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Abstract We have developed a time-domain
reflectometry (TDR) technique to measure the
dielectric permittivity of high dielectric constant
films. The test specimen consists of a planar
capacitor terminating coaxial waveguide. The
complex permittivity of the dielectric in the
frequency domain is obtained from appropriate
analysis of the incident and the reflected voltage
waves. In order to improve accuracy at higher
frequencies, a working equation is proposed to
account for propagation in the specimen section.
The applicability of the method has been verified
at frequencies from 100 MHz to 10 GHz on
several polymer composite films, 40 mm to 100 mm
thick, having a dielectric constant ranging from 4
to 40. The results obtained in the broad frequency
range by using the TDR technique were compared
with those obtained from the gap-coupled
microstrip resonatorsat discrete frequencies.

Keywords - dielectric permittivity, broadband
measur ements, coaxial discontinuity, microwave
characterization, TDR.

Introduction

Polymer based high dielectric constant films can be
used to construct discrete RLC lumped circuits and
de-coupling  power planes for  wireless
communication and high-speed electronics that
operate at microwave frequencies. The high dielectric
constant of these materials alows multiple
wavelengths guided in a small dimension, making
them also attractive for highly integrated packaging.
In order to develop and successfully commercialize
such materials, the industry needs a suitable test
method to measure the dielectric permittivity in
planar thin film configuration. However, most of the
existing microwave methods of permittivity
measurement are not feasible for thin films and small
dimensions. For example, test procedures utilizing a
lumped element are limited to the frequency range
below 1 GHz' while those based on microwave

cavities, or microstrip resonators require rather large
samples #*. In the resonant techniques, the radiation
losses and non-optimized coupling conditions are
common sources of errors in the measured
permittivity. Additional difficulties arise from
electrical requirements, which for high dielectric
constant films can be realized only with tiny patterns
and highly conducting metal traces that are hard to
fabricate and evaluate. Thus the resonant techniques
usually utilize a unique sample configuration useful
for certain type of materials at specific frequencies™®.
In contrast, time-domain reflectometry (TDR) offers
broadband measurements. When compared to other
techniques, time-domain reflectometry provides a
more intuitive and direct insight into specimen
characteristics, which is very convenient in materials
characterization and development of new testing
procedures. The TDR method has been used to
determine an effective dielectric constant of printed
circuit board materials by using a co-planar
transmission line’. In contrast, TDR measurement of
complex permittivity is based on analysis of the total
reflection pattern produced by the dielectric specimen
terminating a coaxial line. This approach has been
widely used to characterize the dielectric properties
of liquids in several cell configurations®. Among
them, a lumped capacitance termination corresponds
to the smallest cross-section of the specimen, for
which approximate expression for the input
admittance has been established assuming quasi-
static conditions’. At higher frequencies thin film
specimens require, however, a more accurate solution
to account for non-stationary electric fields and wave
propagation in the sample section, which has not
been previously considered.

In this paper we examined the applicability of the
TDR technique to permittivity measurements of high
dielectric constant films in the microwave range. We
introduced a simplified expression to account for the
wave propagation in the sample section, which
improved accuracy of measurements at higher
frequencies. The results obtained in the broad
frequency range by using the TDR technique were
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compared with those obtained from the gap-coupled
microstrip resonators at discrete frequencies.

Basic Analysis

The experimental arrangement under consideration is
shown in Fig. 1. A dielectric film of thickness t is
placed at the end of the coaxial line of impedance Zg

Z

Fig. 1. Sampleholder configuration

and length |. When a voltage step of amplitude V, is
launched into the ling, it is partidly reflected back at
the discontinuity A-A, and then is added to the input
step after a delay to = 2l/up, where u, denotes the
velocity of propagation. The shape of the reflected
wave V, depends on the nature and magnitude of
mismatch between the line impedance Z; and
impedance of the termination. Examples of the load
effect on the shape of TDR responses are illustrated
in Fig. 2. In Fig. 2a the incident wave is reflected at
an open circuit. Since both the incident wave and the
reflected wave are in phase, V, = V; , they combine
after thetime t , resulting in the reflected amplitude
of 2V; . In comparison, the reflected wave at a short
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Fig. 2. Dependence of the TDR response on the
termination. a—short, b —open, c— 10 nm air-gap, d - 2 mMm
air-gap, e- 100 mm film having the static dielectric constant

circuit is out of phase by 180° in respect to the
incident wave, V,;=-V, , and thus the initial step
returns to zero after thetime ty, asit isillustrated in
Fig. 2b. The TDR response produced by a 250 mV
step reflected at air-capacitance having gap of 10 mm
and 2 mm, is shown in plots ¢ and d of Fig. 2
respectively. Example response from a 100 mm thick
dispersive film, having at 3 GHz a dielectric constant
of 36 isshownin Fig. 2e.

