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Self-Biased Nonreciprocal Microstrip Phase Shifter
on Magnetic Nanowired Substrate Suitable
for Gyrator Applications

Gaél Hamoir, Joaquin De La Torre Medina, Luc Piraux, and Isabelle Huynen, Senior Member, IEEE

Abstract—Magnetic nanowired substrates (MNWS) have been
used for the fabrication of a planar nonreciprocal microstrip de-
vice. It shows a differential phase shift of 300 degrees-cm™! at
K a-band without requiring the application of a dc bias magnetic
field, and making it suitable for miniaturized gyrator applications.
The nonreciprocal operation is achieved by loading the device with
nanowires of different ferromagnetic materials. This allows to con-
trol the phase velocity of the microwave signal passing through
the device by virtue of the spatial variation of the MNWS perme-
ability. The measured microwave performances of the device have
been reproduced with excellent accuracy using a proposed analyt-
ical model based on an effective medium theory and useful for the
prediction of further tunable capabilities.

Index Terms—Alumina, ferromagnetic nanowires, gyrator, inte-
grated, microstrip, nonreciprocal, phase shifter, self-biased.

I. INTRODUCTION

URRENT passive nonreciprocal microwave devices

based on ferrite materials [1]-[3] have received great at-
tention in the last decades and are nowadays employed in a wide
spectrum of applications. However, classical devices present
limitations since their frequency of operation is usually limited
to the X -band due to the low saturation magnetization value of
ferrites, and they must be biased by an external magnetic field,
which represents a limitation of size reduction. Self-biased
hexaferrites may be used for nonreciprocal millimeter-wave
devices [2], [4]. They usually require hybrid topology, for
example,the hexaferrite disc is mechanically inserted in a
circular cavity drilled in a low-loss insulating substrate sup-
porting RF access lines, requiring bonding wires to make the
contact between hexaferrite cavity and planar accesses. As an
alternative to overcome such limitations, novel nanocomposite
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materials based on arrays of magnetic nanowires (NWs) grown
into nanoporous membranes have been proposed [5]-[9]:
nanowired areas in the alumina substrate can easily be delim-
ited by masking techniques during electrodeposition, enabling
the coexistence in the same planar substrate of self-biased
ferromagnetic and dielectric (insulating) zones, fully compat-
ible with microstrip or coplanar waveguide technology. The
high length-to-diameter aspect ratio of low-diameter NWs
makes them self-biased magnetically along their axis due to
shape anisotropy, and their frequency of operation lies above
the X -band, up to 30 GHz in CoFe alloyed NW arrays. Non-
reciprocal microwave devices based on MNWS have been
the subject of recent works and include circulators [10]-[13],
isolators [14], [15], and differential phase shifters [16], [17]. In
microstrip-line topologies lying on a ferromagnetic or ferrite
material, the microwave electric and magnetic field patterns are
nonuniform by virtue of the edge-guided mode, since they are
preferably concentrated near one long edge of the microstrip
due to the coupling between the microwave signal traversing
the microstrip and the gyromagnetic properties of the mag-
netized magnetic material [18]. This principle combined with
an asymmetrical loading of the microstrip results in a nonre-
ciprocal behavior, which has recently been applied to obtain
differential phase-shift performances in MNWS [16], [17].

In this paper, we propose a nonreciprocal microstrip line
(NRML) based on MNWS that have a large differential phase
shift observed in absence of dc magnetic field and induced by a
ferromagnetic resonance (FMR) transverse field displacement
principle. The proposed device consists of a microstrip-line ge-
ometry on a single planar substrate filled with NWs of different
magnetic alloys, namely, NiFe and CoFe. The nonreciprocal
behavior of the present device is achieved by controlling the
phase velocity of the microwave signal guided on the microstrip
line via a variation of the MNWS permeability. As a result, a
nonreciprocal differential phase shift up to 300 degrees-cm ! is
obtained at zero applied dc magnetic field, making the present
device suitable for gyrator applications [19] and electronically
scanned arrays antennas [20]. The simulated absorption and
differential phase shift are in excellent agreement with the
experimental results, and the proposed model allows to predict
further tunable capabilities of the NRML presented in this
work.

