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ABSTRACT In this paper, a permalloy layer has been employed in the fabrication of a coupled line
electromagnetic bandgap (EMBG) device to tune both amplitude and phase. A magnetically biased
microwave coplanar configuration manufactured with evaporated permalloy has been measured, and a circuit
modelling has been studied to evaluate the measured effects in terms of variable attenuation and phase
shift. Starting from a permalloy made by the mixture 80% nickel and 20% iron content, we fabricated
an electromagnetic bandgap (EMBG) structure based on a periodic arrangement of single sections of
a transmission line with variable impedance, also including a central region with coupled lines. The
bandpass characteristics of the EMBG device can be tuned by changing permalloy’s permeability through the
application of a DC magnetic field Hy (parallel to the plane of the structure). In particular, using a magnetic
field up to 3000 QOe, it was possible to change the phase by ca. 45° and the amplitude by ca. 7 dB in the

X band.

INDEX TERMS Electromagnetic devices, magnetic materials, magnetic films, magnetic properties,

microwave magnetics.

I. INTRODUCTION

High-frequency sub-systems as telecom and/or satellite sys-
tems and signal tracking military systems require tunable
microwave devices to track the signal frequency change.
Signal routing or redundancy logic also take advantage from
frequency selection and tuning. Several techniques are cur-
rently available to provide frequency tuning capabilities,
including electronic control or the change of material prop-
erties when they are properly biased with an electric or a
magnetic field.

Examples of devices tuned using an external bias that is
able to change the material response are the ferroelectric
ones [1], where electric field modifies the dielectric constant
of the material used to implement a microwave filter or a
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phase shifter. Other examples of the same class are devices
based on the magnetic properties of materials, like those using
magnetic garnets and ferrites [2]-[4], even including some
applications with permalloy [5]. Recently, also phase-change
materials have been studied for magnetic recording as well
as for signal processing [6]. It is worth noting that permal-
loy has been found to be an interesting material for health
cure purposes, having useful properties at nano-size [7].
Other groups investigated both basic properties [8]-[12] and
microwave potential applications for permalloy [13]-[15],
with interesting results in many fields, including microwave
signal processing. In this work, we have used permalloy,
a well-known material for low frequency or DC applica-
tions, made by the mixture 80% nickel and 20% iron con-
tent. The change of the material’s permeability, induced
by the application of a DC magnetic field Hp, provides
the tuning of the microwave response of the planar device.
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Permalloy typically has a face-centered cubic crystal struc-
ture with a lattice constant of approximately 0.355 nm when
nickel concentration is around 80% [16] but, depending on
the growth technique and annealing procedures, polycrys-
talline structures can also be obtained. For the above reasons,
magnetic losses are related to material processing. In partic-
ular, thermal evaporation (the growth technique used in this
paper) is suitable for polycrystalline films in the range up to
100 nm [17], with measured resistivity p~27 w2 - cm in the
best case. By literature results using the same growth proce-
dure and a non-optimized measurement technique, we have
used an upper limit of 100 €2 - cm [18]. Specifically, in our
configuration Hy is parallel to the plane of the electromag-
netic bandgap structure (where the easy axis for the magne-
tization is oriented), which is designed with a coupled line
approach to provide a bandpass/bandstop response in the
band 2-20 GHz, analogously to the configuration studied for
bandstop configurations reported in [19]. The Hy field was
applied in the plane of the device, normal to the microwave
signal propagation, to have a pure mode condition, because
the RF magnetic field and the DC magnetic field are perpen-
dicular between them.

Magnetic tuning is always required when analog signal
processing is preferred with respect to a digital response
and, not to be forgotten, also in several cases when power
handling is required, which is typically higher compared to
the performance of electrically tuned devices.

As a novel result w.r.t. previous findings, not only the fre-
quency but also the amplitude and the phase of the microwave
signal can be modified according to the change in the per-
meability of the material, evidencing the possibility for both
analog and digital (threshold) response of the tested device,
thus making possible both attenuation and phase control by
means of a magnetically biased permalloy structure.

Il. GENERAL PROPERTIES OF EMBG STRUCTURES

AND DEVICE DESIGN

Electromagnetic bandgap (EMBG) devices are well known
in literature to provide a bandgap periodic response [20].
In principle, they could be designed for exhibiting either
absorption bands (bandstop) or bandpass characteristics for
specific frequency ranges.