In al three illustrations where the line is terminated
with a lumped capacitance, the resulting reflection
exhibits a positive going transfer that is exponential
in time. The electrical circuit corresponds to a
complex shunt R-C termination for which the
transient voltage can be described by equation (1).

- R-Zoy - exp(- Ly (@
Vi) =V [ 7 - el 0

where 1 —_Z0R - is the relaxation charging time.
Zy tR

For simplicity, the time parameter in equation (1) is
chosen to be zero when the reflected wave arrives
back to the detector, t atto = 0. It is seen that at time
zero the R-C load depends on C as a short circuit.
Then the voltage builds up across the capacitance
increasing its impedance until it effectively becomes
an open circuit. From equation (1) the total voltage at
t =¥ is (I+(R - Zy ) (R+ Zy )) Vi which
approaches 2V, when R becomes infinitely large.
This corresponds to a dielectric with negligible loss,
such as an air-gap terminating the transmission line
asshownin Fig. 2, plotsc and d.

The circuit expressions such as (1), are better suited
for calculation of the expected behavior for a given
dielectric rather than for evaluation of permittivity
from the experimental voltage waves. In fact, an
explicit solution for permittivity cannot be obtained
even for the smplest dielectric relaxation mechanism
since it is simultaneously entangled with reflection
coefficient and propagation functions. Thus only
approximate solutions are possible. A time dependent
voltage across the sample, V(t), can be related to a
time dependent charge and the geometric capacitance
through an appropriate response function which links
the reflected wave with the dielectric permittivity e*
of the specimen. Evaluation of €* from the observed
reflected voltage wave, V,, involves Laplace
transformation of the response function obtained in
the time domain and the propagation equation for the
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coaxial line, with appropriate boundary conditions.
Usually, a thin film capacitance at the end of the
coaxial line has been treated as a primary capacitance
with a fringing field capacitance without electrical
length™®. Such treatment becomes inaccurate at short
times (high frequencies) for a finite film, which
represents a radial waveguide of cylindrical cross-
section. The incident pulse through the coaxial line is
partially reflected at the discountinuity while some
portion of it propagates inside the capacitance
perpendicularly to the initial direction. The
reflection-transmission repeats at the other edge of
the capacitance where the residua wave is being
transmitted back to the coaxia line with the
propagation delay associated with single passing
through the specimen section. This is equivaent to a
capacitor inserted between two matched lines. The
input admittance of such structure can be described
as follows'?:

Y,, = jw Cqe; (xcotx)* (2

where X:ﬂ \/;* accounts for the propagation
2c "

inside the capacitor aong its diameter d
e: =e'+je" isthe relative complex permittivity of
the specimen, W is an angular frequency, c is the
velocity of propagation in vacuum, and C, represents
a total geometric capacitance of the line given by a
sum of the primary, C, and the fringing field
capacitance, C;, respectivelyg; C,=C,+C;-

On the other hand, the input admittance is given by
using measurable TDR waves:

Y. =G, Vi(ng' vi(iw) (3

where v, (jw) and V, (jw) are the Laplace transforms

of the incident and the reflected waves, and G, isthe
characteristic conductance of the coaxial line.

By combining equations (2) and (3) we obtain

expression (4) for e" as a function of measurable
incident and reflected waves, V; and V,, that are
referenced at thetimet, asitisshowninFig. 2:

e = c Vl (JW)' Vr(JW) f (4)
jw(gd) V; (jw) +V, (jw)

where;

gd =C, Gy, /(e,G,) accounts for the cell constant,
f =xcotx, e, IS the dielectric constant of vacuum,
G, =1/37673 [ywW is the characteristic
conductance of vacuum and G, is the characteristic

conductance of the line. It is convenient to avoid
using the input step wave V; in (4), which introduces
some, difficult to account for numerical errors due to
finite rise time and limited flatness of the generated
step voltage. Instead, reflection measurements on a
standard specimen with known permittivity can be
utilized. For two specimens, one with known

permittivity e;, and the other with unknown
permittivity e;, expression (4) can be rewritten as
follows:

e; :# R+ PS « (5)
jw (gd), RP,+1

where parameters R and Ps are given as
R:VS(J.W)-VX(J.W)’ Ps - Jw (gd)s e;,
V, (iw) +V, (jw) cf,

and f,_ = x, , cotx, , respectively.

