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Electromagnetic Study of a Ferrite Coplanar
|solator Suitable for Integration

Bernard Bayard, Didier Vincent, Constantin R. Simovski, and Gérard Noyel

Abstract—The transmission coefficient of a nonreciprocal
coplanar waveguide (CPW) using ferrite rods is studied. A new
approximate method is proposed to evaluate the propagation
constant of such a perturbed waveguide, which isbased on theuse
of numerical data referring to the nonperturbed waveguide. We
have estimated the value of the nonreciprocity effect and settled
the condition of the validity of our theory. Some experimental data
of a CPW with ferriteinclusions are also presented.

I ndex Terms—Anisotropic media, coplanar waveguides (CPWSs),
ferriteisolator, nonreciprocal wave propagation.

I. INTRODUCTION

OME nonreciprocal microwave components such as

i solators and circulators are based on the gyromagnetic
properties of ferrites. The ferrite bulk substrate is magnetized
by a constant magnetic field, which makes this kind of device
noncompatible with monolithic microwave integrated circuit
(MMIC) technology and only available in discrete packages.
On the other hand, the active components that are completely
integrated show a higher noise level, insertion losses, and a
lower frequency range (approximately 5 GHz) than the passive
devices. Consequently, the development of devices integrating
a ferrite on a semiconductor chip is a magjor focus of current
research. A coplanar ferrite isolator is adopted because it is
built with coplanar strips on a dielectric substrate and needs
only asmall quantity of ferrite material in the slots.

A theoretical explanation of the operation of such an isolator
is given. An approximate method is then proposed to evaluate
the propagation constant of a coplanar waveguide (CPW) with
magnetic inclusions in the dots. Finally, some simulation data
are compared to experimental results.

II. COPLANAR FERRITE |SOLATOR

Some time ago, Wen [1] made a nonreciprocal isolator using
two ferrite rods placed at the dielectric interface between strips
(Fig. 1). Intheserods (0.0Lin x 0.005in x 0.6in), themag-
netostatic wave (MSW) was excited in the 5.5-6.5-GHz fre-
guency band. Thisisolator provided 37-dB isolation at a center
frequency of 6 GHz and 2-dB insertion losses. However, such
performances using this structure has never been reproduced
since this date. In this paper, we propose a theoretical model
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Fig. 1. CPW cell with ferriteinclusions.

Fig. 2. MFLsin the CPW and microwave magnetic field h at the interface.

clarifying the operation of a similar isolator and predicting its
technical characteristics.

The magnetic forceline (MFL) isnot closed inside the ferrite
sample and the transversal distribution of the microwave mag-
netic field hh is assumed to be practically uniform for frequency
bands and rod sizes like those mentioned above. When the ap-
plied magnetic-field direction is horizontal (along the y-axisin
Fig. 2), the plane of the spin precession excited by amicrowave
magnetic field is the vertical (xz)-plane.

If the hh vector at a given point in the rod rotates in the same
direction as the inner magnetization vector m, the wave energy
isabsorbed by spins. In the opposite case, thereisno spin-wave
interaction (Fig. 3). Therefore, the physical foundation of the
isolator studied in [1] is based on the different h vector rota
tionsfor forward [see Fig. 3(a)] and backward propagation [see
Fig. 3(b)]. Unperturbed microwave magnetic field hy, existing
in the same CPW (without aferrite), isapplied totherodsandis
concentrated near the interface air—substrate. At this interface,
one has

ho = hogx + ho.2Z. (1)

Here, Ko, isproduced by thelongitudinal current in the strips
and is maximal between them [see Fig. 2(a)]. From Fig. 2(b), it
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Fig. 3. Spin—wave interaction for each direction of propagation (for reverse
direction Hp isinverted).

is clear that the longitudinal component A vanishes at the in-
terface if the substrate permittivity e equals unity. Anyway, the
absolute values of hq. are smaller than the values of hq,. The
location of rods on the surface + = 0 (rods are centered over
it), aschosenin [1], does not seem to be quite optimal since /1o,
values are smaller in the air over the interface than the values
of hg. under the interface (since the displacement currents are
mainly concentrated in the substrate). The nonreciprocal effect
becomes maximal when the h vector polarization is circular;
thus, the best results are obtained when hg, and A, values are
approximately egual to each other. In the general case of an el-
liptical polarization, it can be decomposed in two (a left and
right) circular polarizations of different magnitudes. The cir-
cular polarization that coincides with the magnetization of the
ferrite will be absorbed at the resonance, while the other one
will not be perturbed. The total wave will be mostly absorbed
according to adirection of propagation or adirection of the ap-
plied field and weakly absorbed in the other one. Therefore, the
value hg, must be made as large as possible, and it seemsto be
better to submerge ferrite rods into the substrate.