The proposed EMBG structure for microwave signal pro-
cessing is based on a periodic arrangement of single sections
of a transmission line with variable impedance, optionally
including a central region with coupled lines [17], [21].
Specifically, using the approach in [21], a coupled line
structure has been proposed, alternating sections with dif-
ferent characteristic impedances. Fig. 1a displays the single
EMBG resonator, with evidence for the A/4 and A/2 sections
including the impedance steps. The simulated electromag-
netic structure is shown in Fig. 1b (top-view) and lc (3D
view), whereas the simulated performance of the scattering
parameters Sy (reflection coefficient) and S»; (transmission
coefficient) is shown in Fig. 2 (in terms of their modulus in
dB). In detail, as it results from Fig. Ic, two 500-um-long
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FIGURE 1. (a) Single electromagnetic bandgap (EMBG) resonator, with
evidence for the 1/4 and 1/2 sections including the impedance steps; (b)
EMBG structure based on coupled lines; (c) 3D EM layout of the EMBG
resonator simulated in CST Microwave Studio®.
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FIGURE 2. Simulated |S;;] (solid lines) and |S,; | (dotted lines) of the
EMBG structure in the frequency range 2-20 GHz for Au and Py. Increasing
values of the relative permeability (xr = 100, 400 and 800) have been
imposed for Py.

sections of PEC (Perfect Electric Conductor) material have
been added to the two excitation ports, in order to emulate the
presence of the two SMA connectors used for measurements.
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The simulated stack is 525-um-thick high-resistivity silicon
(HRSi), 1-pum-thick silicon dioxide (SiO;) and 525-nm-thick
permalloy (Py). The latter is modelled as a lossy conductor
with conductivity 1.7 x 10° S/m and variable relative perme-
ability pu, = 100, 400, 800. These values have been imposed
starting from the unbiased material up to the magnetically
saturated one. As benchmark case, the same structure has
been simulated using gold (Au) instead of Py.

The input impedance of the device has been initially eval-
uated by means of static considerations, to get the required
electrical condition when considering the two sections in cas-
cade. Actually, the input central conductor of the first section
of the coplanar waveguide has a width W; = 1580 yum and a
slot S; = 480 wm, corresponding to ca. 48 €2. The following
section has Wy = 480 um and S; = 1580 pum, with a
characteristic impedance of ca. 98 Q2. The central coupled-
line section has a length of 3.5 mm. This choice has been
inspired by the design given in [21] and properly re-scaled for
working in a large frequency range up to 20 GHz. The same
structure has been proposed for sensing applications in [22].
All the simulated data are re-normalized on 50 €2, as this is
the characteristic impedance of SMA connectors, as well as
of the measurement setup.

Coupled lines have been used as in [22] with the goal
to optimize in the next future the filtering response, after
checking the material properties as a function of the DC
magnetic bias. The number of cascaded cells (resonators) will
be probably increased in a successive optimization, trying to
find a compromise between the filter response and its size,
which naturally increases because of the foot-print for each
unitary cell. On the other hand, choosing different frequencies
and/or alternative cells, it could be possible to maintain an
acceptable size for the entire device. Presently, a simple con-
figuration has been preferred for testing mainly the material
response. According to simulations shown in Fig. 2, we can
notice two main facts when using Au instead of Py: (i) three
main resonances appear (around 3 GHz, 9 GHz and 20 GHz),
which correspond to three maxima of Sop; (ii) a degradation
of the bandpass behavior (as concerns S;1) of the EMBG
structure in the frequency range 8-10 GHz can be observed.
Thus, the choice of using Py appears to be a noteworthy
improvement in terms of impedance matching to 50 2 for
microwave applications in the X band, which entails a better
absorption of the incident signal. Additionally, the filtering
characteristics of the structure change significantly when
using Py, in the sense that the minimum reflection coefficient
occurs at 9.1 GHz for u, = 800. Nevertheless, increasing
the value of u; entails an increase in filter’s losses. In this
respect, dielectric (HRSi, SiO,) and magnetic (Py) materials
exhibit losses which cause a degradation of the microwave
signal strength inside the EMBG structure. More in detail,
the dielectric losses are typically defined by means of the
quantity tan §,, which for permalloy are negligible w.r.t. the
magnetic losses, because it is a lossy metal with magnetic
properties. Actually, magnetic materials exhibit losses that
are the result of intrinsic magnetic energy losses, but magnetic
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metals like permalloy exhibit also classical eddy-current
losses, as it has been studied and measured in [23]. From the
results presented in [23] and also in other literature findings,
it turns out that the deposition of permalloy introduces higher
losses w.r.t. those expected for a low-loss metal like gold,
typically used for high-frequency devices, mainly because
of the strong contribution of eddy currents. The definition
of tans, = p”/u’ is often different w.rt. the equivalent
dielectric losses, which in turn are defined by rans, = &’ /¢’,
because for the dielectric losses we need rarely to introduce
a tensor for ¢; it happens only in specific cases, like for
the ferroelectric materials. In the case of permalloy, and the
same happens for many magnetic materials like ferrites and
garnets, we have to use a tensor to describe the permeability,
to include a possible anisotropic response of the material.
So far, the permeability values are defined as components
of a tensor describing the anisotropic behavior of a magnetic
medium biased with an external magnetic field. The tensor u
is a function of frequency, and it involves resonances owing
to its derivation from the Landau-Lifschitz (LL) equation.
Actually, the permeability exhibits at least one resonance
frequency and, in general, a bandwidth for the existence of
the modes of propagation, with frequency limits depending
on the value of the external DC magnetic bias. At a given
frequency, increasing the (relative) permeability value, as it
has been shown in Fig. 2, higher losses are expected for the
studied structure. This is also related to the combination of
contributions coming from the bandpass/bandstop frequency
range of the analyzed structure and the band limits imposed
by the intensity of the DC external magnetic field. The equa-
tions governing the frequency response of the permeability
are given by [24]:

