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Automatic Measurement of Complex Tensorial
Permeability of Magnetized Materials in
a Wide Microwave Frequency Range

Patrick QuéffélecMember, IEEEStéphane Mallégol, and Marcel Le Floc’h

Abstract—This paper describes a microwave measurementtech- components are function of the frequency and strength of the
nique enabling the automatic and broad-band determination ofthe  applied dc magnetic field.
complex permeability tensor componentss, s of magnetized ma- g gesign of a microwave device requires very accurate
terials. The method is applicable to ferrites, as well as magnetic knowledge of the electromagnetic parameters of materials used
composite m_aterlals. 'I_'he_ measurement cell is composed of a non-; - 9 - g . _p . .
reciprocal strip transmission line partly filled with the sample that  in the different regions of the circuit. For magnetized materials,
is to be characterized. The data-processing program based on a off-diagonal components of the permeability tensor have often
quasi-static approach is valid whatever the magnetization state of peen ignored. This is partly due to the analytic complexity of
the material is from the total demagnetization state to the satura- handling such expressions and the difficulty in measuring them
tion. The scattering matrix of the cell is measured in a wide fre- . . . ’
quency range (130 MHz—6 GHz) with a network analyzer setup. AIthough they are negllglble in some materials [1], they are
The s’[rip]ine is set in the air gap of an e|ec’[romagnet to magne- substantial for OtherS, with a magr"tude Comparable to that of
tize the material. The electromagnetic parameters of the sample the diagonal terms. Therefore, the off-diagonal components
undgr test are deduced f_rom the scattering matrix using analytical cannot be ignored. Until now, two different approaches have
relations. General equations fory and  are proposed. Some mea- paan followed to predict the variations of the permeability tensor

surements of magnetized ferrites are reported and compared with t the f dthe d tizing field
values predicted by Polder's relations to validate the technique in COMPONENIS VErsus the irequency and the dc magnetizing lield.

the saturation state. To our knowledge, this is the first nonitera- T he first approach consists in using theoretical or semiem-
tive measurement method giving: and « simultaneously in awide perical models for the permeability tensor of ferrites. In the sat-

range of frequency. urated state, all magnetic moments are aligned. Analytical ex-
Index Terms—Anisotropic media, ferrites, microwave measure- Pressions for the componentsnds: of the permeability tensor
ments, permeability measurement. in a saturated ferrite were derived by Polder [2]. In a partly

magnetized state, the ferrite behavior is more difficult to predict
due to the complicated geometry of magnetic domains and the
interactions between them. Unfortunately, the existing models
N communication systems, many signal-processing fun@]-[5] do not simultaneously provide all tensor components
tions are realized with the help of ferrimagnetic materialsnd their domain of validity is limited.
(ferrites) integrated in microwave devices. One important classThe second approach is based on the use of experimental
of microwave ferrite devices is the nonreciprocal one (circtechniques. Current methods for measuring the permeability
lators, isolators). Another important use of ferrites is found #i@nsor components are resonant methods [6]. However, the
microwave tunable circuits (filters, resonators, switches, phasgasurements are limited by the cavity resonator to a fixed
shifters). For each class of circuits, the ferrite materials are magzquency. The well-known Nicolson-Ross (NR) procedure
netized to exhibit the required properties. In practice, ferrites g has been used to measure magnetized materials in a wide
magnetized by applying a dc magnetic field. Saturated or pftequency range. The sample is introduced into a coaxial line
tially magnetized ferrites are anisotropic media due to the aligand is submitted to a dc magnetic field. In this case, the NR
ment of the magnetic moments in the dc field direction. Theprocedure, which assumes that only a TEM mode is propagated
permeability is then a tensor quantity whose components de-the line, is rather inexact. The permeability measured is a
pend on intrinsic properties of the medium as saturation magrealar quantity whose magnitude and gyromagnetic resonance
tization 47 M, magnetocrystalline anisotropy fielfl,, butalso frequency are not, in general, comparable to those of the
on structure properties as resonance linewiflt, chemical permeability tensor components [8]. No information is present
composition, porosity, and grain size. The permeability tensen the anisotropic nature of the medium.
The elaboration of new measurement methods, which provide
the broad-band determination of the complex tensorial perme-
Manuscript received July 31, 2001. ability of magnetized materials, is important for their practical
The authors are with the Laboratoire d'Electronique et Systemes Q‘Pplications. It will permit a better understanding of the wave
Télécommunications, Université de Bretagne Occidentale, 29285 Bres . . . .
France. propagation through magnetized media and a thorough predic-
Publisher Item Identifier 10.1109/TMTT.2002.802325. tion of the performances of microwave gyromagnetic devices.
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[I. DESCRIPTION OF THEMETHOD y
) ) F\ NN N 3 \\\\\ \ \\Q
A. Principle
Whereas. the pe.rmittivity = gogf .i§Ha .scalar guantity in air H,
polycrystalline ferrites, the permeability is known to have
tensor properties. Assuming that the static magnetic fi¢jd ground planes center conductor
is in they-direction, we have w ‘
i 0 jl‘i R R Y
« dielectric 1 dielectric 2
= 0 y 0
H = Ho ‘ Hy h . .
—jk 0 p ) 1 2
NN

