UNIVERSITY
OF TRENTO

Ny "._ .( /"
RO

DIPARTIMENTO DI INGEGNERIA E SCIENZA DELL’INFORMAZIONE

38123 Povo — Trento (ltaly), Via Sommarive 14
http://www.disi.unitn.it

DETERMINATION OF THE COMPLEX PERMITTIVITY VALUES
OF PLANAR DIELECTRIC SUBSTRATES BYMEANS OF
AMULTIFREQUENCY PSO-BASED TECHNIQUE

R. Azaro, F. Caramanica, and G. Oliveri

January 2011

Technical Report # DI1SI-11-023







Determination of the Complex Permittivity Values of Planar
Dielectric Substratesby meansof a Multifrequency PSO-based

Technique

R. Azaro, F. Caramanica, and G. Oliveri

ELEDIA Research Group

Department of Information Engineering and Computer S@enc
University of Trento, Via Sommarive 14, 38050 Trento - Italy
Tel. +39 0461 882057, Fax +39 0461 882093

E-mail: {renzo.azaro, federico.caramanica, giacomo.oliveri} @disi.unitn.it



Determination of the Complex Permittivity Values of Planar
Dielectric Substratesby meansof a M ultifrequency PSO-based
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Abstract

In this paper, an innovative technique for the determimatibthe dielectric properties
of planar substrates is presented. Starting from a set oédiapce measurements per-
formed on a section of a microstrip transmission line builtle planar dielectric substrate
under test, the proposed technique formulates the recamtistn problem in terms of an
optimization one successively solved by means of an effestiochastic algorithm. Such
a method allows one the reconstruction of the permittivijues at multiple frequencies
by simply using a vector network analyzer and a standardbreaidon procedure for the
impedance measurement. The results of some represerdatieeimental tests are shown

for a preliminary assessment of the effectiveness of thpgeed approach.

Key words: Permittivity Measurement, Dielectric Substrate Chandza¢ion, Microwave Mea-

surements, Particle Swarm Optimizer.



1 Introduction

The knowledge of the dielectric properties of planar swtiefis of great importance for an ef-
fective design and development of planar antennas [1]J2}j8 microwave circuits [4][5][6][7].
This is more important when dealing with low cost materialspse performances are usually
not guaranteed by the producers. Several methodologiestdean developed in order to char-
acterize dielectric materials in different frequency baadd with different accuracies. Some
techniques are based on the use of resonant systems [10(§,atliner techniques employ non-
resonant sections of transmission lines [11][12]. Up fd H z, measurements setups are based
on lumped-component circuits, while distributed-parandevices are employed when dealing
with higher frequencies. In the latter case, the Materiall&iTest (MUT) is placed at the ter-
minal section of a coaxial or waveguide transmission limenside a resonant cavity. Because
of its simplicity and accuracy, the resonant cavity metht@],[ based on the detection of the
resonant frequencies and losses, is widely used when heraogs materials are considered.
On the other hand, the transmission line method [11][12¢mheines the dielectric properties
of the MUT by measuring amplitudes and phases of the sigreatsmitted and reflected by a
material sample inserted in a transmission line. Otherrigeles devoted to the permittivity
estimation in wide frequency bands are still derived fromttlansmission line method, but they
are based on the use of open-ended and non-invasive coesigd9[13][14]. Moreover, such
techniques are generally used to characterize biologgsids [15]. Recently, an interesting
method based on the use of a planar four-port microwave eewid only-scalar measurements
has been proposed in [16], as well.

In order to overcome the need of customized probes or ctibibrprocedures, this letter presents
an optimization methodology based on standard impedanasurements. The effectiveness of
the proposed approach has been assessed by means of ssterasés and two representative

examples are presented and discussed in the following.



2 Permittivity Reconstruction Procedure

Let us consider the measurement sample composed by a safcsioort-ended microstrip trans-
mission line (Fig. 1) and simply obtained by the photolitggnic printing of a microstrip line
on the planar substrate of MUT. Such a structure is chaiaeteby a lengthl, and a width
M, w being the width of the microstrip transmission line. Moreny is the height of the con-
ductive strip andh is the height of the planar substrate of the MUT. Besides dwnggtrical
parameters, the electromagnetic behavior of the sampletesrdined by the conductivity of
the conductive parts and by the dielectric properties ofstitestrate [i.e.c, (f) andtand (f)
of the MUT]. The two-port circuit is terminated on a shortotiit and it is connected to a SMA
coaxial connector on the other side, respectively. ThetinppedanceZ,,,,.; is a function of
both the known geometrical parameters and the unknownatiiElgroperties of the sample

under test

Zinput (f) - Zinput {Q, A (f)} (l)

wherea = {L, M, w, h, t, o} is the set of known quantities and = {z, (f), tand (f)} is
the unknown array of the dielectric properties of the MUT &odharacterized. The problem of
the permittivity characterization is recast as on optimaraone. Accordingly, let us define the
cost functionll { A} aimed at quantifying the matching between simula?@%t and measured

o INput impedance values at the sampling frequengies=1, ..., I

! ’
TM{A} — i=1

Zinoui (fi) = Zinp (i)
2 - (2)
Ziput (i)