I1l. THEORY

The CPW behavior (without rods) is well known and the
propagation constant of the main mode can be calculated
by a spectral-domain approach (SDA) method [2]. The cor-
responding h field polarization is elliptical at the interface.
Consider the h vector when the mutual coupling of the ferrite
rods is negligible or the structure contains only one rod. At
first, we give the theoretical explanation of the operation of
reference isolator, then we evaluate the propagation factors and
calculate the transmission coefficients.

A. One Rod Case

Let asingleferrite rod be centered at an arbitrary point of the
waveguide cross section. Hence, the RF applied field h,, to this
rod isthe field taken at the same point of an unperturbed CPW

h, = ho. @
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Assuming hg is known over the ferrite rod cross section (as-
sumed to be very small compared to the wavelength), we may
write the well-known magnetostatic relation for internal field h
generated in the rod by externa field hg [3]

ho = (I+ NX)h. ©)

Here, N and X are, respectively, the demagnetizing tensor
(dyadic) and susceptibility tensor (dyadic), which take the form
X = x(Xx + 22) — jr(Xz — 2X) (4
N =N, %% + N, 99 + N.22 ©)
where x, ¥, and z are unit vectors along the z-, y-, and z-axes,
respectively. We obtain from (3)
B (1 + xN)hoy + jrNL o,
v 1 + X(NT + Nz) + (X2 - I{/Q)N’L‘NZ
o — (1 +XNz)h0z _j’iNzhOx (7)
- 1+X(Nw+Nz)+(X2_’{2)Na:Nz.
The demagnetizing and susceptibility tensors get complex
values at the resonance band. The rod is extended along the
z-axis so we can set N, ~ 0 and may write

(6)

ha: — hOa: +j"5Na:hOz (8)
14 xN,
h, =ho.. )

It is possible then to rewrite these equations as a relation be-
tween the external elipticity factor ho. /ho, = j€ and the in-
ternal one k. /h, = jC

(10)

When the demagnetizing factor NV, vanishes, we have, of
course, h = hq. The dlipticity factor j£ of the external mag-
neticfield g isacomplex number depending on frequency. Itis,
however, asmall value, and the polarization is closer to alinear
one than to a circular one. At low fregquencies (the transversal
size of CPW is small compared to ), hg, has amost the same
phase as that of the longitudinal currents in the strips, and the
ho. phase is close to that of the displacement current between
them. Therefore, the phase shift between these components is
closeto the 7 /2 radian and j¢ is almost purely imaginary.

Using the SDA method to simulate the electromagnetic re-
sponse of the structure, we effectively find an dlipticity factor
as only an imaginary number.

We can now calculate the microwave internal magnetization
m = h, and find for each direction of propagation

(11)
(12)

my =xhe F jrh. = (x + £Qha
mE =xh. £ jrhe = j(x¢ £ 1)y
(for the reverse direction, ~ must be replaced by —x).

Near the resonance frequency, « is close to x and we can,
therefore, express the polarization of the magnetization

+ + <E> +<
m., X
< ”) =j——0—— = %j. (13)
1i<5><
X
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When the previous ratio is j, both magnetic field and mag-
netic moments rotate in the same direction, and the energy of
the propagating wave is absorbed. Otherwise, the spin~wavein-
teraction isvery weak. This case corresponds to the optimal op-
eration of the isolator.

B. Two Rods Case

Now two infinitely long ferrite rods are placed at the inter-
faces of the CPW. Thefield b} applied to theleft rod isthe sum
of the unperturbed field hi, and the additional field hl is pro-
duced by the magnetization of the right rod m*. To take into
account these interactions, we can write

h! =h} +h! = h) + Fm"
h% =h} +h' = h} + Fm.