where ¢, and uo are the permittivity and permeability of
vacuum, ande; is the relative permittivity of the ferrite.
Electric and magnetic losses in the ferrite are described Y. 1. Cross section of the measurement cell containing the test sample and
regarding s, u, %, andy, as complex quantities dielectric slabs.

test sample

/ P/ _ / a0 _ / ot _ / a0

TSR I Ry =y Ty width W to the sample thicknedsis equal to five. Moreover,
Thus, the microwave properties of a magnetized ferrite are cofAe nonequidistance between the center conductor and ground
pletely described by eightintrinsic parametefse’;, 1/, 11"/, &', planes enables us to have the microstrip-line configuration when
K", gy, andpey. the material under test is set in the cell. The field pattern of the

For the reflection/transmission characterization method, td®@minant quasi-TEM mode of a microstrip line is well adapted
measured parameters are the scattering paramétgrar@me- for the measurement of magnetic plate samples [10].
ters) of a transmission line or a waveguide containing the testas previously mentioned, anisotropic properties of the mag-
sample. TheSparamaters of the cellS{y, Sa1, S12, S22) are  netized material are insufficient to insure the nonreciprocal be-
measured in a wide frequency range using an automatic netwgggior of the measurement cell. Indeed, the field pattern of the
analyzer. If the cell is reciprocalS{; = S22 .S21 = S12) the dominant mode is laterally reversed for the two propagation di-
number of independent measured parameters is insufficientéetions implying the same phase velocities and loss for the di-
determines, u1, , andpu, in a single experimental phase. At &ect and reverse waves if the cell is symmetrically loaded with
certain fixed frequency value, three independgarameters the test sample. To obtaif; # Si2, the cell must be asym-
are required to find the three permeability tensor componentsmetrically loaded, e.g., by using two different dielectric media.
#, anduy,. The only solution for the determination of the coma high-dielectric-constant slab is set under an edge of the strip
plex tensorial permeability of magnetized materials is then ¢md a low dielectric-constant slab is set under the other edge
use a nonreciprocal celbg; # Si2). The field displacement (Fig. 1). When the dc magnetic field, is applied in they-direc-
effect in gyromagnetic propagation structures [9] is used to prgon, the field displacement in the propagation structure implies
vide the nonreciprocal behavior of the measurement cell.  that the microwave energy is concentrated on the high-dielectric

The anisotropy of the magnetized material implies that tkgde of the strip for the direct wave and the low-dielectric side
region where the microwave energy is concentrated in the ceflthe strip for the reverse wave. In the first case, the wave is
is different when the direction of wave propagation is reverseslowed due to a great value for the propagation constant of the
Unfortunately, the cell is reciprocal when the magnetized mgominant mode. In the second case, the value of the propagation
terial entirely fills the cross section of the propagation structuegnstant of the quasi-TEM mode is smaller. On both sides of the
in spite of the material nonreciprocity. On the contrary, wheyO2-plane, there is a region with a high level of microwave en-
the cross section of the cell is asymmetrically loaded with thegy and another that is deserted. That brings about the wanted
test sample, the propagation constants and field configuratigiishreciprocal behavior of the cell.
of the various modes of the propagation structure are differentThe experimental transmission response of the measurement
for the two opposite directions of wave propagation. cell containing a yttrium—iron—garnet (YIG) ferrite is given in
Fig. 2 at zero dc field and when the dc fidlty = 1 kOe. The di-
electric constant of the ferriteés = 14.9. The dielectric media