In comparison to equation (4) equation (5) does not
include the Laplace transform of the incident wave,
which simplifies the computational procedure. In
addition, measurements against a standard dielectric
specimen minimize the systematic uncertainty.

Experimental

The test methodology has been examined
experimentally using a dielectric test fixture
constructed from two atered APC-7 to APC-3.5
adapters shown in Fig. 3. In section A, the inner
conductor was replaced with a shorting piston fitting
precisely into the 7 mm diameter of the adapter. The
vertical position of the piston could be controlled
with a micrometer assembled on the 3.5 mm side of
the APC adapter. In the air portion of section B, the
center conductor was replaced with a fixed 3.0 mm
diameter pin, machined precisely to achieve flat and
parallel contact with the shorting piston in section A.
Using a differential micrometer, for example
Newport Model DM-13 or similar, the distance
between the pin and the piston can be adjusted from 0
nm to 200 mm with 0.1 nm resolution. Thus the
fixture can be used as an electrical short, standard air-
gap capacitor, or sample holder for low and high
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dielectric constant films. In comparison to other
fixtures that utilize coaxial connectors or coupling
probes, this compact test fixture minimizes radiation
losses, coupling errors and errors caused by inductive
components.
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Fig. 3. Test Fixture

The TDR measurements were carried out using a
Tektronix 11802 Digita Sampling Oscilloscope
equipped with a TEK SD-24 TDR/Sampling Head. A
VEE 5.0 software platform from Hewlett Packard
was used for acquisition and processing of the data.
Waveforms were captured in a 10 ns window
typically containing 1024 data points with a
resolution of 2.5 ps. High dielectric constant
materials were obtained from the NCMS Embedded
Capacitance Project™. The TDR test specimens were
prepared from copper-cladded dielectric films by
defining 3 mm diameter metal electrodes using
photolithography. A similar procedure was used to
fabricate microstrip resonators, which were defined
along with the corresponding co-planar terminations
as a two-level circuitry. The microstrip dimensions
and coupling conditions were optimized to avoid
overlapping of higher order modes and to achieve a
low loading level a the resonance®®. Resonant
frequencies were detected using a HP 8720D
Network Analyzer and Cascade ACP-40-W-GSG
probes.

Results and Discussion

The results of the dielectric constant measurements
are illustrated in Fig.s 4 and 5. Fig. 4a shows the

dielectric constant, e;, of a2 mm air-gap measured
by the TDR from 100 MHz to about 15 GHz using a
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Fig. 4. Dielectric constant, e¢of film specimens measured by
the TDR method (lines) is compared with results obtained
from the microstrip resonators at discrete frequencies
(points). (a-): 2mm air-gap; (b —triangles): 50 mm thick film
with the static dielectric constant ekc of 4; (c - circles): 40
mm thick film e¢c of 12; (d - squares): 100 nm thick film ec
of 38; (e-): thin film approximation for the specimen (d).

10 mm air-gap as a standard. In the frequency range
of up to 10 GHz the relative uncertainty, (De,)/e,

determined as a deviation from the standard value is
below 2 %. At higher frequencies, above 10 GHz the
uncertainty increases to about 8 % due to
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Fig. 5. Dielectric loss, € of film specimens measured by the
TDR method (lines) is compared with results obtained from
the microstrip resonators at discrete frequencies (points).
(a-): 2mm air-gap; (b —triangles): 50 mm thick film with the
static dielectric constant egc of 4; (c - circles): 40 nm thick
film ek of 12; (d - squares): 100 mm thick film e of 40.
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irreproducible behavior of the test fixture that could
not be compensated by the short calibration. Fig. 5a
shows the corresponding results of the dielectric loss
measurements, e, . The combined uncertainty for the

dielectric loss, De;, is estimated to be less than 0.01
in the same frequency range.