In order to minimize (2), an iterative PSO-based procedsigsed because of the complexity

1
i=1

of the function at handThe PSO is a robust stochastic search procedure, inspirdeelspcial
behavior of insects swarms, proposed by Kennedy and Elkarh&®95 [17]. Thanks to its
features in exploring complex search spa®S0 has been employed with success in different
fields of electomagnetics ranging from from inverse sciatdil 8][19] and antenna design [20]
up to transmission line matching [21]. As regards the prokdéhand, the solution is yielded by

integrating the PSO-based procedure with a method-of-mts1{®&oM) [22] electromagnetic
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simulator devoted to the computation of the input impedath;ﬁt in correspondence with a
PSO-estimated trial dielectric distributiomhe full-wave electromagnetic simultor, developed
at ELEDIALab, is able to compute the frequency behavior efittput impedance of the lenght
of microstrip transmission line taking into account its gexdrical parameters, the frequency-
varying dielectric properties of the substrate, the skguit boundary condition at the end of
the transmission line and assuming as input section theséogon at the opposite enMore
specifically, the procedure considers a set of trial sahst'r_bl(f), p=1,.... P, k=0,..K (p
being the trial solution index anfdthe iteration index). Starting from a randomly-generated (
the worst case when repriori information are available) initial se_‘tl(,o), a succession of trial
solutions is generated according to the PSO strategy [1i/@aéh iteratiork, the optimality of
the dielectric reconstruction is evaluated by computintpwie MoM simulator the value of the

cost function1®

opt IN CcOrrespondence with the best trial soluti@iﬁ reached up till now (i.e.,

Ag;i = aryg {mmpvk [H {AI(,’“)}] }). The iterations stop when a maximum number is reached

(k= K)or wheanfZi < n (n being an user-defined convergence threshold).

3 Numerical Simulation and Experimental Validation

In order to give an indication of the effectiveness of thegmsed technique, two representative
examples will be described in the remaining of this section.

The first test case is concerned with a sample of pl&Rt (of? = {L =80mm, W =
120mm, w = 10mm, h = 1.6 mm, t = 35 um, o = 5.8 x 1077 .S/m}). Moreover, the other
example considers a planaron substrated " = {L = 80 mm, W = 60 mm, w = 10 mm,

h = 08mm,t = 35um, o =58 x 1077 S/m}). In order to reduce radiation phenomena
from microstrip line and in order to have non negligible attation phenomena the samples
for measurements and simulations are designed by using havacteristic impedance lines
(wider widths of the microstrip) and line lenght longer thamuarter of wavelenghtFigure

2 shows the photos of the two samples of MUT with the shorudiscand equipped with the
SMA connectors for the input impedance measuremelriis.short circuit have been made by
using a copper sheet having width equal to that of the migpsansmission line (according

to the numerical model used for simulations) and solderdavdmn the trasmission line and
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the ground plane. In order to measure the input impedantajube same input section of
the microstrip transmission line considered during sirtioites, before measurements the vector
network analyzerAnritsu S332D) has been calibrated with an open circuit, a short circuit an
a matched load appositely built using three SMA connectbiiseosame type of that connected
to the samples during impedance measuremdihie.input data for the reconstruction process
have been measured at the frequengies- 1.0GHz, f, = 1.5GHz, f3 = 20GHz, f, =
2.5GHz, and f5 = 3 GH=z with a vector network analyzer by assuming the transverseepl
between the samples and the SMA connectors as referenbedtiah section. As far as the
PSO is concerned, the following setup has been used: a pgmputd P = 5 trial solutions, a
threshold equal tg = 1073, and a maximum amount &f = 200 iterations.

Figure 3 shows the behavior of the cost function versus #ratibn numbek: for both the
MUT samples, while the values of the reconstructed penrtittat the frequencies of interest
are given in Tabs. I-1l, respectively. For completeness plots of the impedance values (sim-
ulated and measured) are also reported Figs. 4-5 for a cathgassessmenin order to
validate the obtained results, the permittivity valuesaot®d with the described methodology
have been used to calculate the input impedance of the samifpi@nsmission line under test
with an electromagnetic software different from that imeggd in the proposed reconstruction
technique. To this end a finite-difference time-domain (ED)€lectromagnetic simulator has
been employed and the results have been compared with reesenis As expected (also from
the value of the cost function at the convergentigre is a good agreement between simulated
and measured data in correspondence with both materials/batkver the frequency value.
there is a good agreement between the measurements anddhmaldalated with the recon-
structed permittivity values at the same frequency valuesidered during the recostruction

process.

4 Conclusions

In this paper, a method for estimating the dielectric pemity of planar substrates has been
presented. It is based on the use of a PSO-based optimizatadagy and it only requires the

photolitographic building of one-port MUT samples as wellsample input impedance mea-
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surements. For the experimental validation, two diffemanar substrates of different materials

have been considered and the reconstruction results cewfitine reliability and effectiveness

of the proposed approach.
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FIGURE CAPTIONS

e Figure 1. Geometry of the MUT samplesa) top view; (b) side view
e Figure2. MUT samples: &) FR4 and () Arlon substrates.

e Figure 3. Iterative cost function minimizationBehaviour of the cost functions vs. the

iteration number.

e Figure 4. FR4. Comparison between simulated and measurec:dancevalues of @)

Re{Z} and ) Im{Z}.

e Figure5. Arlon. Comparison between simulated and measurgcbdancevalues of @)

Re{Z} and @) Im{Z}.

