RESEARCH ARTICLE | OCTOBER 10 2014
Determination of constitutive parameters of homogeneous
metamaterial slabs by a novel calibration-independent

method
U. C. Hasar; G. Buldu; M. Bute; J. J. Barroso; T. Karacali; M. Ertugrul

’ '.) Check for updates ‘

AIP Advances 4, 107116 (2014)
https://doi.org/10.1063/1.4898148

N CrossMark
@

View Export
Online  Citation

"
0
3]
c
©
>
©
<
=
<

AIP Advances

Special Topic: Novel Applications of

Focused lon Beams — Beyond Milling

AIP
AlP ,/é‘_ Publishing

Z‘_ Publishing

62:75:21 €202 J8quieosq g


https://pubs.aip.org/aip/adv/article/4/10/107116/584196/Determination-of-constitutive-parameters-of
https://pubs.aip.org/aip/adv/article/4/10/107116/584196/Determination-of-constitutive-parameters-of?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/adv/article/4/10/107116/584196/Determination-of-constitutive-parameters-of?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1063/1.4898148
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2257994&setID=592934&channelID=0&CID=828614&banID=521522702&PID=0&textadID=0&tc=1&scheduleID=2178736&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fadv%22%5D&mt=1703422469501571&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fadv%2Farticle-pdf%2Fdoi%2F10.1063%2F1.4898148%2F12875673%2F107116_1_online.pdf&hc=f62b6308d4abf7eeb3c03a3841a4afbf2912b7d9&location=

@ CrossMark
AIP ADVANCES 4, 107116 (2014) e

Determination of constitutive parameters of homogeneous
metamaterial slabs by a novel calibration-independent
method

U. C. Hasar,"22 G. Buldu,' M. Bute,! J. J. Barroso,® T. Karacali,2*
and M. Ertugrul®*

'Department of Electrical and Electronics Engineering, University of Gaziantep,

Gaziantep 27310, Turkey

2Center for Research and Application of Nanoscience and Nanoengineering, Ataturk
University, Erzurum 25240, Turkey

3Associated Plasma Lab., National Inst. for Space Research 12227-010 Sdo José dos Campos,
SP, Brazil

“Department of Electrical and Electronics Engineering, Ataturk University, 25240, Erzurum,
Turkey

(Received 2 July 2014; accepted 28 September 2014; published online 10 October 2014)

A calibration-independent line-line method for broadband and simultaneous consti-
tutive parameters determination of homogeneous metamaterial (MM) slabs is pro-
posed. It is shown that the sufficient condition for parameters retrieval by the
proposed method is to measure uncalibrated (raw) complex scattering parameters
of measurement cells (different air regions in free-space) which are completely and
partially loaded by the two identical metamaterial slabs. The stability of derived
equations for different measurement uncertainty cases is analyzed. We have validated
the proposed method by using simulated scattering parameters of a MM slab with
split-ring-resonators and then by comparing the extracted electromagnetic param-
eters with those of a general method used in the literature in the cases with and
without a small offset in reference-plane positions (as well as other measurement
errors). From this comparison, we note that while the general method does not
eliminate those errors, the proposed method not only does not introduce the non-
physical anti-resonance behavior but also removes the measurement errors arising
from different mechanisms such as inaccurate reference-plane positions and mis-
matched connections. © 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4898148]

. INTRODUCTION

Materials characterization is an important research field involving an analysis of electromag-
netic responses of various materials through the relative complex permittivity (g,), the relative
complex permeability (u, ), and other related parameters (e.g., magneto-electric coupling and chiral
parameters). With the advent of artificial resonant-type structures (coined as metamaterials—MMs),
it becomes possible to devise an engineered material with some exotic electromagnetic properties
including negative refractive index (n) so that otherwise unattainable applications such as perfect
lenses' and invisibility cloaks”> come into real. The first fabricated MM was composed of periodic
arrangement of a metallic-dielectric cell with split-ring-resonators (SRRs) and a thin metal wires
on opposite faces of a dielectric substrate.®> After this MM structure, various MM slabs have been
proposed for different purposes, some of which are given.*”’
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In artificially constructed MM structures, both the size of the composite particles and the
period of lattices are generally made larger than the wavelength at the particle resonance, and so a
homogenized description® applies thus allowing the description of the properties of MMs in terms
of bulk or macroscopic material parameters (g, and ;). In the literature, very interesting tech-
niques have been proposed for retrieval of electrical properties of homogeneous MMs.>8-2" Many
of these methods require some sort of calibration (named as calibration-dependent techniques)
before accurate measurements are carried out.>3~!'7 However, calibration kits used for calibration
of measurements may produce inappropriate material characterization due to inaccurate scattering
(S-) parameter measurements arising from imperfect calibration kits. In recent studies, we have
applied calibration-independent techniques'®° for accurate electromagnetic characterization of
MMs. Nonetheless, these techniques are restricted to the measurement of either &, or y,..