. 7 rad
Y = 1.76 - 10 [Oe_s] (1)
M, = 10000 [Oe] 2
Wm = YmMj 3)
AH = 25[0e] “)
WAH = )/mAH (5)
w; (Ho) = ymHi (Ho) (©)
Ngem =0 (7)
H; (HO) = Hy + NgemM; (8)
YmAH
o (w) = 2 )
w
Xox (@, Ho)

wmw; (Ho) (0 (Hp)? — @?) + omw; (Ho) w’a (w)?

(i (H0)? — 0 (1 + o ()?))” + 40; (Ho)? e (0)?
(10)

X (@, Ho)
—wpoo (w) (a),- (Ho)? + o? (1 + (a))z))
(i (H0)? — 0 (1 + @ ()?))” + 4w (Ho)? 0%t (w)?
(11)
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Wy (0, Ho) = 1+ x1, (w, Ho)

W (@, Ho) = x5 (@, Ho) (12)
Wy (w, Ho)

tand, (w, Hy) = (13)

W, (@, Ho)

where yy, is the gyromagnetic ratio, M; is the magnetization,
wy, 1s the magnetization radian frequency, AH is the full mag-
netic linewidth (i.e. a measure of the magnetic losses), way
is the radian frequency associated to magnetic losses, w; (Hp)
is the radian frequency associated to the DC magnetic bias
Hy, Ngen, 1s the demagnetization factor, o (w) is the frequency
dependent magnetic loss, x;, and x,,. are the real and the
imaginary part of the magnetic susceptivity, u’., and u}, are
the real and the imaginary part of the magnetic permeability,
and fan §,, is the magnetic loss measured by the ratio of the
imaginary and real part of the magnetic permeability.

The demagnetization is zero (index Ngp) in the studied
case of parallel DC bias and the values for the linewidth AH
and the magnetization Mg have been chosen from literature.
Anisotropy or any other additional intrinsic contribution have
been neglected. Relevant parameters for the above equations
are the typical values of the magnetization and the linewidth
obtained for evaporated permalloy, to be used in the necessary
evaluations discussed later for the magnetic losses in the
exploited frequency range in Fig. 3.
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FIGURE 3. Tang, as a function of the frequency for increasing values of
the applied external DC magnetic field.

As itis shown in Fig. 3, tand,, changes quickly around the
band limits determined by the magnetic field Hy, and also
the absolute value of the minimum is altered, with decreasing
values as a function of the frequency. In this framework,
to choose the value fand,, = 0.05 for Py, is an over-estimation
to justify the in-band evaluation of the EMBG structure.

The resistivity of the material, assuming a polycrystalline
structure because of the used deposition technique, is quite
high for thin films, as discussed also in classical litera-
ture about permalloy properties [25], [26], where both grain
boundary scattering and scattering at external surfaces are
occurring simultaneously. This means that a reasonable value
for the permalloy resistivity in a 100 nm thick film, like the
ones belonging to the multilayer grown for the purposes of
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this paper, is in the order of p = 100 2 - cm = 107°Q - m
(in agreement with the value selected for simulations).

Ill. TECHNOLOGY AND DEVICE MANUFACTURING

The permalloy NiFe film has been deposited by e-gun evap-
oration and the coupled lines EMBG structure has been
manufactured by standard photolithographic mask sequence
process on a 4-inch high-resistivity silicon wafer having a
thickness of 525 um.