TABLE CAPTIONS

e Tablel. FR4. Reconstructedelativepermittivity values(real part and loss tangent)

e Tablell. Arlon. Reconstructedelativepermittivity values(real part and loss tangent)

10



ns

L I
|

o
— »

(b)

Fig. 1- R. Azaro et al., “Determination of the complex permittivity ...”
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Fig. 2- R. Azaro et al., “Determination of the complex permittivity ...”

12



10 T T T

FR4
rl tot
ﬂ Arlon
tot
10” ¢ .
10-2 1 1 1
0 50 100 150 200

Iteration number k

Fig. 3- R. Azaro et al., “Determination of the complex permittivity ...”

13



=i
5=
-,
F
4
$
¢
/
\h'
[P
- |
||||||||||| A
~—
7
L,
T
p
¢
>
S
\l\\\
S N
1
| lllnllllk:lll
_ - l/_u.
_ 3
| g
kol u
29 w
S 5 |
= 3 »
5 \.
. — 2 ~\\\
AN S
(=3 = 0 5
N 1 1

[wyQ] (z)oy eouepadui

3.5

3.0

25

2.0
Frequency [GHz]

1.5

1.0

0.5

(@)

<
N
DS
1 IV
[ N S S
+
i .
_ hY
Fo o
o0 I~
P \
< = X
= @«
R
E2 \
= \
\
B MR
LA
e e =
L
\
\
3
LI
\
\
\
\
\
\
~
e I
LRhRL e =
:l:://
\
AY
\
\
\
A
\
\
\
\
\
<
Seel
(=4 =) o o o =
(= S S S =4
el N — = 5

[wyQ] (Z)wy souepadury

-300

2.0 2.5 3.0 35
Frequency [GHz]

1.5

1.0

0.5

(b)

Fig. 4- R. Azaro et al., “Determination of the complex permittivity ...

14



20
Simulated ><
Measured —
15
E
F=
S
S
[}
@ 10
[}
o
c
[
kel
[
Q.
E
0
0.5 1.0 15 2.0 25 3.0 35
Frequency [GHz]
(a)
300
Simulated X
Measured
200
E 100 A
=
S}
g
E > > -,
] / / \/
=
: 7
el
[}
Q.
£ -100
-200
-300
0.5 1.0 15 2.0 25 3.0 3.5

Frequency [GHz]

(b)

Fig. 4- R. Azaro et al., “Determination of the complex permittivity ...

15



35

3.0

\n
T gl /
. bd 1
i o | v
H ks 1
+ pe + 1
i 3 i !
ki
13 3 "33
[Sa}
=3 = =3 |
= J = \
Es £S8 .
71— BRI S Q‘MM. ||||||||||||||||||Hnnuuuunu.
................ N i 3
= N N\
N \
r.« S \
b as |
< @) [
3 —
G o W
[ B 1
Y — \
by Q a \
=
A 8= .
=<, (5] S
> = Se—is
||||||||||| =) B e e SR Lty
= 1 g} SN,
7 - \
/:_/ /
P \
) \
< [}
2
(=] \
4 — \
m \
< \
< \
> N\
i S~
\\\ _ A R T Sttt ettt
vy (=3 (=3 [ =3 (=] (=3 (=3 (=3
s S S S S S S
S 0 =) " = a N = i N Q
[uy0] (z)o 2ouepadu [unyO] (Z)uw 2ouepaduy

2.5

2.0
Frequency [GHz]

(b)

16

1.5

1.0

Fig. 5- R. Azaro et al., “Determination of the complex permittivity ...



20

Simulated Y
Measured
15
E
F=
S
S
[}
@ 10
[}
o
c
IS
kel
[
Q.
E
5
0
0.5 1.0 15 2.0 25 3.0 35
Frequency [GHz]
(a)
300
Simulated X
Measured
200

100

-100

Impedance Im(Z) [Ohm]
o
&\"
N

-200

-300
0.5 1.0 15 2.0 25 3.0 3.5

Frequency [GHz]

(b)

Fig. 5- R. Azaro et al., “Determination of the complex permittivity ...

17



Frequency [GHz] &, tan

1.0 4.467927 0.024564
1.5 4.120244 0.019092
2.0 4.250521 0.037016
2.5 4.487276 0.016115
3.0 4.248079 0.026322

Tab. | - R. Azaro et al., “Determination of the complex permittivity ...”
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Frequency [GHz] &, tan

1.0 3.131630 0.002956
1.5 3.131736 0.001443
2.0 3.131643 0.002536
2.5 3.131580 0.002502
3.0 3.149573 0.002147

Tab. Il - R. Azaro et al., “Determination of the complex permittivity ...”
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