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Abstract: This work aims to extract the magnetic properties of cokes used in the furnaces of the Swedish mineral company LKAB.
Using Nicolson-Ross-Weir (NRW) algorithm and 10 sample loads of cokes, It has been found that cokes cause an attenuation of
0.18 to 4 dB/m and exhibit between 2.8 and 3.7 as mean of magnetic permeability and between 0.075 and 0.11 as mean of loss
tangent within 10 to 350 MHz. With these figures, cokes will absorb 7.5 to 11 % of the reactive magnetic field energy and convert
it to eddy currents due its natural electrical conductivity. The measurements are performed at room temperature.

1 Introduction

High temperature conditions are found in industrial environments
such as mining, chemical, and metallurgic processes. The overall
goal of the Horizon 2020 DISIRE project [1] is to improve the effi-
ciency and performance of these types of processes by enhanced
sensing and process control. To reach this goal, wireless sensor
devices will need to be deployed in processes where temperatures
exceed 1200 ◦C for measurement of e.g. temperature or gas prop-
erties [2]. One of these environments is the blast furnace for iron
production, which is heated by the the burning of cokes.

Cokes are commonly produced by destructive distillation of coal
and are mostly used as fuel in blast furnaces for iron production.
They mainly consist of carbon and other minor amounts of some
mineral matter, hydrogen, oxygen, and sulfur [3].

To optimize and smoothen the production process, many
foundries have adapted RFID and wireless sensor technology. These
two permit tracing and tracking of batches and also easy communica-
tion of some important parameters of the production conditions. On
the other hand, cokes might be one of the most important material
which form the propagation medium of the communicated signals.

Materials can shield against electromagnetic waves in two ways:
The first is by reflecting and the second is by absorbing the incident
electromagnetic energy. The shielding effectiveness of homogenous
or composite material is a measure of its ability to attenuate elec-
tromagnetic energy. This latter depends on both its reflection and
absorption properties. Energy not being reflected or absorbed by the
material is transmitted from one side to the other.

Figure 1 illustrates the shielding concept which is achieved by
reflection and/or by absorption. When the wave hits another differ-
ent medium, the difference in the characteristic impedance causes
some of the power to be reflected. The remaining power contin-
ues its propagation in the medium with an exponential decay. The
final attenuation depends on many factors such as material thick-
ness, frequency and electromagnetic properties. All these manifest to
an attenuated transmitted energy. The shielding quality of a shield is
quantified by the shielding effectiveness ratio SE = 20log10(Ei

Et
),

where Ei and Et is the magnitude of the incident and transmitted
field respectively.

Hence, it is necessary, to have inputs on the magnetic properties of
cokes. This will, guide to further conclusions about undesired shield-
ing that this part might cause to the communicated signals in the
environment.

In the work presented in this paper, the main effort is paid to
extract the attenuation caused by the compound (cokes+air) which
form the propagation medium. Unlike, the published work in [4]
[5], which focuses on predicting the permittivity of mixture (air +
pulverized material) of different densities.
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Fig. 1: Shielding concept.

2 T/R and Nicolson-Ross-Weir (NRW) algorithm

The existing methods for material characterization can be classified
either as resonant or non-resonant methods [6]. Resonant methods
have better accuracy and sensitivity, while non-resonant methods are
broadband and require less sample preparation [7].

Transmission/Reflection (TR) non-resonant method is widely
used technique to extract material electromagnetic properties. This
latter is characterized by its broad band and by its simplicity [8] [9].
As illustrated by figure 2, the technique proceeds by placing a sample
in a section of a cylindrical, rectangular waveguide or a coaxial line
and then measuring the two-port complex scattering parameters [10]
[11] . The scattering equations merge the measured scattering param-
eters which are then related to the permittivity and permeability of
the material under test [8].

Nicolson-Ross-Weir (NRW) algorithm combines the scattering
equations (1 to 5) to yield to an explicit equation for the permittivity
and permeability (6) as a function of the scattering parameters. This
solution has been the basis of the commonly employed technique for
extracting the permittivity and permeability from the S-paramters.
On the other hand, this algorithm is not well behaving for low-
loss materials at frequencies corresponding to multiples of one-half
wavelength in the sample. At these frequencies the solution for low-
loss materials is divergent as the S11 approaches zero [8]. As many
researchers, in this work we have overcome this problem by ensuring
that the sample length is less than one-half of the wavelength in the
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Fig. 2: Coaxial transmission line or wave guide setup to hold and
measure sample S-parameters.

material (λm) at the highest measurement frequency. However, this
approach, is also prone to uncertainties which are due to extremely
short lengths [12].
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Fig. 3: Cross section view.

(a) A 15 cm long used transmission line

(b) Cross section view

Fig. 4: Transmission line filled with material under test (Furnace
cokes).

T = e−γ` = e−(α+jβ`) (1)

where
T is the propagation factor,
γ is the propagation constant,
α is the attenuation constant,
β is the phase constant,

Γ = χ±
√
χ2 − 1 (2)

where
Γ is the reflection coefficient at the interface between the air filled
transmission line and dielectric-filled line when the material sample
is infinite in length. The sign of the square root part part is selected
for | Γ |< 1.

