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Abstract

The present study aims to contribute for the estailent and validation of numerical simulation of
electromagnetic materials complex permittivity @gsi rectangular wave guide structure. For this gsepthe
simulated values of complex permittivity for numhadrliquids have been determined in the X and Kndsa
using software Ansoft HFSS simulator. The simulatesults are discussed and compared with resultheof
literature and the calculated data using theoileledye’s model. Finally, the percentages of erlmsveen the
simulated and theoretical results are estimated.cbmparison shows a good convergence, which giegathe
application of the adopted methodologies for theeditric behavior prediction of different liquid teaals in the
frequency range [8,2 — 18] GHz.
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1. Introduction

The material characterization is an important isfuemany material production, processing, managémen
applications in agriculture, food engineering, neatlitreatments, and bioengineering [1]. The deteation of
the dielectric properties of liquids has high picadt potential in many industrial, medical, as welb
environmental sectors [2]. A broad variety of measment techniques has been proposed in the literf&l For

the determination of the dielectric propertiesiqtiids, there is several methods available, such as tleesfrace
technique, coaxial probe, waveguide, resonant \aaitd parallel plate [4]Generally, the choice of a method
depends on the kind of material and characterizdbp Because waveguide measurements are highbitse,
sample holder preparation is relatively easy andhaeical connections of waveguide sections are Isirapd
robust, waveguide sample holders have effectivebenb applied for precise and accurate dielectric
characterization of liquid samples [6, 7d.Tobtain the precise permittivity of a liquid samplwe use the
rectangular-waveguide transmission line techniquettie simulation. In this technique, the sampldicpiid is
filled in the cross section of the transmissioreli®, 8]. The reflection from and the transmissibrough the
sample are measured [9]he present paper branches out into two relateigoThe first one re-examines the
Debye mathematical model to retrieve the relatiommlex permittivity of liquid samples. The secomgit is
concerned about the implementation of a computatiomodeling to predict the behavior of electromaigne
materials in confined environment by using electgnetic three-dimensional simulation Software AnBSS.

- 575 -



J. Mater. Environ. Sci. 3 (3) (2012) 575-584 Belrhiti et al.
ISSN : 2028-2508
CODEN: JMESCN

2. Analysis
Figure 1 shows the waveguide filled with a dieliecsample, where Vo, Zs, andys are the wave impedance and
propagation constant in an air filled and samplediwaveguide, respectively

d
-—>

Zo, Yo Zs, Ys Zo, Yo

SAMPLE

Figure 1 Waveguide filled with single dielectric sample

By the transmission/reflection line theory, the megsions for the total transmission and reflectimmough a
series of dielectric inside a waveguide are give(il) and (2), respectively. In the analysis, wsbassume that
the dominant mode Tis present inside the waveguide [6, 10]:

_ Ts (1_ rsz) _ 4V5Vo (1)
Sz = 22 ~ 2 2
1-TTs™ (Vs + Vo) exp(ysd) — (Vs — Vo)~ exp(-ysd)
5, = Fs@-T%) _ (Yo" ~vs")2explysd) = (Vo' s )explovsd) ()

1-TPTS (Vs * Vo) exp(vsd) = (Vs =~ Vo) exp(-vsd)
Ts,T's and d are the transmission coefficient and tfecten coefficient respectively, and d is the gdariength.
Where:

Yo = iBo ©)
Ys =0+ |Bs- 4)
The propagation coefficient of an air-filled wavétgiis:
2T )\0 2 %
=—|1-(— 5
po=2111-09)2 ©

The propagation coefficient of a loaded wavegugde i
B = E ()\_0)2 —-£ %

S )\0 )\C r
A, and A_are the wavelength of free space and the cutoffelemgth of the waveguide for TEmode, and

e, = ¢'-je"is the relative complex dielectric constant. Itolsvious that § and S,; are functions of complex

permittivity of the sample under test. Thereforacethe measured reflection and transmission oieffis are
obtained, complex permittivity of the sample carelracted by an optimization procedure such adNthgton—
Raphson method [3], [11]. The equation to solvelmamritten as follows [12]:

1 T.0-T2)+pra-T2
B e T Y
According to the equation (7Bvaries as function of the sample length, uncenfamscattering parameters, and
loss characteristics of material [12]. In the cafa low loss dielectric materialf<0) and therefore the estimated
value is optimal and the complex permittivity ishomextracted from the 53 parameter [6].However, only
complex permittivities of low-loss liquids were iesated in this work. Theoretically, the well-knovidebye’s
equation is used to carry out the computation afex permittivity of materials as follows [6]:

g=g, +o5 o (8)