The involved technological processes are: (1) mask man-
ufacturing; (2) oxidation (growth of 1 um of SiO; on the
wafer through furnace in quartz); (3) deposition of thin
films of NiFe through e-beam evaporation, base pressure
3 x 1077 mbar, deposition rate 5 A/s for Cr and 0.5 A/s
for Py. Actually, 5 nm of Cr are used to separate each layer of
Py that is 100 nm thick, up to a total of five-layer structure;
(4) lithography (Spinner-mask aligner-furnace); (5) wet
chemical etching.

Five stack layers Cr/Py (5/100 nm) have been grown
sequentially to maintain the same magnetic properties within
the thickness [27] and to mitigate the heating effects during
the deposition, thus maintaining under control the growth rate
and the surface quality of the film.

The structural properties of the deposited films look like
non-ideal, as already stressed in literature about the use of
evaporation w.r.t. sputtering. For this reason, a polycrystalline
material is presumably obtained, with losses higher than the
crystalline layer obtained by means of sputtering deposition.
On the other hand, the linewidth value AH = 25 Oe can be
considered in general reasonable also w.r.t. other results on
permalloy obtained with sputtering, where the surface quality
is higher, but leading to values for AH in the same order of
magnitude even including the frequency dependence of the
linewidth [28]. The choice for the thickness of the permalloy
structure has been motivated by the necessity to decrease as
much as possible the skin depth losses in metal layers, as it
is usually done in the design of planar microwave devices,
compatibly with the surface quality of the material deposited
by evaporation, and consequently with the homogeneity of
the magnetic properties along the thickness. According to
literature, deposition must be under 100 nm/layer to keep the
uniformity of the magnetic properties passing from one layer
to the other. On the other hand, the problem is successfully
solved using a multi-layer deposition (it could be by evap-
oration or by sputtering) with a non-magnetic metal layer
at the interface. For the above reasons, a thickness around
500 nm has been chosen as a reasonable trade-off. In this
framework eddy current losses are almost unavoidable. It is
true, like it has been discussed in [23], that losses by eddy
currents are minimized when the thickness is very small, but
it is un-practical from the device design point of view. The
coupled line device, cut from the silicon wafer, has been
characterized using the test fixture shown in Fig. 4, in which
SMA connectors of the type R125 512 000 (with central
conductor for narrow strips) have been utilized to perform
microwave measurements up to 20 GHz.
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FIGURE 4. EMBG coupled line connectorized device. SMA connectors are
used to connect the device in the setup. The DC magnetic bias Hj is
oriented in the device plane, perpendicular to the propagation of the
microwave signal.

FIGURE 5. Schematic diagram of the experimental setup. The device
under test (DUT) is placed between two polar expansions (M) of an
electromagnet. The input/output ports of the device are connected to a
two-port vector network analyzer (VNA). All the experiment is remotely
controlled by a PC.

IV. CHARACTERIZATION AND DISCUSSION

The measurements have been performed by means of a
two-port vector network analyzer system remotely controlled.
The device has been dipped into a variable DC magnetic field
provided by an electromagnet, and the magnetic field Hy has
been applied parallel to the permalloy plane, ranging between
Hp = 0 Oe and Hy = 3000 Oe. A schematic diagram of the
measurement procedure is described in Fig. 5.

The uniformity of the DC magnetic field is guaranteed
within 10 Oe over an extended area, much wider than the
device size, with polar expansions separated by 3 cm.

As the Hy value is changed, the intrinsic permeability of
the material is changed too, corresponding to a progressive
orientation of the magnetic domains at microscopic level.
At the same time, the band edges for the microwave magnetic
signal are modified, in agreement with the discussion for the
intrinsic losses from the previous paragraph. The experimen-
tal results recorded for the device scattering parameters are
presented in Fig. 6. In detail, it can be observed that tuning
the DC magnetic field Hy allows modulating the magnitude
of the reflection coefficient of the EMBG structure (Fig. 6a),
keeping at the same time the bandpass behavior of the filter
(Fig. 6b). The attenuation of |Sy1| due to the increase of H
agrees with the increase of the insertion loss for the same
values of the DC magnetic field.
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FIGURE 6. Measured and simulated scattering parameters in the X band:
(a) ISq111 and (b) |Sy; | of the EMBG structure as a function of the swept
frequency, by changing the DC magnetic field/relative permeability.