It was shown that the complex propagation constant (y) (as well as all the properties of an
unknown transmission line and those of the junctions to the measurement lines) of a non-reflecting
line can be determined from uncalibrated (raw) S-parameter measurements by a line-line (LL)
method.?'~2* In this research paper, we propose a new calibration-independent method based on the
LL technique for constitutive parameter (&, and u, ) measurements of isotropic MM slabs.

Il. THE METHOD
A. Background

Fig. 1 presents the measurement configurations of our method for retrieval of constitutive para-
meters of a homogeneous® MM slab with different lengths, L; and L,. Here, the length of a MM
slab refers to the length of the substrate in the propagation direction (in our analysis, it is the x
direction as shown in Fig. 2(a)). More information about definition of the length of MM slabs can
be found in Section IV. S| and S, denote the two-port networks for the slab region with different
lengths (shorter and longer ones) to be determined; and X and Y designate two-port (error) networks
corresponding to transitions used for linking S; and S, to a vector network analyzer (VNA) or
a calibrated reference plane. In Fig. 1(a), the shorter slab with length L, is placed between two
horn antennas, while the longer slab with length L, is positioned between the same antennas in
Fig. 1(b). The final configuration, Fig. 1(c), illustrates the case when the shorter slab at arbitrary
distances Ly; and L, replaces the longer one. In each measurement configuration, it is assumed
that the regions where the slabs are positioned are at far field (zone) of the antennas (plane wave
assumption) and that X and Y are asymmetrically spaced (D; # D;) from each measurement cell.
The networks X and Y include source and load match errors, errors due to mismatched connections,
transitions between connecting cables and horn antennas, contact structures, embedded devices,
etc. The methodology in calibration-independent techniques is to characterize S, and/or S, without
resorting to any knowledge of error networks X and Y'; that is, the effect of these networks has to be
removed from the whole system.

B. Propagation constant determination

For the analysis of cascaded networks, either of the two transfer matrix forms, namely,
ABCD??" or wave cascading matrix (WCM)'8-20:28-30 can be employed. Because the WCM form
is more useful for treating two-port calibration problems than the ABCD form,?® in this paper, we
will use the WCM form.

The basis for propagation constant determination in the LL technique (discussed in Section I)
relies upon using two identical unknown MM slabs with different lengths L, where u =1 or 2
asymmetrically (D; # D,) spaced from the antennas as schematized in Fig. 1(a) and Fig. 1(b).?!=2*
We use the matrices Tx, Ty, Tr; and Ty, for modeling, respectively, the transitions X, Y, and the
measurement cells including slabs with different lengths. The WCM presentation of the whole sys-
tem in Figs. 1(a) and (b) for two measurement cells loaded with slabs can be expressed as'8-20-28-30

Mu = TXTLuTYa (1)
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(@)

FIG. 1. Typical two-port measurement problem: unknown two-port network (S and S) and two-port error networks, X

and Y.

where

1
M, =—5 (w)
wlo-

(u) glu) (u) g(u) (u)
Slz Sz1 _Sn Szz Sn ]

(@)

and S,(c”) parameters (k,/ = 1,2) are the uncalibrated (raw) measured complex S-parameters. Using

!
Eq. (2), the theoretical WCM form for 77, in Eq. (1) can be expressed as'$20-%°