The measurement cell we have manufactured is a strip transed to insure the nonreciprocity of the cell are theair£ 1)
mission line composed of a rigid center conductor (strip) bend atitania (TiQ) sample with arelative permittivity of 15.5.
tween the upper and lower ground planes (Fig. 1). The ceFhese experimental results bringing to the fore the nonreciprocal
tral zone between the strip and lower ground plane is filldgehavior of the manufactured cell when the characterized mate-
with the ferrite material that is to be characterized. The centgal is magnetized prove the feasibility of the method.
conductor is substantially wide compared with the thickness of
the ferrite. In this configuration, most of the microwave energy lIl. THEORY
is concentrated in the rectangular section containing the test . i
sample, which permits to increase the cell sensitivity. To desigh Eléctromagnetic Analysis
the empty line (i.e., the line without the ferrite sample under The electromagnetic analysis of the measurement cell is
test) for a characteristic impedance of@®Qhe ratio of the strip based on the transmission-line theory, which assumes that the

B. Measurement Cell
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Fig.2. Transmission response of the cell containing a YIG ferrite. Comparison
of S1, and.S2; magnitudes at zero dc field and when the dc fifllg = 1 kOe.

Fig. 3. Approximate equivalent of the cross section of the cell in analyzable
. . . L . form.
dominant mode in the strip transmission line has no longi-

tudinal field components at low frequencies. It is called the reference planes
quasi-TEM mode. The transmission-line theory, which was . L

frequently employed in the past to analyze multiconductor / discontinuities \
reciprocal transmission lines [11], has been recently applied A

to lines with nonreciprocal behavior [12], [13]. To take into Z.y ; ‘? Z .y
account anisotropic properties of magnetized magnetic mate- 00 § ' 00
rials and also asymmetrical cross section of the cell, a new line = =
parameter has been introduced in the equivalent representation L, d L

of the transmission line: the characteristic memductahte ﬁ* R

[12], [13]. From that time, this new parameter can be used to

model our measurement cell. . - -
. . . . Fig. 4. Schematic diagram of the measurement cell containing the sample
By solving Telegrapher equations including thieparameter, ynder test.

two solutionsyt and~~ arise for the propagation constant of
the nonreciprocal liney* andy™ correspondto the forware) the discontinuity between loaded and empty regions (Fig. 4), re-
and the backward~) sense of propagation, respectively [12]gpectively. The first discontinuity is characterized by a reflection

[13], as follows: coefficientR* and a transmission coefficiefit™ and the second
4 S is characterized by a reflection coefficieRt and a transmis-
T = w(v MAL? + LC + ML) o) sion coefficientI’—. Finally, the S-parameters of the cell are
V= w (m _ ML) obtained thanks to relations between the transfer matfiapd
scattering matrix.§]

wherew is the signal angular frequency aid C, and M are, RY(1— T+T) T=(1 - R*R™)
respectively, the inductance per unit of length (p.u.l), the capac-| 511 = S12

_RYR-T+T— T 1 _RYR TV
itance p.u.l and the characteristic memductance p.u.l of the re- 1T+g _RRIRT) 1R—1(Ql fTITT)
. - . . ; - S, —
gion of the cell containing the mggnetlzed material (Fig. 3). The 2T T Y R - 2= T Py R -
expressions oL, C, andM are given by [12], [13] 3)
7= T Hw) with
2 (b —a1) - pw) +a . Zt-z
+e2) - (b1 —a1) 42 ="
O = go(e1+€2) - ( 1h ar) A1€Q0E f @) R 7+ 1 Z,
M:50(51—52)-a1(b1—al)w-li(w) R_:Z__ZO
h pww) Z~+ Z,