Comparing the simulated results with the measured ones
(Figs. 6a and 6b), it is apparent that a satisfactory agreement
has been obtained in terms of both central bandpass frequency
and overall bandpass behavior all over the frequency range of
interest, considering that an increase of Hy means a decrease
of )., (see Egs. (10) and (12)), which is related to a change of
both the refraction index and the characteristic impedance of
the structure at input/output ports (hence, a lower matching
to the reference impedance of 50 2). However, some dif-
ferences can be observed, as inevitably the effective refrac-
tion index ney is not the same as the simulated one, e.g.
due to non-perfect Py deposition and thick SiO; layer. The
de-tuning of the central frequency from 9.25 GHz down to
9.1 GHz is the consequence of lowering the ney of the mea-
sured prototype, which is expected if considering fabrication
tolerances.

The thickness of the silicon oxide fabricated by a standard
thermal oxidation process was already added in the electro-
magnetic simulations. On the other hand, the defects observed
on the permalloy deposition are related to adhesion, with
some lateral exfoliation after the photolithography and to
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thickness spikes over a configuration that is, in fact, quite
large. For the above reasons, we concluded that a process
optimization is needed to perfectly control the deposition
quality over an extended area. Presently, the structure exhibits
defects that cannot be easily defined in the electromagnetic
simulator, bringing to a non-negligible difference between
theoretical and experimental results. Despite that, it was pos-
sible to give evidence for the basic properties of the material
and its potentialities for high frequency devices. Measured
losses are higher, as well, as discussed before. Nevertheless,
it is worth noting that our main goal was to inspect the general
properties of the material itself in processing a microwave
signal for phase change and attenuation control, demanding
- in future work - the use of selected area deposition in the
region between the coupled lines, to fabricate similar devices
with lower losses. The main reason for high insertion losses
in our configuration is that the EMBG structure is wider
than others used in the past for similar characterizations,
bringing to device losses not acceptable for actual purposes,
but improvable using additional photolithographic steps, lim-
iting the permalloy extension to the coupling region. The
measured phase change (after unwrapping the raw data to get
a continuous response as a function of frequency), from the
state in which the material is biased with a low DC magnetic
field to the state where the material is biased with a high value
of Hy, is shown in Fig. 7 for Hy = 0 + 2000 Oe.

401 —H,=0 0e
H,increases |——H =
604 0 H,=500 Oe
H,=1000 Oe
S -80- —— H,=2000 Oe
Q
T
@ -100
©
=
& 1204
-140 4
-160

8.5 876 817 8?8 8j9 970 9j1 9?2 9j3 974 9T5
Frequency (GHz)

FIGURE 7. Unwrapped phase response of the EMBG structure in
transmission (S,; parameter) in the frequency range 8.5-9.5 GHz.

As the central frequency of the EMBG structure bandpass
response is around f = 9.25 GHz, we selected data on
attenuation and phase at this frequency value to elaborate
measured attenuation and phase performances.

In particular, selected data have been plotted in Fig. 8 and
in Fig. 9.

Changing the permeability of permalloy, induced by the
application of the DC magnetic field, the impedance of
the device also changed, and the propagation of the signal
too. Permalloy’s permeability of the manufactured structure
is lower than that of sputtered permalloy multilayers, with
actual magnetic saturation around Hy = 1000 Oe.
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FIGURE 8. Attenuation of the structure (losses) in dB scale for different
values of the applied DC magnetic field Hy at f = 9.25 GHz.
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FIGURE 9. Phase change (unwrapped value) in degrees scale when
increasing Hy value at f = 9.25 GHz.

As a matter of fact, the transition measured around
1000 Oe has been already demonstrated in [29], where it
has been discussed in detail how the magnetization is sat-
urated depending on both: (i) the kind of substrate and
(ii) the permalloy’s thickness of evaporated films. In par-
ticular, the easy axis for the magnetization when permalloy
is deposited onto (100)-oriented Silicon substrates lies in
the plane, and the material is saturated at Hy = 1000 Oe,
following also the results shown in Fig. 5a of [29].

Another important consideration, introduced at the begin-
ning of this paper, concerns with the band limitations due to
the frequency range imposed by the value of the DC magnetic
field Hy. Crossing the tand,, curves with the response of the
EMBG structure, it is possible, within the bandpass range, to
obtain higher or lower losses by properly choosing the cross-
over between the two curves.

It is evident, from the analysis of Fig. 6 and Fig. 7, that
the linearity of the response is not always guaranteed. The
response is more linear for the phase than for the ampli-
tude, but it might also be stressed that every magnetically
biased device is intrinsically non-linear, because its prop-
erties come out from the definition of the equation for the
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magnetic precession and for the band limits of the magneti-
zation response as a function of frequency. In this framework,
it is worth noting that frequency tunable devices based on
magnetic materials can exhibit an improved linearity using
modified geometries of the ground, changing the electro-
magnetic boundary conditions to linearize the dispersion.
It is different for the amplitude, because the squareness of
the filter is always affected by a different response on the
edges of the band. Nevertheless, also in this case an extension
of the operational bandwidth, including cascaded structures,
improves the linearity of the response at least in the center of
the band, as it happens for any microwave filter.