I, = 1 .- T(1-T.,)
T A-T)T, |-T(1-T2) 1-T°7T% |’
where
r= E_Ti, Tyo=elu, z=7+iz" =uJe,, n=n"+in" =& i,
2r

. ’ o ’ P
Y=y Yo=<ine, er=eptie), =iy

3

“

&)

Here, v, z, and n are, respectively, the propagation constant, normalized wave impedance, and
refractive index of the slab-filled cell, and 7y, uo, and A correspond to the propagation constant,
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FIG. 2. (a) Configuration of the unit cell for the analyzed SRR MM slab (for better visualization, the substrate thickness
and the dimensions of the metallic inclusions are not drawn to the scale of the cubic cell) and (b) magnitudes of simulated
S-parameters of two MM slabs with L; = 4.0 mm (periodic arrangement of unit cell in y and z directions with periods
a, = 4.0 mm and a; = 4.0 mm) and L, = 8.0 mm (cascade connection in the propagation (x) direction of two identical
MM slabs with length L), corresponding to the configurations in Fig. 1(a) and 1(b), respectively.

permeability, and wavelength of free-space. In our mathematical analysis, exp(—iwt) time depen-
dence has been assumed in phasor (complex) domain.
The theoretical WCM form for 7}, given in Eq. (3) can be written in a different form?? as

Tru = TrTouT7", (©6)

where %! denotes the inverse of the matrix ‘> and

(1T T 0 o
Srapr ™7 lo 1

Using Egs. (1), (6), and (7), we can write
MMy = (TxTr) (Tol Ty,') (TxTr) ™. ®)

It is obvious from Eq. (8) that M{M; Iand TOlTo_zl are similar matrices.!8-20-2 Using the fact
that similar matrices have the same trace (denoted by 7'r in the remainder of the manuscript), which
is the sum of diagonal elements in a square matrix, and hence both matrices have the same eigen-
values, from Eq. (8) we obtain?>??

Tr(MiM;') + \/[Tr (MIMZ-I)]2 -4

2 b
where A 2) = exp(FyAL), AL = L, — L, and X represents either forward or backward traveling
waves inside the slab. Finally, the propagation constant will be

In (M 1,2
Vi) = x%. (10)

M) = ©)

C. Constitutive parameters determination

The technique for determination of &, and u, of isotropic homogenized MM slabs by the pro-
posed method is based upon using raw S-parameters measured on a given cell completely filled with
a longer slab and then partially filled with a shorter slab as shown in Fig. 1(b) and Fig. 1(c).

The WCM form of the whole system for a measurement cell loaded by the shorter slab (Fig.
1(c)) can be written

My = TxT' T\ T> Ty, (11)

62:%5:Z) €202 1oquiade( g
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where

a, 0

T, =
0 1/ay,

} ., = e, (12)
and Ly, and L, are arbitrary lengths of air-filled sections inside the measurement cell in Fig. 1(c).
Then, using Eqgs. (1) and (11), we obtain

My M5 = TxTi T\ ToT ;5 Ty (13)

It is clear from Eq. (13) that Tr(M21M2‘1) = Tr(TlTLszTL‘ZI).18‘20’29 Next, using Egs. (3), (11),
and (12), we find an objective function

Fop(T) = AT + Aol + A3 = 0, (14
where
T2
A=—L 4 a/lasz;zz —Ay, Ao=Tr (M21M2_])T31TS2’ (152)
a1 '
a2+ a?—-a2a? -1 a*+a?
R L R EXCARL | oy BEV Y
s17 Q@) ’ ) a2
T2
A3: s2 + QIGZTE] _AO- (15C)
a1y

It is obvious from Eq. (14) and (15) that F,,; is a function of only I since using Egs. (9) and (4), Ty
and Ty, can readily be expressed as

)LI/AL )LZ/AL

Ts1 = (M) . To= (Mo (16)

As a result, using Tr(Mle‘l) and Tr(M21M2‘1) we can determine " from Eq. (14). Because

there are two roots for I' in Eq. (14), the correct root can be chosen by imposing the constraint

IT| < 1 (or Re{Z,} > 0) for passive samples and continuity of I' over frequency. Finally, the &, and
4, can analytically be determined by using Egs. (4), (5), (9), and (14) as