(14
(15)

The upper indexes mean left and right rods in these formulas,

where
///ﬁ(a:,y) = F,%%+ F.2%

describes the spatia distribution of the field created by a thin
rod in the presence of metallic strips. The internal field in both
rods is expressed via an applied one in the same way as shown
in (3)

(16)

hl* :h:;r — Nml* (17)
m"" = xh'" (18)
From these relations, we obtain
m' =1+ %N % [h{, + ﬁm‘] (19)
m* =[1+ %N % [hf, + ﬁmr] . (20)

This system determines the magnetostatic eigenmodes in the
pair of ferriterods. In our configuration, the rods are positioned
symmetrically with respect to the plane zz. Therefore,

ho = b} = —h}, (21
and the only mode
m=m!=—m" (22)
is excited. Thus, we have
m = [T+ %V + D) ™ %ho 23)
h= [T+>‘z(ﬁ+ﬁ)]*lho. (24)
From these relations and putting NV, = 0, we obtain
hye =ahoz+7bho2 (25)
h. = jchoy+dho. (26)
with
“T 1+x(Nx+Fx+FSiz<>§Z)— K2) (N + ) F @
b= 1+X(NT+FT+;S%&?—) DN P
il (29)

T T X (Na A Pt Fo)+ (32 — #5)(No A Fy) P
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g (1+x(Ne+Fy))
(N +Fo 4+ F) (32 — k2 (N +E)F.

These relations generalize (6) and (7) by taking into account
the rods' mutual coupling. However in this paper, we assume
that the coupling is negligible and we set F = 0. We simply
add the effect of each rod when we evaluate the propagation
constant. Therods' mutual coupling effect 7 will be considered
in our subsequent works.

(30)

C. Evaluation of the Propagation Constant

In this section, we propose a new approximate method for
evaluating the propagation constant. Though the method is ap-
plied here for the cases of ferrite rods, it can be easily rewritten
in terms of arbitrary inclusion (dielectric or magnetic) whose
transversal size is small in comparison to the wavelength and
when the characteristic transversal sizes of the waveguide are
aso sufficiently small compared to A. Since this method is ap-
proximate, it involves some necessary conditions for its appli-
cability in agreement with experimental results.

Let the mode with propagation constant j/3 propagate in the
perturbed waveguide. Then

e(.’L’,y,Z) :E(.’L',y) exp(—jﬁz) (31)
h(x,y,z) :H(.T,y) exp(_jﬁz) (32)
m(z,y,7) = M(z, ) exp(—jB2) (33)

respectively, the microwave electric, magnetic, and bulk mag-
netization fields. From Maxwell’ s equation

V x e = —jwph 3%
we write
de. de, . = _
dy T, T ke |:(1+X)h:|.7: (35)
or
JFE. . .
ay +iBE, = — jwpo(l+x)H, — wuorH,.  (36)

If the ferrite permittivity is close to the dielectric one and if
the frequency is low, the transversal distribution of the electric
field isweakly perturbed by the ferrite rod insertion and we can
put

VyE. >~V Ey. (37)
E, ~Ey,. (38)
Relation (36) then becomes
O0Fp. | . .
+ jBEoy = —jwpo(l + x)Hy —wposH..  (39)

dy
When there is no ferrite rod, the propagation constant is
known (5/3,) and it is possible to calculate 9 Fy.. /dy from
aEOz
Jdy
After substituting from (6), (7), and (39) into (40), wefinally
write (when the rods coupling is negligible)

+J/30E0y = _ijOHOQ:- (40)

1-N, { Ho. . Hoy.
3~ By — witg———2- — . (M
B~ Bo w“°1+xNx<XEoy ‘mEoy> (41)
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Fig. 4. Microwave magnetic field h at the interface of a CPW without
inclusions simulated with a SDA (f = 10 GHz).

