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Noniterative Stable Transmission/Reflection
Method for Low-Loss Material Complex

Permittivity Determination
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Abstract—This paper describes a new noniterative transmis-
sion/reflection method applicable to permittivity measurements
using arbitrary sample lengths in wide-band frequencies. This
method is based on a simplified version of the well-known
Nicolson–Ross–Weir (NRW) method. For low-loss materials, this
method is stable over the whole frequency range: no divergence
is observed at frequencies corresponding to integer multiples of
one half wavelength in the sample. The accuracy on the dielectric
permittivity is similar to that obtained with a more recently
proposed iterative technique. A general equation for complex
permittivity determination including the Stuchly, NRW, and new
noniterative methods, is also proposed.

I. INTRODUCTION

PERMITTIVITY and permeability measurements are re-
quired in numerous applications for a large variety of

materials. The most widely used techniques in the microwave
region are: cavity resonators, free space, open-ended coaxial
probe, and transmission-line [1]–[4]. Highresonant methods
are accurate, but can be used narrow band. Free-space and
open-ended coaxial probe methods are not destructive for the
samples, but are less accurate. Transmission-line techniques
are the simplest methods for electromagnetic characterization
in wideband frequencies. They include short and open lines
(one-port measurement) and transmission/reflection lines (two-
port measurements).

For the transmission/reflection method (TR), the measuring
cell is made up of a section of coaxial line or rectangular
wave guide filled with the sample to be characterized. The
sample electromagnetic parameters are deduced from
the scattering matrix defined between the sample planes and
are usually measured with an automatic network analyzer. The
Nicolson–Ross–Weir (NRW) procedure [5], [6] is the most
commonly used method for performing this calculation. This
method has the advantage of being noniterative and applicable
to coaxial line and rectangular waveguide cells.

It is well known that this method diverges for low-loss
materials at frequencies corresponding to integer multiples
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of one half wavelength in the sample. Many authors have
proposed different solutions to eliminate these instabilities
1) either by decreasing the sample length to less than one
half wavelength but to the detriment of the accuracy or 2)
by using a recently proposed iterative procedure applicable
to permittivity measurements [7]. Because of its iterative
character, before starting the calculation the former procedure
requires a correct estimate of permittivity in order to reach a
mathematical solution.

In this paper, we identify the origin of the various forms of
instability associated with the NRW method in case of low-
loss materials. To suppress these instabilities, we present a
different formulation and a simplified version of this method
applicable for dielectric materials. Finally, we undertake an
accuracy analysis.

II. I NSTABILITIES FOR THE NRW METHOD

IN CASE OF LOW-LOSS MATERIALS

The procedure initially proposed by Nicolson and Ross
[5] and Weir [6] is deduced from the following equations,
which are applicable for the coaxial line cell (TEM propa-
gation mode) and the rectangular waveguide cell with TE
propagation mode [8]–[11]:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

where and are the reflection and transmission scat-
tering parameters; and are the first reflection and the
transmission coefficients; and represent. respec-
tively, the propagation constants and the impedances of the
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empty and filled cells; and correspond to the free-space
and the cutoff wavelength; is the sample length; and and

are the sample electromagnetic parameters.
The NRW procedure includes two steps, shown in (9)–(14)

(9)

(10)

(11)

(12)

(13)

(14)

First, and the term are calculated from the
measured scattering parameters using (9)–(12). These are
determined from (1) and (2). The equality
is similar to the expression where is the
wavelength in the sample. Secondly, both complex permittivity
and permeability are calculated using (13) and (14). These
latter equations are deduced from (3) to (8). Equation (13) is
dependent upon the parameter:

which represents the wavelength in the empty cell.
It is well known that for low-loss materials, the NRW

procedure presents divergence at frequencies corresponding
to integer multiples of one half wavelength in the sample.
This is illustrated in Fig. 1, where the real permittivity and
permeability of a polytetrafluoroethylene (PTFE) sample is
plotted against of frequency in 8.2–12.4 GHz band waveguide.
At these particular frequencies, the magnitude of the mea-
sured parameter is particularly small (thickness resonance)
and the phase uncertainty becomes large. This leads to
the appearance of inaccuracy peaks on the permittivity and
permeability curves.