2

1+T 1

=2 {), e =—(2]). (17
vo\1-T Hr \ Y0

lll. ON ACCURACY AND STABILITY OF THE PROPOSED METHOD

In the derivation of the objective function in Eq. (14) it is tacitly assumed that @; # 1 and
a; # 1. It is instructive then to evaluate what happens when a) @y =@y =1 and b) | = a; = a9
where @ # 1. We will also demonstrate how the correct root for A ») and 7y 2) from Egs. (9) and
(10) can be selected. Finally, we will investigate the stability of the derivations for (1,2 in Eq. (10)
and I' in Eq. (14) for different values of S-parameters.

A. Analysis of special cases for a1 and a5,

We first consider the case when | = @, = 1, corresponding to the case in which the shorter
slab with length L, fills completely the measurement cell in Fig. 1(c). Although this case is already
taken into consideration in the determination of y in Subsection II B, it is important for two reasons:
1) it verifies the derivation of the objective function in Eq. (14), and 2) it underlines the basic idea
behind the constitutive parameters (&, and u, simultaneously) determination.

Substituting a; = @, = 1 into Egs. (14) and (15), we obtain with the assumption of I # 1

AV =712 475 - A, AV =280, AP = A, (182)
E + Ts2) ,

18b
TSZ Tsl ( )

Tr(TpiTy,) = (

62:%5:Z) €202 1oquiade( g



107116-6 Hasar et al. AIP Advances 4, 107116 (2014)

where A(ll) s A(zl), and Agl), respectively, correspond to the Aj, Ay, and Az values when @ = a, = 1.
Here, it is clear that Eq. (18b) will reduce to Eq. (9), which accordingly verifies the derivation of
F,5j(I"), and that this case does not give any information about the value of a physical I (|I'] < 1).

We next consider the case when a; = @, = @y where a( # 1, corresponding to the case of the
shorter slab symmetrically positioned into the measurement cell (the same air regions between the
end surfaces of the shorter slab and the terminals of the cell) in Fig. 1(c). Reflecting the condition
a] = @y = g where ag # 1 into Egs. (15a)-(15c) we determine

A(2)_Ts21 272
1= Ty = Ao, (19a)
@,
1
A== L (1= @y + T2 (1 + )] + 280 (19b)
0
2
A(z)_Tsz 272 _ A 19
3_?4-0/()31_ 0- ( C)
0

where A(lz), Agz), and A(32)’ respectively, correspond to the A1, Ay, and A3 values when o) = @ = a9
where @ # 1.

Because using Eqgs. (10) or (18b) we can determine at most either &, or u, via the complex pro-
pagation constant y, we also need to measure I to extract £, and u, simultaneously. It is apparent
from Egs. (19a)-(19c¢) that A(z), A(22) , and A(32) are all linearly independent from one another so that
their substitution into Eq. (14) will not allow the factoring out of the I" term. Therefore, this case
gives some information about I'. As a result, considering these two special cases, we conclude that
the sufficient condition for simultaneous &, and u, determination in LL methods is to measure
raw S-parameters of two measurement cells which are completely and partially (symmetrically or
asymmetrically) loaded by the two identical unknown slabs with different lengths (L; # L,).

B. Solving the ambiguity in the selection of the correct propagation constant

It is obvious from Eq. (9) that A(; ») represents both forward and backward traveling waves inside
the MM slab. In this circumstance, it is difficult to discern which eigenvalue, A; or A, (in Green’s
function terminology), corresponds to forward or backward traveling waves at a given frequency. To
resolve this problem, a simple technique using the comparison of A ) at different frequencies was
introduced.?® In applying this technique, for the first two lowest frequencies in the band, the positive
solution of Eq. (9) is arbitrarily retained and plotted in the complex plane. For each of next frequencies,
the two possible solutions in Eq. (9) are tested and only the one which ensures a monotonic variation
of A, in the complex plane is taken as the correct solution. This technique resembles to similar
ones in the literature>®*'~3* and is based on the principle of causality of physical (non-anticipative)
systems in which the system response is directly dependent upon past and present values of the input.