In spite of the non-optimized device response, due to
both some technology limitations and the permalloy intrinsic
losses, it is evident the change in the attenuation and in the
phase of the signal passing through the EMBG structure when
the Hy value has increased. As already discussed, evapora-
tion has been demonstrated to be a difficult technique to be
controlled w.r.t. other deposition techniques like sputtering
and electrodeposition. This results in higher material losses,
as evidenced by some difference in the magnetic linewidth
at resonance. On the other hand, our results agree with typ-
ical losses mainly due to eddy currents in permalloy, which
remain the most important contribution to losses expected for
our structure. It is worth noting that, if permalloy is used as
an absorber, or attenuator, it could be even a better result.

In particular, Fig.7 clearly exhibits a phase change with
analog response of the device, i.e. a continuous change of the
phase as a function of frequency. In Fig. 8 it is shown that
the attenuation could also be continuously changed but the
evidence for a threshold around Hyp = 1000 Oe favors a dig-
ital response of the structure. As a matter of fact, the analog
function can be really controlled with a slow and very precise
tuning around the threshold, but a digital response is clearer
and less critical, especially for attenuation.

The deposition technique used to manufacture the multi-
layer structure usually gives back non-optimized results in
terms of technology, but there are also some advantages in
the easier technological process and in tailoring the prop-
erties of the structure, to have not very high values of the
permeability. Actually, the response of our sample lies in
the same frequency range of ferrites, but the advantage is
in using a fully planar configuration with conventional pho-
tolithographic steps and with no hybrid solutions.

Using the general approach reviewed in [22] and consider-
ations previously discussed in [30], the resonance frequency
for a magnetic material biased by a DC magnetic field ori-
ented in plane is given by the well-established equation:

f = y+/(Ho + Hy) (Ho + H, + 47 M) (14)

Actually, the resonating frequency f is set by the material
properties, including the saturation magnetization Mg, the
gyromagnetic ratio y, the anisotropy field H, and the mag-
nitude of an applied field Hy. For permalloy, 47 Mg = 10 kG
is assumed, whereas H, is usually negligible. By imposing
a DC magnetic field Hy = 1000 Oe, the predicted resonance
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frequency is f = 9.287 GHz, close to the experimental center
of the bandpass response, which is around 9.25 GHz. This
agrees with the previous discussion, based on the cross-over
between the fand, curve and the bandpass response of the
structure. Owing to the loss increase along the edges of the
band limits, the attenuation is also increased, resulting in
lower values for the transmission parameter Sy1. Of course,
the design of a microwave filter should be determined by elec-
trical considerations at microwave frequencies, related to the
shape and size of the sections of the planar device, and in this
case the material frequency characteristics have been consid-
ered coherently with the frequency response of the studied
device. The value of the permeability for comparing theoreti-
cal and experimental results can be calculated accounting for
the maximum value of the susceptibility tensor component in
the plane where the DC magnetic field is applied. In detail,
using the classical approach developed for magnetic layers
like yttrium iron garnet (YIG), the peak value of the tensorial
component of the material permeability in the plane is given
by /L;,/mk = 4w Mg / AH, where AH is the magnetic full
linewidth of the material, representing its intrinsic losses.
Following the results given in classical papers about this topic
for evaporated permalloy [28], [31], [32], we can assume a
linewidth value for parallel resonance around AH = 25 Oe
at 9.2 GHz, leading to a permeability value of Z ok
10000/25 = 400.

Looking at the obtained results, the most promising effects
to be pursued for the studied configuration, and to be opti-
mized for potential next configurations, are the variable atten-
uation and the phase shift over extended frequency ranges,
where the bandwidth depends on the filtering design at central
frequencies related to the applied magnetic field and to the
saturation condition for the material magnetic domains.

V. THE EQUIVALENT CIRCUIT
The aim of this section is to describe an equivalent circuit to
represent permalloy component shown in Figs. 1b and 1c.

It is worth noting that the electromagnetic simulations
have been performed trying to predict the expected response
of the studied configuration, based on a pre-defined set of
values for the permeability of permalloy, with non-negligible
differences w.r.t. the experimental findings, as commented in
previous sections. On the other hand, the circuit configuration
presented in this section is based uniquely on the experi-
mental results. This simple but effective approach was useful
to draw additional conclusions considering the not purely
resistive contribution to the device losses of the permalloy
material. The circuit is developed starting from the measured
results of the scattering parameters.