Equations (13) and (14) reveal that the two terms
and occur in the calculation of the complex

permittivity and permeability. In Figs. 2 and 3, we have
represented the variation of these two terms (magnitude and
phase) corresponding to the previous PTFE sample versus the
frequency. We can notice that the inaccuracy peaks are visible
only on the term and not on although
these two terms depend on the parameter. Hence, the term

is only responsible for the inaccuracy peaks
observed on the electromagnetic parameters. The opposite

(a)

(b)

Fig. 1. Real permittivity (a) and permeability (b) of a PTFE sample charac-
terized inX band waveguide (NRW procedure).

(a)

(b)

Fig. 2. The evolution of magnitude (a) and phase (b) of the term1��=1+�
for PTFE sample versus frequency.

divergence observed on real permittivity and permeability
(as shown in Fig. 1) can be explained as follows: the term

and its inverse occur, respectively,
in (13) and (14).
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(a)

(b)

Fig. 3. The evolution of magnitude (a) and phase (b) of the term�0g=� for
PTFE sample versus frequency.

Fig. 4. Real permittivity obtained from the noniterative method for PTFE
sample.

III. M ETHODS DEVELOPED TO SUPPRESS

INSTABILITIES FOR DIELECTRIC MATERIALS

A. Baker-Jarvis Iterative Method

Baker-Jarviset al. [7] proposed an iterative procedure to
bypass the inaccuracy peaks applicable to dielectric materials.
The permittivity is calculated numerically using (3)–(6) and
(16)

(16)

This equation is obtained by considering (1) and (2) of the
scattering parameters as a function of the first reflection and
the transmission coefficient. This iterative method, applicable
to coaxial line and rectangular waveguide cells, is stable for
low-loss materials if parameter is set to zero. In this case,

permittivity can be calculated on the basis of the scattering
parameter.

B. New Noniterative Method for Dielectric Materials

1) Different Formulation of the NRW Method:In the fol-
lowing equations, a different formulation of the NRW method
is proposed:

and with (9) to (12)

(17)

(18)

(19)

(20)

Equations (9)–(12) are unchanged, and an intermediate step is
added by introducing the effective electromagnetic parameters

These parameters presuppose a TEM propagation
mode in the cell. These effective electromagnetic parameters
are deduced using mathematical expressions (17) and (18),
which are determined from the first reflection and the
transmission coefficient :

(21)

(22)

The sample electromagnetic parameters are then de-
duced from the effective ones using (19) and (20), obtained
by equating (5) and (7) of the propagation constant and the
impedance with (23) and (24) [13]:

(23)

(24)

This new formulation has two advantages: 1) it is easily
extended to other measuring cells like, for example, microstrip
or coplanar lines [14] or rectangular waveguide with TM
propagation mode and 2) the two terms introduced in the
previous section appear in the expressions of the effective
electromagnetic parameters [i.e, (17) and (18)].
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Fig. 5. Influence of then parameter on the calculated real permittivity"
0 for

PTFE sample (observed forn = 0 and, respectively,n = 1+ x; n = 1� x

with x = 0:2):

Fig. 6. Real permittivity accuracy for low-loss material as a function of
normalized length and influence of then parameter.

2) New Noniterative Method for Dielectric Materials:For
dielectric materials, assuming that it is
possible to establish a new expression of the effective complex
permittivity from (17) and (18):

(25)

This relationship can also be obtained from (22). This equation
is still valid to calculate the material permittivity, in particular
as far as the rectangular waveguide cell is concerned. To our
knowledge, (25) has not been reported in the literature. In this
equation, the term has been eliminated and, taking
into account the conclusion of Section II, we can expect the
suppression of the inaccuracy peaks on the permittivity. This
is confirmed in Fig. 4 and points out the interest of this new
procedure of calculus, called the “new noniterative method.”

