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In this study, an optimization approach is shown to improve the accuracy of the Nicholson
and Ross Weir (NRW) method to determine both the complex permittivity and
permeability of the lanthanum iron garnet-filled PVDF-polymer nanocomposite loaded in
a rectangular waveguide. The complex permittivity and permeability values were in turn
used in Finite Element Method to calculate the S-parameter and were found to be in good
agreement with the measured values.
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1. Introduction
Ferrite loaded polymer nanocomposites with permittivity less than 10 are increasingly
used in microwave devices such as isolators, filters and circulators [1–3] .At X-band frequencies,
simultaneous and determination of both the complex permittivity * and permeability * of
materials are usually calculated using Nicholson and Ross Weir (NRW) method [4] based on the
measured S-parameter of samples loaded either in a coaxial sensor or a waveguide. Unfortunately,
the NRW solution diverges at frequencies corresponding to integer multiples of one halfwavelength in the sample when simultaneously calculating * and * [5].
This paper presents an improved technique for the NRW method by applying optimization
technique by fitting the values obtained from the theoretical complex transmission and reflection
coefficients to the measured values with *, * and thickness d as the arguments. Comparison
results with finite element method are presented to illustrate the flexibility and usefulness of the
optimization technique.
As a soft ferrite material, lanthanum iron garnet (La3Fe5O12) has been used in various
applications in electronic devices. This is because of its efficient absorption of electromagnetic
waves, low saturation flux density, low losses at high frequencies, high resistivity and easy to
magnetize and demagnetize. As a result, polymer-based composites filled with ferrite particles,
such as cobalt-ferrite, NiZn-ferrite, and MnZn-ferrite [6, 7] have attracted considerable attention
over the years.
Many methods have been used for measuring the S-parameters as electromagnetic
properties of the materials [8, 9]. In our previous works [10, 11,12], the transmission reflection
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rectangular waveguide technique (T/R) was conducted in order to obtain the S-parameters of the
materials [13]. Moreover, in our previous studies, the Nicholson-Ross-Weir (NRW) method was
applied to calculate simultaneously the complex permittivity and permeability of the lanthanum
iron garnet-filled PVDF-polymer as nanocomposite sample [10]. The calculations were based on
measured the S-parameters of mentioned sample which positioned in rectangular waveguide at Xband frequencies. Furthermore, The NRW method was introduced in order to calculate the Sparameters of the mentioned sample by applying obtained complex permittivity and permeability
as well as [10, 13]. The comparisons of the results obtained by rectangular waveguide in
conjunction with an Agilent N5230A PNA-L Vector network analyzer (VNA) and NRW method
were presented to show the validation of obtained complex permittivity and permeability of
sample [10].
The Finite Element Method (FEM) was applied to simulate the rectangular waveguide
with three dimension of the geometry [14, 15]. The model consists of a rectangular waveguide
with microwave propagation transition through it. This model applies the RF Module’s Port
boundary condition for the wave propagation problem.
2. Methodology
2.1 Finite Element Method
In the FEM formulation, the electric field in the rectangular waveguide was discretized
using tetrahedron elements [16, 17, 18]. Hence, within each tetrahedron, the unknown field can be
interpolated from each node value by using the first order polynomial [19] as follows:
𝜌𝑒 (𝑥, 𝑦, 𝑧)= 𝑎𝑒 +𝑏 𝑒 𝑥+𝑐 𝑒 𝑦+𝑑𝑒 𝑧

(1)

The electric field in the rectangular waveguide is
E e = ∑6i=1 Nie Eie (x, y, z)

(2)

where 𝑁ie , 𝑖= 1, 2, 3...6 are the six complex amplitudes of electric field associated with the six
edges of the tetrahedron, and 𝐄ie (x, y, z) is the vector basis function associated with the 𝑖 th edge of
the tetrahedron. Using boundary condition and integration over the volume of one tetrahedron
[Sel ]. {Nie } = {v e }

(3)

These element matrices can be assembled over all the tetrahedron elements in the sample
region to obtain a global matrix equation
[S] × {Ni } = {v}

(4)

The solution vector{Ni } of matrix equation (7) is then used to determine both the scanning
Parameters S11 and S21 [21].