A. PROPOSED APPROACH FOR DERIVING THE
EQUIVALENT CIRCUIT

The measured frequency behavior of |S;;| plotted in Fig. 6
suggests to characterize the permalloy structure, at least in
the frequency range 8.2-10.2 GHz and for low values of the
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FIGURE 10. The resistive I1 network modelling a microwave attenuator.

bias magnetic field Hy (200 < Hy < 750 Oe), by means of
one of the models proposed in the literature for the microwave
attenuators. To this end, it is here used the resistive I'T network
shown in Fig. 10.

Hence, the unknowns of the modeling procedure are the
values of the resistors R; and R,. After some algebra one
obtains for R; and Rj:

L+ (811l + 18211

| =20————————— (15)
L —|S11] — |S21]
14181102 — 152112

_ 20 (L+1S11D” — [821] (16)

2 1521

From Fig. 6 we can note that by increasing the magnetic bias
field Hy the scattering parameter |Sy;| cannot be considered
as frequency independent even in the range 8.2-10.2 GHz.
Since the equivalent circuit in Fig. 10 is composed only by
resistors, it does not provide the required frequency behav-
ior for |Sy(]. In order to solve this problem, the proposed
topology is modified, by inserting in the model an LC circuit,
getting the configuration shown in Fig. 11.

FIGURE 11. The model composed by resistors and by the LC circuit for a
microwave attenuator.

The values of the inductor L and of capacitor C are obtained
by using the following procedure:

o The resonant frequency fy of the LC circuit is chosen
close to the lowest frequency value of the useful band,;
therefore, at f the proposed circuit model is reduced to
a resisitive I'T network;

« R; and Rj are calculated by means of (15) and (16),
using for |S11| and |S7| the measured values at fy;
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o The circuit in Fig. 11 must provide, for a frequency
/1 close to the upper limit of the useful band, the cor-
responding measured value for |Sy1|. To this end the
analytic expression of Sy is written as follows:

1
Sy=— 17
T ETRP L jXP (17
where:
20
E=14+2 18
+ R (18)
1 20 R
P=—(2+24+— 19
2R ( Ry Zo) e
f2
X =2nfL|1--C% (20)
f
fo= ! 2D
0= SaVIC

Imposing f = f1 in (20), from (17), (18) and (19) we find:

-1
f02 1 <E )2
L=|2nfi[1-"% (= 4R
[”f‘< fﬂ a2 P

(22)

being Sz1r the measured value of Sy; at the frequency fi.

B. NUMERICAL RESULTS PROVIDED BY THE

EQUIVALENT CIRCUIT

The above described approach has been used for modeling the
permalloy structure in Fig. 1. According to the experimental
behavior of |S;1]| as a function of frequency shown in Fig. 6,
the values for f and f] are so chosen respectively: fy = 8 GHz
and fi = 10 GHz. For low values of the bias magnetic field Hy
two cases are analyzed: Hy = 200 Oe and Hy = 750 Oe. For
both of them the IT configuration in Fig. 10 is used, comput-
ing the resistances R; and Ry by means of (15) and (16). For
high values of the bias magnetic field two cases are studied:
Hy = 1000 Oe and Hy = 3000 Oe. The equivalent circuit for
these two cases has the topology in Fig. 11, and the values of
its elements are provided by the presented approach. All the
obtained networks are implemented in the AWR Microwave
Office software package. In Fig. 12 the |S;;| behavior pre-
dicted by the numerical simulations is plotted as a function of
frequency. These results must be compared with the measured
data illustrated in Fig. 6. A good agreement can be observed
in the bandwidth 8.2-10.2 GHz. Hence the effectiveness of
the proposed model has been proven.

In Fig. 13, for the sake of clarity about the quality of
the developed model, selected data, for Hy = 200 Oe and
Hy = 1000 Oe, have been plotted to show the comparison
between experimental and fitted data. For the phase, data
have been renormalized to account for the differential phase
difference.

Itis important to underline that for modelling the permalloy
structure we are using the equivalent circuit of an attenuator,
which should essentially provide the amplitude response of
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FIGURE 12. Frequency behavior for |S,; | provided by the numerical
simulations: (a) amplitude variation in dB and (b) phase shift
(unwrapped) by using the magnetic field Hy as a parameter.

the component. Indeed, a good agreement can be observed
in Fig. 13a between simulated and measured data for |S;1].

Even with this limitation the model gives a qualitative
indication of the modulus of the phase variation due to the
change in the bias magnetic field (Fig. 13b), and in particular
predicts a reasonable phase change between the two states
within the bandpass response.

