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ABSTRACT: A three-detector microwave ellipsometer is an experimental free-space bench for characterization of non-
transparent materials. It is a non-destructive characterization technic working in oblique transmission in the frequencies range
of 26 to 30 GHz. A vector network analyzer (VNA) is used as microwave source. The method is based on the determination of
complex diagonal tensor which requires the measurement of the sample transmission coefficients. Calibration of the network
vector analyzer is needed in order to correct the values of this coefficients due to the measurement errors. The aim of this
paper is to show that One Path Two Ports calibration method is convenient for this technic.
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1 INTRODUCTION

Natural isotropy is present in many materials at different levels and is directly related to their dielectric properties. As non-
destructive methods, microwave techniques are efficient to characterize it. These techniques are based on measurement of
transmitted or reflected wave send through the sample in free space [1], [2]. For better accuracy of the measurement, a vector
network analyzer (VNA) [3] is used in some cases to automate the process.

In this paper, we use a polarimetric transmission measurement techniques with three fixed detectors to characterize
isotropy of materials in free space as described in some previous works [4], [5]. So called microwave ellipsometry method, the
technique requires the determination of the angle between the elliptical transmitted polarization and the linear incident
waves. This is quite possible by the knowledge of the reflection and transmission coefficients (S11, S21) of the sample under
testing. The incident wave is provided by a VNA through coaxial cables that have to be calibrated. We adopt the One Path Two
Port Calibration method for the errors determination in order to correct these reflections and transmissions coefficients. The
measured and then, adjusted transmission coefficient S21, leads to the three detectors given intensities. These intensities allow
the calculation of the rotation (angle between elliptical polarization axes). The theoretical calculation model is based on the
Jones’ matrix formalism representing each element in the measurement system. In this model, we determine the three
intensities with respect to the angle. First, we calculate the transmission coefficients of the considered sample which are
related to its dielectric properties in given experimental conditions (frequency, incidence angle and angular position of the
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sample). Then, the best matching between measurement and simulation of these coefficients is met by inverse problem
resolution based on classical Levenberg—Marquardt optimization on complex refractive indices [2].

In this paper, we deal with the calibration procedure to be performed for measuring the transmission coefficient in the case
of the three-detector microwave ellipsometer. After all, we will present some results yielded from it.

2 PRINCIPLE OF THE MEASUREMENT

An isotropic media can be described by its thickness d and its three complex optic indexes Nx , Ny and NZ . Generally,
when the material is biaxial, these indexes form an ellipsoid.
N, =n,— jk,, with i = {x, y,z} (1)
Each index is related to a complex permittivity given by:
g =¢—je withi={x,y,z} (2)

Generally, the associated tensor & is symmetric and is given by the following matrix:

e, 0 0
e=| 0 £, 0|3
0 0 ¢,
Similarly to the case of isotropy, 1, =./&; , the elements of this tensor enter into the calculation of the following matrix
[6], [7] A of the equation (4).
B 2
zx zy XX
—k,_, —k, 2 0 1
gZZ zz gZZ
0 0 -1 0
A= & & _|(4)
X 2 zy yz
Ep—E, kp,—¢,+e.— 0 k.
gZZ zz gZZ
gzx zy gxz
gxx - gXZ _ gxy - 8)(2 0 k.XX
L 822 gzz gzz _

kxx is related to the component of the propagation vector kx ,and &, are the elements of the tensor.

The component of the propagation vector through x-axis is given by:
X

k zgno sin@ (5)
c

where 7, is the ambient index and ¢ the angle of incidence angle.

So the expression of kxx is given by:
XX

k. =<k =n,sing (6)
w

The matrix A of equation (4) makes it possible to determine the partial transfer matrix Tp established by Schubert from

the Berremen equation [6], [7]:
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T, = exp(iQA(—d)j 7)
C

where @ is the angular frequency, ¢ the light speed, and d the thickness of the material.

Schubert defined two matrixes: an input matrix Ll. (incident matrix) and an output matrix Lt (matrix of transmission).

The input matrix Ll. is obtained from the tangential components of the electric field and the magnetic field through the

ambient-material interface at z = 0. Then, its inverse matrix L;l is given by the following expression:

0 1 —y 0
1, COS @
0 1 / 0
1 1, COS @
o2l 1
%OS ® 0 0 Ao
—y 0 0 y
| /cosg n |

The output matrix Lt , is expressed according to the variation of the electric fields and the magnetic fields transverse to the

(8)

material-ambient interface at z = d and is given by the following expression :

0 0 cosp, O
1 0 0 0
L= (9)
—-n,cos@, 0 0 0
0 0 n, O

Inourcase @, =@ and n, =n,.