. . T+ = e_j"ﬁd
wherep(w) andx(w) are the diagonal and off-diagonal coef-

— — it
ficients of the permeability tensor. The, component of the T™ =7 (4)

permeability tensor vanishes from the dispersion relations. T\W/ﬂereZO is the characteristic impedance of the empty transmis-
reason for thatlies in the fact that, in the quasi-TEM assumptiogion_”ne sectionZ, — 50 ), andZ+ and Z~ the character-

no microwave magnetic-field component ever excnes;tl_)e istic impedances of the line containing the magnetized material
component. Consequently, only theand~ parameters, which for the forward {-) and backward-) wave propagation
interfere in calculations, might be simultaneously determined I

W

using this measurement technique. gt - g ﬂ (5)
The global transfer matrixI[] of the measurement cell is cal- vt v

culated by multiplying three transfer matrices that represent theThe equations shown in (3) giving tifeparameters of the

discontinuity between empty and loaded regions, the wave prawnreciprocal cell are analytical. Therefore, their computation

agation in the region filled with the test sample (lendjhand is extremely simple and the calculation time well reduced.
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The quasi-TEM assumption is experimentally well verified itaining the material under test by associating (4) and (6) as fol-
the centimeter-wave range as long as the widitlof the center lows:
conducting strip is sufficiently wide compared with the separa- )
tion i between the strip and lower ground plane. For the manu- At = J 1n S21
factured cell, thé¥/h ratio is five (W = 9 mm, h = 1.8 mm). d :
In this configuration, the upper limit of the validity range of i S1s (®)
the quasi-TEM approximation is 7.15 GHz [14]. The electro- V= Zl -In 1-R+S.,

. . . . . . . . 22

magnetic analysis described in this section is valid for a par-

allel-plate waveguide with magnetic walls (Fig. 3). Our megynereq is the length of the sample following theaxis of prop-
surement cell is composed of a strip line (Fig. 1). We have CORgation (Fig. 4).

pared the theoretical values of the propagation constant given b;By identifying equations in (1) and (8) and also considering

(1) with those given by a full-wave analysis of our measuremefife relations of (2), we find the expressions of the diagonal
cell based on the moments methotlvhen a dielectric mate- (w) = p'(w) — ju'(w) and off-diagonaki(w) = #'(w) —

rial with a relative permittivity of ten is set in our cell, the rel-; .,y components of the permeability tensor of the magne-
ative difference between the propagation constants is of 4.5%0

1—RtS%

Ii//( )
. XA ! : %ed ferrimagnetic or magnetic composite material, which is to
at 6 GHz. As we will see further in this paper, this uncertaintye cnaracterized as follows:

is of the order of those caused by the experimental test device
imperfections. p(w)
2a1 -y~
HoEow? [(b1 —a1) (e +52)+2a15f] —2(by—a1) -yt~

B. Inverse Problem =

From a given geometry of the measurement cell and magnei
material, theS-parameters are calculated by using the electro- _
magnetic analysis previously described, supposing that the pes [(bl_alz ' u(w)—i—al] 07 =y7) 9)
mittivity and permeability of each element present in the cell ~ #0%0% (e1—e2) a1 (b1 —a)
are known. In this part, calculation of the complex diagonal The relations of (9) directly give coefficienis and~ as a
and off-diagonal components of the permeability tensor of thgnction of the signal angular frequeney the permittivitye
magnetized material from the measurggharameters (inverse and the permeability:, of vacuum, dimensions, andb, the
problem) is presented. To permit the resolution of the invergglative permittivitiess; ande, of the dielectrics 1 and 2, the
problem, without using any numerical optimization procedureglative permittivity«; of the magnetized magnetic material
which requires important calculation times, we have establish@tg. 3) and, finally, the coefficients™ and~— analytically de-
explicit relations between the unknown coefficiep{ss) and duced fromS-parameters of the cell, which are measured with
r(w) and theS-parameters of the test device. a network analyzer. These relations are advantageously valid