When the propagati on direction of the microwavesignal isin-
verted, the sign of thefields componentsalong the - and z-axes
must be changed. On the other hand, when the applied field
direction is inverted, x must be substituted by —«~. These two
situations are equivalent and lead to a set of two propagation
constants, which may be written as

B = o — wpothx + 1) EOJ (42
BT =P —wpoh(x — %5) Eoy (43)
with
R A (4)
e =t (45)

The conventional definition of demagnetizing factorsisvalid
under the assumption that the applied field isuniform. Asshown
in Fig. 4, the microwave longitudinal field hg, of the CPW
without magnetic inclusions is constant across the dots; on the
contrary, ho, shows great variation. Therefore, the magnitude
and polarization of the applied field (h, = hg) are not uni-
form in the rods along the y-direction, but the demagnetizing
factors have been used as an approximation to calculate the in-
ternal field h. Considering the linearity of the demagnetizing
factors, the nonuniformity of the external field impliesanonuni-
formity of the internal field according to (3). To take each point

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 7, JULY 2003

in the rodsinto account, we average these rel ations on the rods
section. Considering the uniformity of thefieldsalong the thick-
ness of the rods (z-axis), it implies the only integration on the

y-axis
} dy.
y

Finally, since 3 and 3, are constant and the effect of one rod
is added to the other, we average 3 over the slot width W and
we obtain

w w
/ Frdy = / [/30 — o (x £ 1) (46)
0 0

w

BE=fo— wuo#)% /

0

(x £ 56) g] dy. (@)

Oy

Thisrelation showstheinfluence of the anisotropic properties
of the ferrite (x) and the ellipticity of the microwave magnetic
field (£) on the nonreciprocity of the device (31 — 7).

IV. CALCULATIONS AND EXPERIMENTAL RESULTS

From the SDA method, we have calculated the electric and
magnetic fields on the interface air—substrate of the CPW
without magnetic inclusions (Fig. 4). The dimensions of this
CPW are 300-zm wide for the strip and the dots (Fig. 1),
the conductors are supposed to be infinitely thin, the thick-
ness of the substrate is A~ = 635 pum, and its permittivity is
e = 10.2 — j0.035. The computation of the electromagnetic
fieldsare performed at f = 10 GHz, and transversal and longi-
tudinal components (A, and %) of the microwave magnetic
field are plotted Fig. 4. The combination of a real component
hor and an imaginary component hq. leads to an elliptic
polarization of the magnetic microwave field (the imaginary
and real parts of hg.. and k., respectively, are negligible). The
relative magnitudes |ho.| ~ 2 x 107> and |ho.| = 2 x 10~°
at the center of the dlots correspond to an ellipticity £ = 0.1 of
the microwave field.

A. Calculations

The CPW propagation factor has been calculated from
(47) and the propagation constant has been obtained as that
depending on the applied field value. The transmission losses
(in decibels per centimeter) for both forward and backward
propagations have been plotted (Fig. 5). The Polder tensor
mode [3] is chosen to calculate x and « as follows:

(wr + jow)wps

= 48
X (wr + jow)? — w? (48)

ww s
K= 49
(wr + jow)? — w? “9)

with

wr =7vpoHnC (50)
wy =vpoMs (51)

where ~ isthe gyromagnetic ratio, « isthe damping factor, M
is the saturation magnetization of the ferrite, and Hpc is the
applied constant magnetic field.
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Fig. 5. Simulated transmission magnitude of a CPW with two ferrite rods for
200 and 300 kA/m applied.

Numerical results are shown in Fig. 5, which have been com-
puted using the following values:

1) o = 0.1;

2) Ms = 140 KA/m;

3) v = 27.28.10%;

4) ¢, = 10.2 — j0.035;

5) N, = 0.95;

6) Hpc = 200 kA/m and 300 KA/m.

Significant nonreciprocal transmission magnitude has been
predicted in the CPW with magnetized ferrite rods. This effect
increases with the ferrite magnetization [4].

Fig. 6 shows the weak influence of the shape factor V,, on
the frequency of the magnitude peak. Isolation (forward trans-
mission) and insertion loss (backward transmission) increase if
the shape factor is lower than one (Fig. 7), i.e., for thick films.
High simulated values are obtained with a small shape factor,
but our evaluation method of the propagation constants is only
available for thin films (2V,, close to one).