Given the transfer matrix Tp , the inverse input matrix L;l and the output matrix Lt , @ new matrix called the transfer

matrix T is defined and given by the following expression [8], [12], [9], [6] :
-1
=L Tth (10)

This transfer matrix 7 is a 4 x 4 matrix and expressed as follow:
L, T, T, T,
L, T, Ty T
Ly T, Ty Ty
Ty T, T Ty

%}

(11)

The elements of this matrix are used to determine the transmission coefficients which constitute the Jones matrix of the
equation (21). These coefficients are described by the following equations [8]:

P TR
T11T33 _T13T31

foo Tl (13)
sp
TnTz3 _7137—;1
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PSR - S
" TnT33_T13T31

_T31
t, =——3L — (15)
TnT33 _];37;1
The three detectors ellipsometer can be configured for measurement in transmission and either oblique or normal
incidence. In our case, we process in oblique incidence @ (@ = 36" ). During the measurement process, the sample rotates
around the direction of propagation with fixed step (20) in order to obtain a set of measurements. Angular position @ is

measured from the direction of the incident wave [5] Fig. 1.

Source
Linear
polarization Sample

Elliptic
polarization

Analysers Detectors

(rectangular waveguides displaced
by 120° from each other)

Fig. 1. Principle of the measurement method

Transmitted and incident waves fields are theoretically bound by the formalism of Jones matrix [8], [10] given by:
E,=R(6,)M R(-6,)M ,R(6,)E, (16)

where R(@S ), R(—HS) are the Jones’s matrixes of the rotation of the sample and Ms is Jones matrix of the sample.

M is the Jones matrix of the analyzer and R (Ha) is the Jones matrix of its rotation. During measurement, only the sample

rotates whereas the analyzer is motionless (Qa =0).

The linear incident polarization is along the x-axis. Three branches represent the three analyzers which are rectangular
waveguides placed at 120° from each other. As for the three directions, the transmitted electric fields are given by the following

equations:
E, =R(0,)M R(-6,)M ,R(6,)E, (17)

4

E, =R(6,)M R(-0,)M R(6,+120°)E, (18)
E, =R(0,)MR(-6,)M R(6,~120°)E, (19)

The corresponding theoretical electromagnetic intensities are given by the dot product:

I.=E E, (20)
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where i =1,2,3 referring to branch directions.
Theses intensities depend on the angular rotation of the sample ]i(ﬁx) .

For the isotropic case, M Jones matrix is

t 0
M =" (21)
0 ¢

SS

Where tpp t.. are transmission coefficients depending on parallel and perpendicular axes [11], [12], [13].

7 ss
They are function of sample dielectric properties, thickness and incident wave frequency.

The rotation & measured by our ellipsometer [5], i.e. the angle between the large radius of the transmitted elliptical wave
and the direction of the linear emitted wave Fig. 4, is calculated as a function of three theoretical intensities :

\/5([3_12)

(22
21 -1, -1,

1
o = —arctan
2

The three calculated intensities depend on the starting value of the diagonal tensor.

To compare the theoretical value of the rotation & given in equation (22) with its measured value, we need to measure
transmission coefficients through the three detectors. To do so, we use a 2-port calibration procedure to correct them.

3  VNA CALIBRATION

Before measuring S11 and S21 parameters of the device under test (DUT), VNA must be calibrated to calculate system errors.
Depending on the desired correction, different 2 ports calibration types can be performed. The 2-portcalibration method
determines the best uncertainty [14], [15]. The most common used methods consist in calculating 12 error terms, 6 forward
and 6 reverse error terms [16] as depicted in Fig. 2.

e bbb bbbl by i L L LR L L .
: €30 bsc
1) e I ;
: 1 Poay DUT b, :
2 o—> > > > — O bsa
i Sa1 i
€00 €1 i S11 S22 i
: : b3p
: Siz :
by o—= < <t < <—
€10€01 : b, a ;

Fig. 2. Graph of influence model 12 terms

€, : Directivity

e, : Port-1 (Source) Match
€,,€,, : Reflection Tracking
€,(6;, : Transmission Tracking
e,, : Leakage (crosstalk)

e,, : Port-2 (Load) Match
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The One Path Two ports calibration method we use consists of calculating 3 error terms (3 related to port 1 and 2 associated
to Port 2). In our case, we do not take into account isolation error.

3.1 PORT 1 CALIBRATION

TSO (Thru, Short and Offset-Short) tests are required. Then, error terms of port 1 are calculated from Fig. 2:

00 =, (Thru) (23)

672 I (OffsetShort)

((Sllm (OﬁfgetShort)_eoo) = Siim (Short)_eoo)

e, = (24)
S, (Short) =S, (OffsetShort)

e0€y = —(S,,,, (Short) — ey )(1—¢,) (25)

Where I'(OffsetShort) = jwoc*d and d is the distance of the Offset Short
3.2 PORT 2 CALIBRATION
Thru calibration calculates the port 2 error terms. In this procedure e,, = 0.
€10€3204,8,0) = Syim (Thru(A,B,C)) (26)
3.3  S11 AND S21 CORRECTION