1+ jt

(6)
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€ is the complex permittivityg is the static permittivity€, is the permittivity at the infinite frequency, and

is the relaxation time. The Debye’s parametersested liquids from various researchers are showahle 1.
Those parameters were used to calculate the corpphaxittivity at each frequency over X and Ku bands

Table 1 Debye’s Parameters Obtained from Varioteraiures

Materia €, €, T(pSec) | Referenc
Chlorobenzer | 5.5¢ 2.2 10.5 [13]
Butano 17.] 3 43¢ [14]
2-Propanc 20.¢ 3.8 254 [15]
Acetone 21.z 1.€ 3.3¢ [14]

3. Numerical Smulations

A new approach is presented that relies upon 3Btrelmagnetic simulation results to characterizedtm@plex
permittivity of homogeneous low-loss dielectricuig materials. The numerical simulations were egrrout
according to flowchart presented in figure. 2. histcase, the relative complex permittivity’s ofcldiquid
sample were deduced from a scattering matrix deflmetween the sample planes. The theoretical ¢otngti
parameters using Debye Model were used in simulagohnique to predict the scattering parametesanfple
which is completely filled in waveguide.

START IN HFSS
with the calculate value of complex permittivitying Debye Model

v

Recover the Sparameters using
HFSS Simulator

\4

Use the $parameters
in HFSS Simulator

l

Use the equation (7) walculate
iteratively the complex permittivity

Figure 2. Flowchart of the numerical simulation used in toenplex
permittivity calculation

The iterations continue until convergence whichréasonably quick. Initial estimates can be obtainsithg
Debye’s approximations at the starting frequenadgh wubsequent iterations using the values detextnat the
previous frequency. A Matlab program was writtenotutain relative complex permittivity of sample 201
frequency points over each band.
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4. Results and Discussion

The procedure has been tested with WR90 and WR&2guédes operating in the frequency range X and Ku
bands respectively. The scattering parameters eotehted structure were obtained by performing lsitiauns
using the 3-D electromagnetic software Ansoft HF&Sthis procedure provides flexibility to explatiéerent
materials without the need for fabrication [16]. this approach, we simulated the frequency respohgbe
rectangular waveguide structure by providing speaifaterial characteristics and extracted thesarpaters from
the full-wave EM scattering parameters using thtec@dure described earlier in figure 2. The destgicgire in
HFSS is presented in figure 3.

Figure 3. Rectangular waveguide structure simulated usofgpv@re Ansoft HFSS

The simulated results of relative complex permiigivof low loss liquid dielectrics, such as Chloroberee
Butanol, 2- Propanol, and Acetone are presentdigjimes 4 — 7, respectivelyn order to verify the accuracy of
the simulations, all simulated results of each darape compared to the Debye’s equation.
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Figure 4-a Simulated and theoretical values of the complerigvity
of Chlorobenzene sample over the X band

- 578 -



Belrhiti et al.

J. Mater. Environ. Sci. 3 (3) (2012) 575-584

ISSN : 2028-2508
CODEN: JMESCN

Frequency (GHz)
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Figure 5-b Simulated and theoretical values of the complernjigvity
of Butanol sample over the Ku band
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Figure 6-a Simulated and theoretical values of the complerigvity
of 2-Propanol sample over the X band

|

2+--—————- i L ,,,,,,,,,,,,,,,,,,,,,,,
| | | | |
| | | | |
L | | | |

1 Imagnary Part— S L]

e e e | L

: | | | |
| | | | |

O L L 1 L L

12 13 14 15 16 17 18
Frequency (GHz)

Figure 6-b Simulated and theoretical values of the complergévity
of 2-Propanol sample over the Ku band
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Figure 7-a Simulated and theoretical values of the complerigvity
of acetone sample over the X band
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Figure 7-b Simulated and theoretical values of the complerggvity
of acetone sample over the Ku band

The simulated values of relative complex permityivover X and Ku bands of Chlorobenzene, Butanol,
2-Propanol, and Acetone are respectively preseimefiures 4 to 7. These results are compared wWith
theoretical values from the Debye’s equation. Adoway to the comparisons, the simulation resultssshgyood
agreement. Additionally, it is seen that the sirtedavalues agree reasonably well with the publisted [4], [6],
[8]. In tables 2 and 3, we show the dielectric ¢ants for selected frequency points across theuéecy range
from 8.2 through 18 GHz.
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Table 2 Dielectric constants for selected frequency paatt®ss the X band