2.2 Sample Preparation
LIG was prepared according to the previous our work [22]. Amorphous LIG was
synthesized by sol-gel method. The pure phase crystalline cubic LIG was obtained by the heat-
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treatment of the as-prepared amorphous material at 700 ˚C for 2h in air atmosphere. PVDF13%LIG as a nanocomposite sample was prepared by solvent method with 13 % filler and 87 % of
PVDF in the form of a rectangular sheet with 3 mm thickness.
2.3 Experimental Method
PVDF-13%LIG as nanocomposite sample was snugly fitted into a WR-90 waveguide then
the scattering Parameters were measured in the frequency range of 8 -12 GHZ by using an Agilent
N5230A PNA-L network analyzer. In this technique the fundamental transverse electromagnetic
(TEM) mode is the only mode that propagates in rectangular waveguide. Network analyzer was
calibrated by implementing a standard full two-port calibration technique (SOLT) for 201
frequency points. The experiments carried out at room temperature.

3. Results and Discussion
3.1 Material characterization
Characterization of the sample was carried out by various techniques which the results
have been reported in our previous work [22].
3.2 Complex Permittivity and Permeability
In our previous study, The NRW method was applied to determine simultaneously the real
and imaginary parts of complex permittivity and permeability of PVDF-13%LIG based on
measured the scattering parameters. The results indicated that the decreasing in real and imaginary
part of complex permeability and real part of complex permittivity resulted in increasing the
frequency; meanwhile imaginary part of permittivity tends to become constant when frequency
increased. The mean values of real and imaginary parts of the complex permittivity and
permeability of mentioned sample at X-band frequencies were (4.33-j0.09) and (1.24-j0.15)
respectively [10].
3.3 Optimization Technique.
This study suggests the use of an optimization method [23,24] which should be able to
provide a more accurate way to determine permittivity and permeability as well as their
uncertainties. In this case, all the possible errors are lumped into an error term included in an
objective function to be minimized by an optimization technique. The objective function to be
minimized is the sum of squared difference between the measured and calculated values of the
Scattering Parameters. The variation in S11 and S21 with frequency for PVDF-LIG composite is
shown in Figure 1. It can be clearly seen that both the measured S11 and S21 values were in
between the FEM and NRW results.
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Fig. 1. The Variation of S11 and S21 with frequency for LIG-PVDF composite

using FEM for S11 and S21 indicate that the mean relative error were 0.118 and 0.109 whilst
NRW were even higher at 0.182 and 0.132, respectively.We introduced NRW-optimization
technique with objective functions F to reduce the relative errors between the measured (S11 and
S21 ) and calculated parameters (R and T).
2
2
F (𝜀𝑟 ,𝜇𝑟 , d)= ∑N
i=1[(R(𝜀𝑟 , 𝜇𝑟 , d) − S11)) + (T(𝜀𝑟 , 𝜇𝑟 , d) − S21) ]

(5)

where
ω
c

T(𝜀𝑟 , 𝜇𝑟 , d)= exp (−j ( ) √(t(1) − j t(2)). (t(3) − j t(4)) . 𝑡(5))
t(3)−jt(4)
−1)
t(1)−jt(2)

(√

R(𝜀𝑟 , 𝜇𝑟 , d)=

t(3)−jt(4)
+1)
t(1)−jt(2)

(√

(6)

(7)

where t (1) and t(2) are the real and imaginary parts of the permittivity, t(3) ), and t(4) are the
real and imaginary parts of permeability and t(5) is the sample thickness to be determined from
the optimization program running . It was found that the relative mean errors between the
measured and calculated S-parameter were 0.033 and 0.001 when using objective functions
represented by eq. 6 and eq.7, respectively. The latter gives optimum values of εr , μr and d equal
4.05-j0.037, 1.72-j0.068 and 3.091 mm, respectively. The increase in the thickness d value was
due to sample expansion when fitted tightly into the waveguide.
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(a)

(b)
Fig. 2. Magnitude S11 a) and S21 b) for PVDF-YIG in X-band frequency by using NRW, FEM and
optimization technique

Figures 2 shows the improved results obtained when using the NRW-optimization
technique where the mean relative error. Also shown in the figure were the improved values of
FEM-optimization using the optimized valuesεr , μr and d. However it should be noted that the
FEM is an expensive and time consuming method which is usually never used in practice to
determine both the complex permittivity and permeability of materials. Our results suggest the
NRW-optimization technique provides a powerful and efficient technique for simultaneous
determination of both *, * as well as providing a true thickness d of sample tightly loaded in a
waveguide.
4. Conclusion
The application of NRW-optimization technique provides a simple and accurate technique
for simultaneous and determination of complex permittivity and permeability of YIG-PVDF
nanocomposite loaded in a standard waveguide in the X-band frequency. This approach made the
optimized NRW more accurate than FEM. As evidence for this statement, the mean relative error
of the optimized NRW was observed to be 0.033.
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