χ =
S2
11 − S2

21 + 1

2S11
(3)

T =
S11 + S21 − Γ

1− (S11 + S21)Γ
(4)

1

Λ2
=
( εrµr
λ20
− 1

λ2c

)
= −

[ 1

2π`
ln(

1

T
)
]2

(5)

where
µr and εr are the complex permeability and permittivity of the mate-
rial respectively.
λ0 is the wavelength in the free space.
λc is the cutoff wavelength, which is towards ∞ for coaxial trans-
mission line as TEM mode dominates.

µr =
1 + Γ

Λ(1− Γ)
√

1
λ2
0
− 1
λ2
c

(6)

For coaxial transmission line, 1
λ2
c

= 0 and thus:

µr =
1 + Γ

Λ(1− Γ) 1
λ0

(7)

Equation 5 leads to an infinite number of solutions, as the imag-
inary part of ln 1

T is equal to the phase angle of 1
T + 2nπ, where n

is 0, ±1, ±2, ±3... The proper n is determined by finding a solu-
tion of µr and εr which corresponds to a computed group delay τgn
according to equation 8. This computed group delay is then com-
pared to the measured group delay τg , which can be obtained from
the measured phase angle of the propagation factor T , (equation 9).
The proper n satisfies τg − τgn ' 0.

τgn = `
d

df

[√µrεr
λ0

]
(8)

τg =
1

2π

d(−φ)

df
(9)

Figures 3 and 4 illustrate, the structure of the transmission line
being used to characterize the material. At the highest measurement
frequency ' 350 MHz , the wavelength in the material is approx-
imately 0.3 m, which lets the sample length to be 0.15 m. A thin
coating layer is also added to ensure insulation between the inner
and outer conductors.

3 Power efficiency while line is filled with air and
with cokes

Figure 5, shows the total power factor between 10 and 350 MHz. It
can already be remarked that cokes material absorb some of the mag-
netic power. These losses (1 to 14 %) include the part which is due
to skin depth of the inner and outer conductors of the transmission
line, it also includes the the radiation losses. Both skin depth and
radiation losses can be neglected within these test conditions (length
of line and frequency range).

IET Research Journals, pp. 1–4
2 c© The Institution of Engineering and Technology 2017



101 102
0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

Frequency  log scale (MHz)

Po
w

er
 ra

tio

 

 

Air
Cokes load 1
Cokes load 2
Cokes load 3
Cokes load 4
Cokes load 5
Cokes load 6
Cokes load 7
Cokes load 8
Cokes load 9
Cokes load 10

Fig. 5: Power efficiency factor while using air and 10 different coke
loads in a 15 cm long line.

4 Permeability and permittivity of the medium

Using the equation set described by TR method and NRW algorithm,
the final permeability has been computed for each sample load of
the coke material as shown in Figure 6. Figure 7, shows the mean
of real and imaginary part of the permeability. It is clearly visible
that the compound material is not even comparable with the well
known ferromagnetic materials e.g. iron, cobalt and nickel, however
it has a significant loss tangent due to its relatively high complex
part within this small frequency range. Figure 8 illustrates the mean
of the magnetic loss tangent of the medium which initiates an indi-
cation of lossy material. The final attenuation α is computed based
on equation 10. The attenuation function is already curvature at 100
MHz. Cokes will attenuate signal power by a maximum attenuation
of ' 4 dB/m at 350 MHz. Figures 10 and 11 which illustrates the
permittivity of the medium, agrees with its nature. The cokes have
been isolated with very thin coating layer from the inner and outer
conductors.

α =
π
√

2δ
′
r

λ0

[√
1 + tan2δ − 1

] 1
2

(10)
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Fig. 6: Complex permeability of 10 sample loads.

5 Verification of extracted properties

This section validates the correctness of the extracted properties
by computing the theoretical power ratio based on the material
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Fig. 7: Mean of complex permeability of coke samples.
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Fig. 8: Mean of loss tangent.
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Fig. 9: Attenuation.

characteristics. Comparing the measured and computed power ratio
between ports 1 and 2 in figure 12 , overall, it is clearly visible that
the results match each other. The sources of the small difference can
be caused by skin depth and/or radiation losses and by other uncer-
tainties in e.g, length and structure of the sample holder (coaxial
transmission line).

6 Conclusion and future work

Setting up RFID and WSN devices within a medium which contains
cokes needs a careful planing and consideration. cokes are concluded
to cause lossy medium with up to 4 dB/m at 350 MHz range and thus
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Fig. 10: Complex permittivity of the medium.
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Fig. 11: Mean of complex permittivity of the medium.
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Fig. 12: Verified power ratio with extracted parameters in a 15 cm
long coaxial transmission line.

may lead to unreliable wireless measurement. By shorting the sam-
ple holder one can improve these result for even higher frequency
ranges. This range was initially selected according to the frequency
of communication device being used in the factory.
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