II. DEVICE TOPOLOGY AND FABRICATION

The MNWS is fabricated by three-probe electrodeposition
of NiFe and CoFe NWs into 100-zm-thick commercial porous

0018-9480/$31.00 © 2012 IEEE
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Fig. 1. (a) Photograph of the top view of the fabricated NRML. (b) Schematic
2-D view of the NRML showing the spatial arrangement of the areas with NWs
and the microstrip line (dotted line) which is divided in two zones with widths
w, = 4 mm and w, = 0.5 mm and length L,, = 8 mm over the zones with
CoFe and NiFe grown at heights 0.68 and 0.84 of the membrane thickness,
respectively. The width of the microstrip line is w = w. + w, = 4.5 mm
and tapers to a width «, = 0.2 mm at their two ports and its total length is
L =L, +2L; = 12 mm where L4 = 2 mm is the taper length. (c) Corre-
sponding 3-D schematic view.

anodic alumina (PAA) membranes from Synkera [12] with
pores diameter ¢ = 35 nm and membrane porosity or NWs
packing factor P = 12%. A Cr(20 nm)/Au(600 nm) layer
is evaporated onto one side of the membranes to serve as a
cathode for electrodeposition and as a ground plane for the
microwave measurements. NiFe and CoFe NWs are grown
from the Cr/Au layer at the bottom of the porous membrane
using the following electrolytes: 131.42¢ 1 ' NiSO, +
556 g1 ' FeSOy + 24.73 g1 ' H3BO3 with the pH adjusted
to3;and 80 g1 ! CoSO4 440 g1 ! FeSO4+30g1 ! H3BO;
with the pH adjusted to 4, respectively. Electrodeposition of
the NWs is done in potentiostatic mode at room temperature
by applying potentials of —1 V for NiFe and —0.9 V for CoFe
NWs.

The filling of the membranes with NWs is carried out in two
steps with the purpose of obtaining two adjacent rectangular
zones where CoFe and NiFe NWs are grown. In step one, elec-
trodeposition of CoFe NWs takes place in a limited area with
width greater than 4 mm and length L,, = 8 mm and NiFe NWs
are subsequently electrodeposited in an area with width greater
than 0.5 mm and length L. = 8 mm just besides the one for the
CoFe NWs. For the growth of NWs, a rubber mask with a rect-
angular hole through which the electrolytic solution is in con-
tact with the porous membrane is placed into the electrolytic cell
in order to accurately define the area where NiFe NWs are de-
posited into the membrane and to prevent their growth over the
previously deposited CoFe NWs. The NWs height is determined
from the time necessary to completely fill the porous membrane.
Finally, a 4.5-mm-wide and 12-mm-long microstrip line is evap-
orated onto the side of the membrane opposite to the one with
the previously evaporated cathode as seen in the NRML photo-
graph of Fig. 1(a). The microstrip line is such that its long di-
mension is placed parallel to the junction of both zones of NWs
and covers a width w. = 4 mm of the CoFe area and w,, =
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0.5 mm of the NiFe area as seen schematically in Fig. 1(b).
Therefore, the microstrip line is 4.5 mm wide over the zones
with NWs and tapers to a width w, = 0.2 mm at their two
ports, as shown schematically in the corresponding 2-D [see
Fig. 1(b)] and 3-D [see Fig. 1(c)] views of the NRML shown
in Fig. 1(a). The taper sections are added in order to facilitate
the contact with the connectors of the test fixture used for the
measurement and improve the matching of the wide NRML sec-
tion to the 50-2 reference impedance of the measuring equip-
ment. A large width of the NRML is needed over the nanowired
area to induce the field-displacement mechanism that will be de-
tailed in Section III. The total length of the microstrip device is
L =L, + 2Ly = 12 mm with the addition of the taper length
Ly =2 mm.

III. THEORETICAL PREDICTIONS

A. Field-Displacement Mechanism

The nonreciprocal operation of the device of Fig. 1 is based on
a transverse field displacement along the microstrip line, which
is caused by the ferromagnetic materials beneath the microstrip.
Contrary to previously reported NRML, where the nonrecip-
rocal behavior depends on an asymmetrical filling with NWs of
the same material [16], [17], the present device is nonreciprocal
even if the MNWS is symmetrically filled with NWs. The prin-
ciple of operation of the former depends on the strong variation
of height profile of the NW array, which can be stairway-like
[16] or gradient-like [17], and then on the resulting asymmetry
of the substrate permittivity across the microstrip line. In the
latter, the principle of operation arises from the asymmetry on
the permeability tensor /i; in each zone, with ¢« = ¢ for CoFe
NWs or 2 = n for NiFe NWs. In other words, in the present de-
vice, the permeability of the NWs is varied in order to control
the phase velocity of the microwave signal passing through the
microstrip line. As a consequence of the presence of ferromag-
netic material, the y-component of the electric field F,, and the
x-component of the magnetic field H,, = (k,/wu,)E,, with
i = ¢, n, are nonuniform across the z position of the transverse
section of the microstrip line, which can be rewritten from Hines
formalism [18] as

E, = Ae ", for 0<z < w,

_ — W ,— Uy (T—W,)
E, =Ae e ,

)
2

for w, < x < w,

In (1) and (2), oy = jrik./1;, where k. is the propagation
constant and j«; and y; are the off-diagonal and diagonal com-
ponents of the permeability tensors, respectively, for zones with
CoFe (i = ¢) and NiFe (¢ = n) NWs and are given by [10]

pi =14 2r Moy Phfs (f2— £2)7" (m2 +1)
wi = AT M yPhif (f2 — %)