The inverse problem runs in the following two steps. for partially magnetized or saturated materials over a broad fre-

Step 1) Calculation of the propagation constants () of quency band as long as the quasi-TEM approximation can be

the nonreciprocal region of the cell froftparame- exploited.

ters.
Step 2) fi(w), x(w)) computation from4*,v7). IV. EXPERIMENTAL RESULTS
The transmission coefficien#&t andZ’~ are obtained from (3) A. Test Device
as follows: ]
The S-parameter measurements of the nonreciprocal cell
T+ — S21 are performed in the 130-MHz-6-GHz frequency band with a
1— R+S (6) network analyzer system (HP 8720A) [15]. Systematic errors
T — _ Sz caused by defects of the network analyzer (coaxial cables,
1— RtS55 electronic components,..) are reduced by performing the

conventional short-open-load-through (SOLT) calibration. The

whereRT and R~ are solutions of the following equations: X | 7= _
impedance mismatch at the coaxial-to-stripline connection

Soo(RT)? — (811522 — S12891 + 1) RT + S11 =0 is characterized and removed by exploiting thgarameter
) measurements of the cell without the material that is to be
with characterized.
_ RtS, To obtain the best possible transition from the stripline to net-
R = S ™) work analyzer, the center conductor was bevelled to a poifit (20

with respect to the housing wall) and soldered to the center con-

and the right sign in the expression &ft is chosen so that gyctors of the APC-7 connectors attached outside the housing.
|RT| < 1. The rectangular ferrite sample to be characterized is laid on the
The propagation constants™ and~~ are directly deduced |ower ground plane and then slid between the strip and ground
from S-parameters of the nonreciprocal region of the cell copjane. Its thickness is equal to the distance between the strip

1HP-MDS Software, release 7.10, Hewlett-Packard Company, Santa R&3Rd lower ground plane. No laterally conductive walls are nec-
CA. essary because the ground-plane widih= 30 mm) is wider
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Fig. 5. Measureq = ¢/ — jpu” ands = &’ — j&’’ data versus frequency for a commercial YIG ferritg {4, = 1.2 kG, H.;; = 380 Oe,AH = 40 Oe,
e; = 14.9) for various dc magnetic field. (). (b) p”. (c) x’. (d) k.

than three times the separation between the strip and the neasastples is set in between the poles of an electromagnet in order
ground planek). to magnetize the ferrite under test.

The data-processing program has been implemented using We can first notice in Fig. 5 that the imaginary paitsand
graphic programing software. It does not require any other soft? of the permeability tensor components reveal a peak ab-
ware. It can be run with a Windows, Unix, or Macintosh opersorption of the microwave due to the damped precession of the
ating system. It can be implemented on a usual PC. Moreovapjns around the dc magnetic-figif-direction. The frequency
its small size (661 kB) does not require an important part @fhere maximal absorption occurs in loss curves is the gyromag-
computer memory. The input parameters of the data-processirggic resonance frequengy. As can be observed in Fig. 5(b)
program are the dimensions, b, the relative permittivities and (d), f,. shifts with the dc magnetic field, strength. A
1, €2 ande ¢ (Fig. 3), the cell lengtti, and the sample length typical behavior of unsaturated materials can be observed in
(Fig. 4). The output parametersands of the data-processing Fig. 5(b) and (d), where loss curve$ and«" are sharper aH,
program are stored into a TeX format and can be processed witbreases. Moreover the requirement of a nonnegative energy
any usual data-processing software. loss in the ferrite material imposes the restriction gifaandx”
are positive. This condition is confirmed by the measured loss
curves all over the exploited frequency band, as seen in Fig. 5(b)
and (d). We can notice that, at zero field, the real and imagi-