Chlorobenzene Butanol 2- Propanol Acetone

Frequency Simulated| Debye| Simulated| Debye| Simulated| Debye| Simulated| Debye

(GH2) value | Model| value | Model| value | Model| value | Model
g g g g g g g g

8.2 4.8¢€ 4.8¢€ 3.17 3.027 3.7t 3.€ 20.9¢ 20.6¢

9.€ 4.7z 4.6¢ 3.11 3.0Z 3.6 3.57 21.0¢ 20.4¢

11 4.65 4.5¢ 3.07 3.01 3.€ 3.5E 21 20.2:2

12.2 4.5¢ 4.3 3.0t 3.01 3.5¢ 3.5¢ 20.8¢ 19.97

Table 3 Dielectric constants for selected frequency paati®ss the Ku band

Chlorobenzene Butanol 2- Propanol Acetone

Frequency Simulated| Debye| Simulated| Debye| Simulated| Debye | Simulated| Debye

(GH2) value | Model| value | Model| value Model value | Model
g g g e e g e g

13.¢ 4.21] 4.21] 3.05: 3.00¢ 3.6€ 3.53¢ 19.8( 19.7

15.2 4.1°F 4.07 3.12 3.00¢ 3.62 3.52 19.5¢ 19.4]

16.€ 4.12 3.9 3.09: 3.00¢ 3.5¢€ 3.5z 19.2¢ 19.0¢

18 4.11] 3.87 3.0¢ 3.00¢ 3.5:2 3.51 18.71 18.7¢

For error estimations, several factors which aftbet accuracy of the complex permittivity deterntiima are
extensively treated in the literature [12], [17}. $imulation configuration, the sample length ahd sample
holder length, the reference planes, and unceytamtmagnitude and phase of Parameters are accurately
known. In this case, we are interested in the mgage error between theoretical values of compérjitivity
and those obtained from simulatioi$ie simulated values and theoretical results fb@hye’s equation are used
to find the percentage error of dielectric consfemn the following equation:

0 — |£'S_£Id|
% Error x100 (9)

1
S

Where £'; is the dielectric constant from simulatiorgs, is the dielectric constant using Debye’s approxioma

The percentage errors of simulated dielectric @msdre presented in the histograms (figures. B sh®wing the
percentage errors of each tested liquid at seldgdency over X and Ku bands.

It's seen from the histograms that the percentaggseon dielectric constant is between 0 % and%,8n the

selected frequency points over the X band. Additilgn the percentage errors are less than 4,2 %wband

with the exception of Chlorobenzene where the paage errors achieve 6,2 % at 18 Ghizgeneral way, the
simulations and Debye model describe praticallysdume dielectric behavior of tested liquids. Atdidifference

between our results and the published values ouletbd from Debye’s equation can be observed. Herstand
this difference, it is important to mention thaé teimulation configuration takes place in an idmalironment,

where temperature effect, container effestaporation and oxidation leading to the decreasgolume and
thickness of liquids in a sample holdand air gap effects are not taken into account.

- 582 -



J. Mater. Environ. Sci. 3 (3) (2012) 575-584 Belrhiti et al.
ISSN : 2028-2508
CODEN: JMESCN

o 5h--------] I Chlorobenzene | -~~~ < 8/ | I Chlorobenzene
< o [ Butanol < | | EButanol
4l | - C12Propanal |- 185 1 2-propandl
o | ||  |WemsACEONE o N W o4 - 1
F I g
5 B3]
2 g

1r-- 1

0 0

Figure 8 Histograms of the (%) error betwe Figure 9 Histograms of the (%) error betwe

simulated and theoretical dielectric constant for Ssimulated and theoretical dielectric constant for

Chlorobenzene, Butanol, 2-Propanol, and Acetone Chlorobenzene, Butanol, 2-Propanol, and

for selected frequency points across X band Acetonefor selected frequency points across Ku
banc

Conclusion

A simulation procedure of rectangular wave guidacsttre for the determination of complex permitiof
liquid materials has been proposed. The methodised on simulating the; parameters of each sample
using electromagnetic three-dimensional simulation SaftwAnsoft HFSS The simulated parameters are
then used to estimate the complex permittivity framclassical Newton-Raphson's methdde have
validated the proposed approach with the complemipivity determination of four liquids in the Xnd Ku
bands. The extracted material parameters are decwithin 6,2 % error for dielectric constant, when
compared with the specified values over the frequeange 8,2 — 18 GHz. Considering the simplicitg a
accuracy over a broad frequency band, this methrogep to be useful for the prediction of complex
permittivity of liquid materials for a wide rangé applications.
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