C. General Equation

For dielectric materials a more general
equation can be written by combining (17) and (18)

(26)

The exponent is a positive or negative real. This general
equation includes the Stuchly method [12] (with ),
the NRW method (with ), and the new noniterative
method (with ). In Fig. 5, we have represented the
calculated permittivity for PTFE versus frequency at various

Fig. 7. Comparison of real permittivity accuracy obtained using the new
noniterative method and with that determined from the Baker–Jarvis iterative
procedure for a low-loss material.

values of the parameter. We can notice that inaccuracy
peaks amplitudes decrease asapproaches the value of one,
and completely disappear when Fig. 5 also shows a
symmetry in the inaccuracy peaks for cases and

(for example, and ). This is easily
explained by the intervention of the term
in (26).

IV. UNCERTAINTY ANALYSIS

A. Calculus Method

From the effective permittivity accuracies and by using (20),
it is possible to determine the material permittivity ones as
follows:

(27)

(28)

The effective permittivity uncertainties are calculated from the
following formulas [7]:

(29)

(30)

where and and and are, re-
spectively, the uncertainties on the magnitude, the phase of
scattering parameters, and the sample length. The and

uncertainties are those given by the automatic network
analyzer specifications [15]. The derivatives in (29) and (30)
can be calculated from the following equations:

(31)

(32)

(33)
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By using (9) to (11)

(34)

(35)

(36)

and general equation (26)

(37)

(38)

The data processing was made automatic by writing an HP
Basic program that accepts as input the simulated materials
together with scattering parameters uncertainties and gives as
output the permittivity accuracies.

B. Discussion

The method described in the previous section is used to
study permittivity accuracies in the general case from the
influence of the parameter. For these simulations, we have
chosen the same materials as those used by Baker–Jarviset
al. [7]. In Fig. 6, we see the influence of theparameter in
case of a low-loss material The accuracy
on is plotted against the normalized sample length at 3
GHz for a coaxial line. The data obtained confirm the previous
results, i.e, the best accuracy on the permittivity is obtained
for the new noniterative method This result can be
explained by the influence of theparameter in (37) and (38)
for

It is possible to compare the Baker-Jarvis accuracies with
those found using the new noniterative method. From the
Baker–Jarvis iterative method, we have calculated the accuracy
from all the expressions given in their paper [7]. These results
are given in Figs. 7 and 8 for materials of different losses.
We conclude that the permittivity accuracies found from these
two methods are similar.

V. CONCLUSION

In this paper, we have shown that the term
is responsible for the NRW method instabilities observed
with low-loss materials. Introducing effective electromagnetic
parameters, we have proposed a different formulation of this
method that has the advantage to be easily extended to other
measuring cells, including TM waveguide, microstrip, and
coplanar lines. For dielectric materials, setting

we have established a general equation for permittivity
determination based on a simplification of this method. This
general equation includes the Stuchly method and the NRW

(a)

(b)

Fig. 8. Comparison of (a) real and (b) imaginary permittivity accuracy
obtained from the new noniterative method with that determined from the
Baker–Jarvis iterative procedure for a high-loss material.

method obtained for particular values of the real parame-
ter (respectively, ). The particular case

corresponds to the new noniterative method. This
method presents the advantage of being stable over the whole
frequency range for arbitrary sample lengths. Uncertainty
analysis has been performed for different losses materials. The
permittivity accuracies have been compared and found similar
to those determined from the Baker-Jarvis iterative method.
Other advantages of this new noniterative method have been
found: 1) it maintains the analytical character of the NRW
method and 2) a correct estimation of the permittivity is not
necessary to converge to the solution.
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