(€))
“

1

mi.
In the previous equations f; = v[Hpc + 27 M,,(1 — 3P)] +
Jou, f is the FMR frequency, m; = M, /M, is the normalized
magnetization along the y axis of the NWs, oy, = 1/(27 f7;)
is the damping factor, Hp is the static field applied parallel to
the y-axis of the NWs which in our case is set to zero, f is the
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Fig. 2. 3-D view of the calculated electric field pattern E, as a function of the
x-position and the excitation frequency f at zero external bias field for (a) pos-
itive and (b) negative direction of propagation (or magnetization). Log magni-
tude of field is plotted for sake of clarity, after normalization for each frequency
to its value at side edge of CoFe NW area (x = (). As magnetic field H, is pro-
portional to £, by the factor k.. /wito, its pattern looks identical to the E-field
pattern after normalization.

microwave operation frequency, M, is the saturation magneti-
zation, ¥ = 3 GHz-kOe ™! is the gyromagnetic ratio, while P
is the volumetric fraction of nanowires in the porous template.
It is worth mentioning that the difference between the perme-
ability tensors for the CoFe and NiFe NW zones arises from the
differences between f. and f,, and, more precisely, from M,
and 7;, which have values M;, = 1850 emu-cm ™2, M, =825
emu-cm 2, 7, = 6.3x 10711 and 7, = 1.4598 x 10~ 10, Equa-
tions (1)—(2) enable us to predict that the decay of field along
the positive x-direction is different in the two zones because
of the different permeabilities of the material, but also that this
decay is reversed, i.e., occurring along the negative x-direction
or, equivalently, causing amplification in the positive z-direc-
tion, when the direction of either propagation (fixing the sign
of k., hence of «;) or magnetization (fixing the sign of m,;) are
inverted. The FMR mechanism implies that the sign of compo-
nent «; is different below and above FMR frequency, meaning
that the decay of the field is reversed from below-resonance to
above-resonance frequency ranges. These predictions are illus-
trated and confirmed at Fig. 2, showing the field patterns simu-
lated for the device presented in this paper, using (1)—(2).

The nonreciprocal behavior is achieved by combining this
field-displacement mechanism with the change of permeability
across the transverse section induced by the change of ferro-
magnetic material: as the field concentration in each zone de-
pends on the propagation (or magnetization) direction, so will
the effective permeability experienced by the microwave signal
guided also depend on the microstrip line. Hence, its quasi-TEM
propagation constant and characteristic impedance will depend
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on the sense of propagation (or magnetization), making the de-
vice nonreciprocal.

B. Quasi-TEM Nonreciprocal Transmission-Line Formalism

Using the effective medium approach, an analytical homo-
geneization formula is proposed for the effective permeability
experienced by the signal for each direction of propagation (or
magnetization), along positive (4) or negative (—)z (or i) axis:

1 fdw‘ prareet Hi(l dx + fw” Hi (x)dx

1 —K3 2 Ln

fou’ HE (x)dz + f:f: Hi‘fl .,)d:I:

Hegp

)

where the expression (7 — x2)/p; is effective permeabilities
associated with quasi-TEM propagation in each ferromagnetic
zone [21]. The use of inverted quantities is required in (5) be-
cause inductive contributions under the microstrip have to be
considered in parallel and not in series [22]. Superscripts +
in the field variables indicate that (1)—(2) are used either with
positive/negative values of propagation coefficient ((k,) =
+|S(k.)|) for positive value of m; or with positive/negative
values of m;(m; = £|m;|) for positive values of S(k.). From
expression (5), nonreciprocal quasi-TEM complex propagation
constants depending on direction of propagation (or magneti-
zation), and associated characteristic impedances can be calcu-
lated as

LW
ki = j—\/nEeen (6)
] +
Zow = 37T Hett (7)
Eoff

where z.g is the equivalent effective permittivity of the
nanowired substrate, function of the filling factor [23], w is the
width of the microstrip over the nanowired area, and £ is the
thickness of the alumina substrate.