Our procedure fails to provide meaningful data above
15 GHz. The difficulties in that range originate from
the instrumental limits in the voltage step generation,
timing, and waveform detection. The experimental
error in permittivity measurements for an unknown
specimen can be minimized to the level indicated
above for the air-gap if the TDR response of the
unknown specimen follows that of the standard. In
practice, the measured waveform differs from that of
the standard and the uncertainty in the measured
permittivity is larger due to uncompensated electrical
noise errors such as the time and the amplitude jitter,
and errors resulting from the time-to-frequency
conversion. It has been determined that the combined
uncertainty, pe’, for an unknown specimen can be

evaluated using the relaxation charging time, T (see
equation 1), as an indicator of deviation from the
standard behavior. If the value of complex
permittivity for the standard sample has uncertainty
De;, the uncertainty pe; for the unknown specimen

can be obtain from expression (6).
De; — De; 7 10M9(Tx/Ts)l (6)

where T, is the relaxation charging time for the
unknown sample and Ts denotes the relaxation
charging time for the standard.

The dielectric permittivity results for an FR4-based
epoxy resin film, and two BaTiOs; filled high
dielectric composite films are shown in Fig. 4b, 4c
and 4d. At 3 GHz the permittivity of the materials

(b), (c) and (d) is e, = ( 3.8+j0.08), e, =

(11.8+j0.24) and e, = (38.1+j0.81) respectively.
The relative uncertainty of measurements obtained
from equation (6) for the specimens (b) is 2% , for ()
is within 10 %, and for the specimen (d) the
uncertainty is within 12 %. It isseen in Fig.s4 and 5
that the TDR results agree rather well with the
permittivity values determined by the resonance
method at the discrete frequencies.

The upper frequency limit in the TDR measurements
shown in Fig. 4, is related to a half-wavelength
resonance conditions in the dielectric film. The
conditions for the resonant frequency can be obtained

from equation (2) by noting that the first zero of x cot
(X) occurs at x = p/2. Therefore, the resonant
frequency is f, = ¢/(2d Ged), where d is the 3.0 mm
diameter of the film specimen rather than the film
thickness. Thus, for the film with the dielectric
constant of 38 the first resonant frequency f, is about
to about 8 GHz. The multiple reflection pattern due
to propagation in the higher dielectric constant
specimens has been observed directly on the TDR
waveform shown in Fig. 6.

The time between consecutive reflections is about 60
ps, which for the dielectric constant of 38
corresponds to the propagation length of about 3 mm,
and thus, coincides with the diameter of the
specimen. This experimental result reaffirms the
correctness of the fundamenta approach and
simplifications behind the working equation (4). In
comparison to the thin film approximation, the
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Fig. 6. Propagation delay of 60 psis superimposed on the
TDR waveform of the film specimen having diameter of 3 mm
and the value of the dielectric constant of 38.

presented methodology provides more accurate
results at higher frequencies, especially for high
dielectric constant films (see Fig. 4€). The thin film
configuration does not compromise the loss
measurements since the propagation length is
independent of the specimen thickness. However, the
upper frequency range is limited by a singular
behavior of equation 4 near a quarter-wavelength
resonance, due to wave propagation in the specimen
section. For a given dielectric film the upper
frequency limit can be increased by decreasing the
propagation length using a smaller diameter fixture,
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for example the 3.5 mm standard instead of the 7.0
mm.

Conclusion

A time-domain reflectometry technique has been
developed to measure permittivity of dielectric films
in the broad frequency range including the
microwave. The technique can utilize an air-gap, or
any dielectric film of known permittivity as a
reference to minimize the systematic uncertainty. In
order to account for wave propagation in the
specimen section, a working equation has been
delivered to account for the propagation in the
specimen section. In comparison to the previously
developed thin film approximations, the presented
methodology provides more accurate results at higher
frequencies, especially for high dielectric constant
filmsThe technique has been evaluated at
frequencies from 100 MHz to 10 GHz using several
polymer composite films, 40 mm to 100 nm thick,
having the diglectric constant ranging from 4 to 40.
The results obtained in the broad frequency range by
the TDR compared well with those obtained from the
gap-coupled microstrip resonators at discrete
frequencies.
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