C. Stability analysis for the complex permittivity and permeability determination

Because the derivations for &, and y, depend on MM land My M35 I we have to monitor the
effects of measurement uncertainties on &, and y, determination. Using Eq. (2), we can express
Tr(MiM;") as

(1) o(1) (2) o(2) 1) ( (D) (2) (2) (o2 (1)
S18 + 8138 =S (522 +87 ) -5 (511 + Szz)
(1) o(2)
$051

Tr(MM; ") = (20)

When both Si'f) and Sé’? approach zero in Eq. (20), the value of Tr(M;M; ") will not go to zero
or infinity as in the case of broadband constitutive parameters determination by the methods>%!°
(i.e., inadequacy of retrieval procedures®>-*), and thus will be stable. In addition, it is well-known

that the phase uncertainty of measured reflection S-parameters (S 5114) and S;Z)) increases significantly

62:%5:Z) €202 1oquiade( g
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when Sf'f) and Syzl) simultaneously or separately approach zero. This situation results in a large
ripple in the extracted &, and yu,>® (or anti-resonant behavior®>) by most S-parameter techniques

in the literature since the phase uncertainty in SY{) and/or S;‘z‘) is multiplied by 1/ |Si‘1‘)| and/or

1/ IS%)I in the process of extracting &, and u,.>%'0 Here, the vertical bars on each side of a quantity
denote its magnitude. On the other hand, it is expected that the proposed method will extract more
smoother &, and u, over a broad band since the effect of phase uncertainty is already mitigated
by the amplitudes of reflection S-parameters in Eq. (20). Because the WCM and ABCD matrix

representations preclude both Sgl‘) and SYZ’) from approaching zero, the derivations of &, and p, will
(u)
12

be stable by the proposed method. However, when the amplitudes of Sy]') and/or S,,” become less
than approximately -30 dB (depending on the accuracy of measuring instrument), the uncertainties
in amplitudes and phases of S;';) and Si‘z‘) will greatly increase, and this circumstance may adversely
affect &, and u, extraction. As a result, the derivations for €, and u, from Eqgs. (10) and (14) are

generally effective and suitable for high-to-low-loss (but not very high-loss) MM slabs.

IV. RESULTS

For validation of the proposed method, in this section we consider a MM slab with SRRs in
rectangular or circular form. This MM slab structure is one of the mostly studied MM slabs in
the literature.>*3-10:17-20 The cell of the analyzed slab, as shown in Fig. 2(a) —slightly differing
from that in,>* is assumed to be in cubical form (a, = a, = L =4 mm) and has the following
features. The substrate onto which the metal strips of SRRs are placed has a complex permittivity
of &, = 4.4 —i0.15, a thickness of 7 = 0.25 mm, and an area of 4 X 4 mm?. Strips are assumed to
be copper [5.8 x 107 (S/m)] with a thickness of 17 um. The outer ring length is / = 2.2 mm and
both rings have a linewidth of w = 0.2 mm. While the slit gap is g = 0.22 mm for both rings, the
separation distance between inner and outer rings is s = 0.15 mm. While the MM slab with length
L; = 4.0 mm is obtained by periodic arrangement of the cell in Fig. 2(a) in the y and z directions
with periods a, = 4.0 mm and a, = 4.0 mm, the MM slab with length L, = 8.0 mm is obtained by
the cascaded connection of two identical MM slabs with lengths L; = 4.0 mm in the x direction
(wave propagation direction).

S-parameters simulations are performed by a commercial 3-D full electromagnetic simulation
software (CST Microwave Studio©”). In the simulations, electric (magnetic) boundary conditions
for which tangential components of electric (magnetic) fields are zero are applied at xy (xz) planes.
To ensure periodicity of the unit cell (Fig. 2(a)) in the yz plane as well as a wave propagating in the
x direction, waveguide ports are positioned over yz planes. Fig. 2(b) demonstrates magnitudes of
the simulated S-parameters of the investigated SRR MM slabs with L; = 4.0 mm and L, = 8.0 mm
(simulated S-parameters for the configurations in Fig. 1(a) and 1(b), respectively). For simplicity,
phases of the these simulated S-parameters as well as S-parameters of the configuration in Fig. 1(c)
are not shown. It is seen from Fig. 2(b) that both of the investigated SRR MM slabs with lengths L,
and L, resonate around 11.0 GHz, at which fast variation of S-parameters is notable.