Here, typical experimental results obtained from the menary parts of the off-diagonal component are zero. As would
surement method we have worked out are discussed to validageexpected in any magnetization states, the real and imaginary
(9) and to demonstrate the feasibility of the technique. Meparts of the diagonal and off-diagonal components tend toward
sured data versus frequency for the complex diaggnahd vacuum magnetic propertieg’(= 1, 4" =0, s’ = 0, & = 0)
off-diagonalsx components of the permeability tensor for a YIGn high frequencies. We have studied the influence of the fer-
ferrite in different magnetization states are depicted in Fig. Bte sample width on the domain of validity of the quasi-TEM
The Tekelec-Temex Society, Montreuil, France, has providegiproximation. We have found that the use of a ferrite sample
the YIG ferrite and given its magnetic and dielectric propertidgaving a smaller width increases the upper limit of the range of
—4rM, = 1.2 kG, H.g = 380 Oe, whereH g is the local validity of the measuregd and« data. For example, the require-
effective magnetic field in the ferrite in a completely demagnenent of a nonnegative energy loss in the test material{ 0) is
tized stateAH = 40 Oe,e; = 14.9. A5 x 5 x 1.8 mn¥ rectan- verified up to 5.06 GHz when using a 7-mm-width YIG sample,
gular piece of the YIG ferrite has been slid between the strip anthereas when using a 5—-mm-width Y1G sample, itis verified up
ground plane of the strip transmission line. A30x 1.8 mn¥  to 6.02 GHz [see Fig. 5(b)]. The purpose of this paper is not to
rectangular piece of titania is set under one edge of the stgpesentthe error analysis of the measurement technique we have
against the YIG sample (Fig. 1). Under the other edge of theorked out. This study will be given in a future paper. We plan
strip, the air insures the physical dissymmetry of the cell cross make a rigorous electromagnetic analysis of the cell discon-
section. The measurement cell containing the YIG and, TiQinuities to detect the first higher order modes and to determine

B. Results
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8 - ‘ cessing program, the same measurement cell, and a network an-
6 4 Simulated " — i, alyzer with lower operating frequencies. For example, the use
i of an HP 8753 network analyzer has enabled us to extend the
method to 50 MHz. Cavity resonator methods can be used to
measure the permeability tensor components of magnetized ma-
terials. The experimental results performed with this technique

-2 4 Measured u'— Y-+~ Simulated ' are obtained at one frequency value fixed by the cavity dimen-
-4 : : t t : sions. The first broad-band characterization method for magne-
0 1 grequen?)cy (GHZ4) 5 6 tized materials has been conceived in our laboratory. The tech-
nique is based on the reflection/transmission measurement of
@ an X-band rectangular waveguide partly filled with the ferrite
12 to be characterized [16], [17]. The exploited frequency band is

7-13 GHz, i.e., less than one decade. The meaguaed~ data

i ) Simulated x* _, provided by the waveguide cell and those given by the strip-line
" 5 ] cell cannot be compared because the exploited frequency bands
o 4 SN are different.

5] P" ' The second advantage of the method lies in the easiness of

4] Measured ' — Simulated «* the computation procedure. The data-processing program can be

6 , , 4 , , run on a PC using an usual data-processing software. We have

0 1 2 3 4 5 6 used a software based on graphic programing. The typical CPU
Frequency (GHz) time for 801 frequency points is less than 10 s using a PC with an
(b) Intel 11 350-MHz processor. In comparison, the characterization

Fig. 6. Comparison between the measupednd data and those given by Method using a rectangular waveguide requires a CPU time of
Polder's model for the YIG ferrite for a dc magnetic fietth = 1.6 kOe. (a)z. 20 min for 801 frequency points using an IBM RS 6000 PC [17].
(b) . The third advantage of the method lies in the easiness of the
experimental procedure. The sample that is to be characterized
the upper limit of the domain of validity of the quasi-TEM ashas a rectangular shape and is slid in the cell between the strip
sumption. conductor and lower ground plane. Its thickness is equal to the