B. Experimental Results

A mag-hematite ferrite powder has been placed at the inter-
faces of a CPW (Fig. 1) and the transmission scattering param-
eters S,y (direct) and S (reverse) were measured with an HP
8510 network analyzer in the 2-20-GHz frequency band. Exper-
imental resultsare shownin Fig. 8. Theferrite powder was made
from mag-hematite nanoparticles (10-nm mean diameter). The
dielectric substrate was a commercial 635-um-thick RO3010
(e = 10.2, tané < 0.0035) with 17-pum-thick copper. We
assume volume powder concentration is close to 30% and the
magnetization of bulk material is 336 kA/m.

The physical meaning of the curves in Fig. 5 and 8 is the
same. However, it is not possible to compare exactly theoretical
and experimental curves because, at the present time, we till
do not have an exact electromagnetic model for the tensor
permeability of this granular material, and we cannot, for the
moment, simulate its behavior in a CPW. We need to deter-
mine effective permittivity and permeability to calculate the
transmission coefficients So; and S;2. However, the qualitative
agreement between calculated and experimental curves is
visible from comparing the corresponding curvesin Fig. 5 and
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Fig. 6. Simulated pesak frequency for different shape factor V,. values.
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Fig. 7. Simulated transmission magnitude for different shape factor N,
values.

8. The same nonreciprocal phenomenon occurs and increases
with the applied magnetic field in our theory, as well asin our
measurements.

C. Wen's Configuration

Theisolator proposed by Wen [1] ismade of aCPW with both
762-;;m-wideslotsand astrip on a635-.:m-thick rutile substrate
(e, = 130). Two Trans-Tech G1000 gadolinium—aluminum-
doped garnet (Ms = 80 KA/m, AH = 5.25 KA/m, ¢, = 14.7)
rods are placed in the slots and a 170-kA/m dc magnetic field is
applied. The device is 20.32-mm long.

The microwave electric and magnetic fields of the CPW
without rods are calculated from the SDA. The results are
similar to the ones showed in Fig. 4, but they differ in magni-
tude. Relative magnitudes as high as |hg.| ~ 4 x 10~° and
|ho-| = 2.36 x 10~> are obtained at the center of the Slots at
6 GHz, i.e,, an dlipticity £ = 0.6 of the microwave field. This
value, higher than that of the previous case, can be explained
by a non-TEM propagation under one of these conditions: a
higher frequency, wider strip and slots dimensions, or a higher
permittivity.

The influence of the magnetic rods on the propagation co-
efficient has been calculated from (47). Approximately 10-dB
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Fig. 8. Experimental results with a nanometric powder of mag-hematite,
transmission magnitude with or without applied field.
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Fig. 9. Simulated transmission magnitude of Wen’sisolator.

transmission losses and 50-dB isolation are obtained (Fig. 9).
High insertion losses values are the consequence of an ellip-
ticity different to one.

These results differ in magnitude with ones of Wen's experi-
ments|[ 1] because some parameters cannot betakeninto account
in our method. On one hand, the thickness of the rodsis approx-
imately 127 ;m and cannot be approximate to a thin film. On
the other hand, the permittivity of the rods is ten times higher
than that of the substrate. As a consequence, the inclusion of
the rods causes a great perturbation of the electromagnetic-field
configuration.

V. CONCLUSION

A simple and explicit method for evaluating the propagation
constants and transmission losses of a nonreciprocal coplanar
isolator has been presented. From the data obtained by a SDA
method for the unperturbed CPW, we cal cul ate propagation con-
stants for the forward and backward propagation directions of
the isolator (a perturbed CPW). Nonreciprocal transmission in
our theoretical model turns out to be significant, as well asin
our experimental results. Although some rough approximations
have been made in our model, the experimental and theoretical
curves are in qualitative agreement. In order to compare quan-
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titatively the theoretical results with the experimental data, we
need to get an appropriate electromagnetic model of the mate-
rial to determine its permeability and scattering parameters. The
approximate theory presented above can be improved by taking
into account the coupling between the ferrite rods.

The approximate method presented here has the advantage
of simplicity, saves much computation time, and highlights the
parameters that have to be improved. It could be used to de-
sign nonreciprocal microwave passive components made of thin
magnetic films[5]. It may also be the root of anew diadic char-
acterization method of anisotropic magnetic materials.
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