To calculate the Device Under Test (DUT) corrected S“, it is necessary to measure S“m and apply the appropriated

mathematical correction [17] using equations (23), (24), (25), which give
Sllm(A,B,C)(DUT)_eOO 27)
€06 T € (Sllm(A,B,C) (DUT) - ¢, )

S

11(4,8,C) —

To calculate DUT adjusted S21 parameter, it is also necessary to measure the S21m parameter and apply proper

mathematical correction16 using equations (24), (26), (27) which give

g _ SZlm(A,B,C)(DUT)(l_eIISII(A,B,C))
21(4,8,C) — (28)
€10€32(4,8,0)

Measurements are done in transmission with three detectors 120° shifted each from other and in oblique incidence as
shown in Fig. 3. Three transmission coefficients corresponding to the three intensities are determined.
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3 detectors
120° from each others

3 rectangular waveguides
(analyzers)

elliptic polarization

Sample mounted on a
. revolving plate

linear polarization
Circular horn antenna with
fresnel lens

rectangular waveguide
(Polarizer)

Source
Fig. 3. Configuration of the experimental measurement bench
The three intensities measured are deduced from corrected S21 (eq. 28).
1, =, , for detector 1 (29)
1, =§,,; for detector 2 (30)

I, =8, for detector 3 (31)

One detector is placed in the direction of the incident polarization. The maximum energy is recovered by this one. The two

other detectors recover quite the same energy is which equal to the quarter of that of the first one.

The Intensities are measured for different angular positions of the sample with a frequency sweep. It is possible to calculate

the rotation & of the equation (22) Fig. 4.
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Fig. 4. Polarization state change of the polarized wave propagating in isotropic media

4 RESULTS

In Fig. 5, we present one example of characterization of a polytetrafluoroethylene (PTFE) sample.

® &

777777 Dl ———F+————-F - - -
| | |
5 8 | & |
jvn At f
i i | d |
e - = )Ry
)
b T | & |
iy ® I f
g ! | f
&b q ,
e - 0 R S ¢ ) S D — -+ - - - - =
D ap (1Y) | an

Rotation of the wave refracted o.(°)
o ¢
SES

,,,,,,, —©— Measurement

Theoretical
|
L

0 700 800

Sample position 0 (°)

Fig. 5. Characterization curve of a PTFE sample having 2 mm of thickness at f = 26 GHz.
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The results of the 2 mm thick refractive indices and absorption indices obtained from the tensor results of complex
permittivities after resolution of the inverse problem for a frequency of 26 GHz of the incidence wave are summarized in Table 1.

Table 1. Characterization results

Thickness 2 mm , f = 26 GHz
£, e, g, £, g, £
2.0921 0.0366 2.1017 0.4091 2.0298 0.0544
n, k. n, k, n, k,
1.4465 0.0126 1.4565 0.1404 1.4249 0.0191

he following example shows the correlation between the model of interaction and the measurement. The PTFE refraction
indices obtained when solving the inverse problem are almost equal to their values given in the several references [18], [19],

[20], [5], where N = \/Z and & is the permittivity of the sample. As the PTFE is known as non-absorbent, it is quite normal
that the absorption coefficients be low.

g
%
p—
'%
I I I I I I I
Y I I I I I I I
ﬁ I I I I I I I
1250 -~ T ikt bbbl el Sl il ity
I I I I I I I
I I I I I I I
I | I | | | I
12F-------+ 1 e e [
I I I I I I I
I I I I I I I
I I I I I I I
1.15F--——— - -+ |- ———— === - I—— === === t- - - 4= F-——— ==
I I I I I I I
I I I I I I I
I I I I I I I
1.1 L | L L | L L
26 26.5 27 27.5 28 28.5 29 29.5 30

Frequency (GHz)

Fig. 6. Variation of absolute indices as a function of frequency
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The absorption Coefficients

| | |
| | |
| | |
| | |
| | |
26 26.5 27 27.5 28 28.5 29 29.5 30
Frequency (GHz)

Fig. 7. Variation of absorption coefficients as a function of frequency

The curve of Fig. 6 shows the evolution of the absolute indices as a function of the frequency and that of Fig. 7 also shows
the evolution of the absorption coefficients as a function of frequency. For the case of the absolute index curve, we note that
the values of the indices are between 1.41 and 1.45. These values are around the values of the absolute index of PTFE which is
of the order of 1.449. The absorption coefficients are close to 0 because the PTFE is known as an isotropic material not very
absorbent. Therefore, we can say that the method of characterization we proposed makes it possible allows to determine the
absolute index of PTFE along three directions.

5 CONCLUSION

In this paper, we presented the principles of a three-detector free-space polarimetric measurement method for
determining the refractive indices of an isotropic material using the ellipsometric principle model of an anisotropic medium.
We studied its feasibility with PTFE samples whose the results were compared to those which are expected. To do so, we
introduced the One Path Two Ports calibration method, a method among two-port calibration methods used in the microwave
domain to determine measurement errors. The applications of this characterization method can be extended to a wide range
for non-transparent materials such as epoxy, extruded plastics, etc.
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