (T) - 9

-t
Zr — 120 cosh™! (u)

tm
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t = ¥m
(tr — 2tm) [120 cosh™! (Tt—t) - ZT]

m

tr —t
7ty — 2tm) + W cosh™! (%J)
m

2t /15 — 2trtm — tr W
tm\/t5 — 2tTtm

(23)

0./€,
= 100w (b~ B
377 m(tr — 2tm)
cosh=! (M)
tm

Zz {ﬂ(ﬁ'f’ — 2t,,) + Wcosh™ (t*r_t—t_m)]

(24)
c’;iZT e 1- p’
% "1/ i
dZr 270
o0 " -PP i
ap’ |
— = — 27
dp (post — Pac)2 G
8,0" P — Poft
- 28
Apse (ﬂoﬁ = p&c)2 5
and
dp Pac — P
= 3 29
apoﬁ (Poﬂ' == )‘r:’.'ac)2 ( )
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