In order to validate the data-processing program, theoretiéigtance between the strip and ground plane, its width is lower
and experimental values of the permeability tensor componeHtan the strip conductor width and its length (dimension in the
are compared in a well-known borderline case. Indeed, wh&ve propagation direction) is of a few millimeters. Sample di-
the YIG ferrite is next to saturation, measugedndx data can Mensions are measured with a micrometer (accurady.m)
be compared with calculated data given by Polder's model [fnd are input parameters for the data-processing program. The
which is assumed to apply only to saturated media. In Fig. @hique constraint for the machining of the sample affects its
a good agreement between theoretical and experimental valtiggkness{ = 1.8 mm). In order to insure the nonreciprocity of
of the real and imaginary parts pfandx is observed over the the measurement cell, a dielectric slab is set against the sample
whole exploited frequency band. At 200 MHz, the real part medinder test, as depicted in Fig. 1. Under the other edge of the strip
sured of the static permeability is of 1.97 whBp = 1.6 kOe, conductor, the air plays the role of a second dielectric material.
whereas its calculated value is of 2.02. In this case, the refd:€ dielectric slab has the same thickness as the test sample and
tive uncertainty is of 2.5%. We can also notice in Fig. 6 th&an extend beyond the strip (Fig. 1).
the loss curves measurgd andx” are sharper than the calcu-
lated ones. The reason for that lies in the fact that the damping
factor, which is an input parameter of Polder’s relations, is as-
sumed to be constant over the whole frequency range, wherea8s far as we know, the measurement technique we have
it should be calculated for each frequency value from the resworked out is original. It is the first noniterative characteri-
nant linewidth of the ferrite\ H given by the sample supplier. zation method enabling the broad-band determination of the
permeability tensor components of magnetized materials in a
single experimental phase. The method is valid whatever the
magnetization state of the material.

The method we have worked out shows numerous advantageAnalytical expressions for the complex diagonal and
compared to existing characterization methods used to measaffediagonals components of the permeability tensor are given
magnetized materials. as functions of the sample dimensions, cell dimensions, and

The first advantage of the method is the broadness of the ékparameters of the device. The data-processing program can
ploited frequency band. The experimental results depictedbe easily implemented and run using a PC. The experimental
Figs. 5 and 6 are performed in the 130-MHz-6-GHz frequengyocedure is simple and does not require many machining
range using an HP 8720 network analyzer setup. Measured@onstraints for the test sample. Unlike alternative techniques,
andx spectrum covers nearly two decades. The method canibgrovides a measurement method that is simultaneously
extended to lower frequency ranges using the same data-prery quick, simple, cheap, and broad-band. The measurement

VI. CONCLUSION

V. DISCUSSION
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method has been validated in a borderline case comparing [m1] I. V. Lindell, “On the quasi-TEM modes in inhomogeneous multicon-
the 130'MHZ—6'GHZ frequency range experlmental results ductor transmission Ilnes]EEE Trans. Microwave Theory TE‘CIV.Ol

obtained for a saturated YIG ferrite with the theoretical oneg;

MTT-29, pp. 812-817, Aug. 1981.
R. Marqués, F. Mesa, and F. Medina, “Generalized quasi-TEM ap-

iV ’ i . proximation and telegrapher equations for nonreciprocal ferrite-loade
en by Polder’s relations d tel h f I f loaded
In a future paper, in order to extend the method to higher fre- transmission lines,JEEE Microwave Guided Wave Lettuol. 10, pp.

guency ranges, we will study the domain of validity of the theory[13]

225-227, June 2000.
——, “Corrections to ‘Generalized quasi-TEM approximation and

used for the electromagnetic analysis of the cell by comparing telegrapher equations for nonreciprocal ferrite-loaded transmission
it to a full-wave analysis. Experimental results obtained for fer- _ lines',” IEEE Microwave Guided Wave Lgtvol. 11, p. 467, Nov. 2001.

rites and composite magnetic materials in a partly magnetize[é4]

M. Horno, F. L. Mesa, F. Medina, and R. Marqués, “Quasi-TEM anal-
ysis of multilayered, multiconductor coplanar structures with dielectric

state will be compared to the results given by a theoretical model  and magnetic anisotropy including substrate losse2EE Trans. Mi-
of the permeability tensor developed in our laboratory. crowave Theory Tecfwol. 38, pp. 1059-1068, Aug. 1990.

[15] P.Quéffélec and S. Mallégol, “Dispositif de mesure large bandes des élé-
ments du tenseur de perméabilité des matériaux ferrimagnétiques dans
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