The phase characteristics in Fig. 13b have been represented
in a differential way, because what is important in a potential
phase shifter is the difference in phase between the input and
output ports of a device. In fact, while the equivalent circuit
gives immediately the phase shift with zero reference for the
input port of the device, the un-wrapped phase experimentally
measured is usually affected by multiple of 27 due to the
algorithm used for the un-wrapping procedure.

So far, the measured values need to be re-normalized to
calculate the effective phase shift.

Actually, the level of the losses depends on the mate-
rial contributions and on its magnetic bias. Nevertheless,
the currently proposed circuit approach is a model using the
experimental results, without having an explicit dependence
of the losses from the permeability or the strength of the
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FIGURE 13. Frequency response in the X-band, centered around the
central frequency of the filter (2 GHz around 9.1 GHz, with ca.

20% bandwidth) for the equivalent circuit compared with experimental
results: S,; (a) amplitude in dB and (b) modulus of the phase difference
between Hy = 200 Oe and Hy = 1000 Oe. Dashed lines: modelled curves.
Solid lines: experimental curves.

DC magnetic field. It might be stressed that this aspect could
be an extension of the presented model, which is quantitative
but not directly related to the magnetic quantities. In fact,
a more elaborated equivalent circuit is under development for
a full agreement between theoretical model and experiment.

As an additional and preliminary contribution to a possible
full equivalent circuit, the studied configuration has been
simulated with equivalent lumped elements using the cir-
cuit simulator Microwave Office. The coupling between the
coplanar waveguides has been modeled by means of coupling
capacitances, placed at the ends of the central device section,
where the coupled lines have the geometry shown in Fig. 1b.
This choice is justified by the physics of the problem, as in the
equivalent circuit half of the capacitance is at the beginning of
the coupling section and half of it at the end. Fitting the elec-
tromagnetic simulation with the circuital one, a quite good
agreement has been obtained between the two approaches,
by estimating the single coupling capacitance with a value
Ceoupt = 20 pF.
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TABLE 1. Comparison between the phase shift performance of different
configurations for magnetically tuned phase shifters.

Device Reference | Frequency Bandwidth | Phase Shift
Permalloy This X-Band 1 GHz ca. 45° ca. at
EMBG paper 9.25 GHz
CPW
coupled-
lines
structure
Permalloy [4] UHF-Band 200 MHz 120° ca. at
microstrip ca. 1 GHz
bandpass
filter
Fe [15] C-Band 4 GHz From 5+1°
microstrip to 15+5°
line depending
on Fe film
thickness

It has been already stressed in this contribution that very
few papers are available until now on the utilization of
permalloy for tuning the microwave properties of devices like
filters or phase shifters. Looking to current literature, the fol-
lowing Table 1 has been produced as a general comparison
on the studied properties of permalloy in our structure.

It is clear that a full comparison among all the available
data does not make sense, because device size, materials
and applications are different. We selected only the phase
shift, typical of the dispersion control in propagating struc-
tures. Other results are mainly focused on frequency tuning
(not phase) and no contributions are available on amplitude
control.

VI. CONCLUSION

In this paper, permalloy has been studied as tuning material
to have a phase shift and variable attenuation over large
bandwidths and has been used to fabricate a microwave
planar circuit in the X band, namely an electromagnetic
bandgap structure. In spite of the non-optimized filtering
performances, the device clearly shows some basic character-
istics related to the magnetic properties of the permalloy film,
encompassing fine tuning of the output phase and variable
attenuation, which in principle can be considered for both
digital and analog functionalities. In detail, using a magnetic
field up to 3000 Oe, it was possible to change the phase by
ca. 45° and the amplitude by ca. 7 dB in the X band. Future
work will be devoted to the optimization of the filtering char-
acteristic in specific bands to be coupled with the permalloy
magnetic response, to limit losses of the full device. Selective
deposition techniques have to be considered for confining the
lossy permalloy material in one specific area.

Variable attenuation has been considered, together with the
phase change, the main characteristic response for the studied
device. On the other hand, selective deposition of permalloy
could be the right choice for the next implementation of the
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structures based on this material, to have lower losses and
integrated, fully passive phase shifter applications.

The work presented in this paper is one of the few ones
available in literature addressing the advantages of using a
magnetic material like permalloy for tuning of the proper-
ties of a microwave device using a DC magnetically biased
structure. Previous works introduced interesting applications
in tunable resonating configurations and only one [4] was
based on phase control of the signal. In this contribution a
combined effect of insertion loss control and phase tuning has
been studied with a multilayer permalloy structure.
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