It is a well-known fact that for the analyzed wave incidence (wave propagation in x direction
and electric field in z direction), the cell in Fig. 2(b) behaves as an isotropic MM slab (no coupling
between electric and magnetic fields*!’), characterized by both &, and y, or both z and n [Egs. (4)
and (5)]. For validation of our method, we first substitute the simulated S-parameters, corresponding
to the configurations in Fig. 1(a)-1(c), into Eq. (2). Then, we calculate the matrix multiplications
M21M2‘1 and M1M2‘1. Next, we find y from Eq. (10) and I from Eq. (14). Using Eqs. (17) and
(4), we finally extract n, z, €., and y, values, as shown in Figs. 3 and 4, of the analyzed MM
slab by applying the proposed method (PM). The same figures also illustrate the extracted n, z, &,
and p, parameters of the MM slab with length L; = 4.0 mm by the general method (GM) in.>!%!7
We have the following two important points drawn from the dependencies in Figs. 3 and 4. First,
each extracted electromagnetic parameter by the proposed method is in good harmony with that
by the general method. Second, while extracted &, by the general method is less than zero over
approximately 10.3-11.0 GHz (as seen from the inset in Fig. 4(a)), that by the proposed method is
greater than zero over the whole analyzed frequency band (5.0-15.0 GHz). It is a well-established
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FIG. 3. Real and imaginary parts of the retrieved (a) refractive index (n) and (b) the normalized wave impedance (z) by the
general method (GM) in Refs. 3, 10, and 17 and the proposed method (PM).

fact that for a passive medium such as that we consider in our paper in Fig. 2(a), €/ (and y’) must
all be positive in the whole frequency range.>%1%-16:17:35.38 [y 3 recent study, it has also been shown
that non-physical anti-resonant behavior [a decay in the electromagnetic property with increasing
frequency (e.g., a negative slope of &, between 10.3-11.0 GHz in Fig. 4(a)) and an increase in
power gain around the resonance band (e.g., &, < 0 between 10.3-11.0 GHz in Fig. 4(a))] of ex-
tracted electromagnetic properties comes from not periodicity of MM slabs but from in-complete
adequacy of retrieval procedures. In addition, in another study® it has also been demonstrated that
this non-physical behavior of electromagnetic properties of MM slabs can be remedied by fitting
the simulated S-parameters to those obtained from the Lorentz/Drude effective medium models. As
a result, for the tested MM slab in Fig. 2(a) we note that our proposed method not only extracts
physically acceptable electromagnetic properties but also eliminates the need for the fitting process
for accurate electromagnetic properties.

In the calculation of the frequency-dependent parameters in Figs. 3 and 4 we assumed that
measurement error sources (incorrect reference-planes, source and load match errors, errors due to
mismatched connections, transitions between connecting cables and horn antennas, contact struc-
tures, embedded devices) have no effect on electromagnetic properties extracted by both methods.
Now, we consider the effect of a shift in positions of reference planes [planes or surfaces to which
the setup is assumed to be calibrated; e.g., to the left and right terminals of S; in Fig. 1(a)] on n, z,
&,, and u, parameters. For simplicity, it is assumed in this analysis that while there is no shift in the
reference-plane on the right surface of the MM slab, there is a —1 mm shift in the reference-plane
on the left surface of the MM slab. In the extraction of electromagnetic properties by the GM
method, the effect of a shift in the left reference-plane is reflected into the analysis by multiplying
the reflection and transmission S-parameters for the configuration in Fig. 1(a) with exp(+2y,) and
exp(+yyp), respectively (please refer to Eqs. (11) and (12) for more details). Figs. 5 and 6 illustrate
the retrieved electromagnetic parameters of the analyzed SRR MM slab using the GM method (from
S-parameters of only the MM slab with length L; = 4.0 mm) and the PM method.

@ 2 ‘ ‘ ‘ ‘ (b) 14
1.2r
18— _aM
r 1
N 1+ —sr—GM o8 _Mr—GM
« wae = "
05 €, PM 0.6 —u, - GM
tte, - PM 04f |*TTw, —PM
or "
0.2t "'M,-PM
_05 . . . . 0 ! . n
5 7 9 11 13 15 5 7 9 11 13 15
Frequency (GHz) Frequency (GHz)

FIG. 4. Real and imaginary parts of the retrieved (a) relative complex permittivity (£,-) and (b) relative complex permeability
(ur) by the general method (GM) in Refs. 3, 10, and 17 and the proposed method (PM).
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“ B

< —n -GM N o4 |TZ -GM
—n'-am

5 7 9 11
Frequency (GHz) Frequency (GHz)

FIG. 5. Real and imaginary parts of the retrieved (a) refractive index (n) and (b) the normalized wave impedance (z) by
the general method (GM) in Refs. 3, 10, and 17 and the proposed method (PM) when there is an offset (-1 mm) in the
reference-plane position on left side of the MM slab.

By comparison with the dependencies in Figs. 3 and 4, it seen from the dependencies in Figs. 5
and 6 that an absolute shift of 1 mm (a generally acceptable level of measurement error at micro-
wave frequencies) drastically alters actual dependencies of electromagnetic parameters retrieved by
the general method.>!*!7 This is because MM structures are resonating structures whose response
sharply changes around resonance frequency. The same amount of shift, nonetheless, does not affect
the same frequency-dependent parameters extracted by the proposed method. Furthermore, we note
that the offset in the left reference-plane position results in a non-physical ¢/ extracted by the GM
method over a broader band (10.3-15.0 GHz) than that (10.3-11.0 GHz) when there is no offset.
As a result, the dependencies in Figs. 5 and 6 clearly indicate the importance of a retrieval method
resistant to undesired measurement errors arising from a shift in reference-plane positions.

To test the proposed method for other systematic measurement errors such as source and load
match errors, errors due to mismatched connections, and imperfection of the used calibration kit, we
have considered various Tx and Ty square matrices in Egs. (1) and (11). We note from this analysis
that our proposed method is resistant and immune to those errors and retrieves accurate constitutive
parameters of the test MM slab because our proposed method eliminates the effect of unknown error
matrices Tx and Ty in Egs. (11) and (13) from determination of electromagnetic parameters,?>->%
as discussed in Subsection II C.

V. CONCLUSIONS

We have proposed a calibration-independent method for determination of complex permittivity
and complex permeability of isotropic homogeneous MM slabs. We think that such a method,
capable of extracting the constitutive parameters, has been proposed for the first time in the liter-
ature. Its advantage is that it removes or eliminates measurement errors of various origins arising

(a) 2 T T T T (b) 1.4 T T T T
...................... .--""""""" 1.2} ".-'\‘ i
P — {pommmmmmmnt - .
0.1 - .
+* i o
S, N 0,8;___M, -GM Ve
oj\* = ”
\/\ | 0.6f —u, -GM
-0.1 '
0 11 13 15 0.4 =mtu, - PM
------------------------------- 1 r
0.2f ===u_ -PM
r “ -
— et hL TS
-0. . . . . 0 FrrYY] . . LT T
055 7 9 11 13 15 5 7 9 11 13 15
Frequency (GHz) Frequency (GHz)

FIG. 6. Real and imaginary parts of the retrieved (a) relative complex permittivity (£,-) and (b) relative complex permeability
(i) by the general method (GM) in Refs. 3, 10, and 17 and the proposed method (PM) when there is an offset (-1 mm) in
the reference-plane position on left side of the MM slab.
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from incorrect reference-planes, source and load match errors, errors due to mismatched connec-
tions, transitions between connecting cables and horn antennas, contact structures, embedded de-
vices. The idea behind how the constitutive parameters are retrieved is through some illustrative
cases. In addition, the accuracy of the proposed method is analyzed by letting the reflection
S-parameters approach zero. We have tested the proposed method by using simulated S-parameters
of a MM slab with SRRs and noted for the tested slab that while our proposed method removes
the so-called antiresonance problem as well as the problem of measurement errors, the method
widespreadly used in the literature has both of these problems in different levels.
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