IV. EXPERIMENTAL VALIDATION

The transmission coefficient Ty = e *+L in the forward

(+) and backward (—) propagation directions has been sim-
ulated using the formalism summarized in the previous sec-
tion at zero applied dc bias magnetic field (Hpc = 0). The
S-matrix of the NRML section lying on the nanowired part of
the substrate was calculated from 7 and Z.1 using the for-
malism proposed in [26] for nonreciprocal transmission lines.
It was then transposed to the S-matrix referenced to the 50 €2
of the measuring equipment using classical S- to chain-matrix
conversion formulas, and making a cascaded product of chain
matrices of input taper, NRML nanowired section, and output
taper, respectively. Microwave measurements are carried out in
two-port configuration using a vector network analyzer (VNA)
(Anritsu 37297C). The (=) propagation directions in experi-
ments correspond to propagation from port 1 to port 2 and from
port 2 to port 1, respectively, as shown in Fig. 1(c). Fig. 3(a)
shows, in both directions of propagation, the magnitude Sy /L
of transmission S-parameters normalized per unit length, ex-
pressed in dB-cm~!. A significant isolation between forward
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Fig. 3. (a) Measured (thick lines) and calculated (thin lines) S+ /L (dashed
lines) and S_ / L (continuous lines) for the NRML of Fig. 1(b) at zero dc biasing
magnetic field. (b) Measured (symbols) and calculated (lines) A¢ /L at zero
field for the NRML of (a).

and reverse S-parameters is observed around the resonance fre-
quency for CoFe at f. = 22.32 GHz, in both experimental and
simulated curves. In simulations, the loss tangent factor is set to
tan d = 0.067, corresponding to the commercial Synkera sub-
strate, which explains the high insertion losses over the whole
frequency range. Such a high value for dielectric losses in alu-
mina is explained by the imperfect purity of the commercial
membrane and its amorphous and not crystalline structure re-
sulting from the anodization fabrication procedure, which might
also allow the presence of residual bound water molecules in its
nanoporous structure [24], [25]. A more significant FMR ab-
sorption is present in both propagation directions around the f..
frequency and not at f,, = 9.95 GHz, which may be ascribed to
the fact that M, > M, _ and then the absorption due to NiFe
NWs is much lower than that for the CoFe NWs. Furthermore,
the isolation of about 18 dB observed around this frequency be-
tween forward and reverse transmission clearly indicates a non-
reciprocal behavior of the device. It is worth mentioning that
resonant transmission peaks observed below 15 GHz are due to
unperfect matching offered by tapered edges of the microstrip
line at low frequency: because of their small length (L = 2
mm) with respect to corresponding wavelengths, quarter-wave-
length matching to 50-§2 reference impedance is not ensured
below 15 GHz.

Interestingly, the measured differential phase shift per unit
length Ap/L = (¢, — ¢_)/L of the NRML of Fig. 3(b)
(squares), where ¢4 is the phase of the S; parameter, is
negligible for f < f. but suddenly increases for f > f.
up to the value 300 degrees-cm™!. Furthermore this value
is higher than those reported for devices based on ferrites in
the range 38-130 degrees-cm™! at X-band and 300 K [19],
[20], [27]-[29]. It is worth mentioning that the high Ay/L
value obtained without the application of a dc magnetic field
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Fig. 4. (a) Measured (continuous line) and calculated (dotted line) FOM at zero
field after saturating the NRML of Fig. 1(a) in a positive magnetic field. (b)
Calculated FOM for tan 8 = 0.067 (dotted line, same as dotted line of Fig.
4(a) for actual device) and for tan &6 = 0.001 with perfect matching of NRML
(dashed line).

in our device is suitable for the realization of a gyrator ele-
ment (Ap = 180 degrees) operating in the frequency range
30-50 GHz, which can be obtained with a shorter microstrip
line having a length of 0.72 ¢cm. The Aw/L calculated from
simulated S -parameters (continuous line) predicts negative
values close below f. that are not observed experimentally,
however, it agrees well with the measured one above this
frequency value. As explained before, either if the sign of the
propagation constant %, is reversed by inverting the propagation
direction, or the sign of the off-diagonal term of the perme-
ability tensor jr; is changed by reversing the magnetization
direction, an inversion of the field patterns occurs. Particularly,
inverting the sign of jr; by virtue of a change of sign in m;
[see (4)] leads to an inversion of A/ L as seen by the dashed
line in Fig. 3(b). Experimentally, A/ L (circles) is inverted by
magnetizing the NRML via the application of a saturating dc
field in the opposite direction which is subsequently relaxed
to zero. As seen in Fig. 3(b), the most striking feature is that
A/ L remains practically constant above f. where insertion
losses are reduced with respect to those at the FMR absorption
for CoFe NWs. This means that, in that frequency range, the
present device has improved performances as a nonreciprocal
phase shifter. As seen in Fig. 4(a), the figure of merit (FOM)
= 2A¢/(S4 + S5 _) reaches values of about +15 degrees-dB~*
in the frequency range 30—50 GHz, and both the experimental
(continuous line) and calculated (dotted line) values are in good
agreement.

V. PARAMETRIC STUDY AND OPTIMIZATION

Simulations in Figs. 3 and 4(a) take into account the ohmic
losses of microstrip and ground metallizations as well as the
conductivity of the nanowires. We have however demonstrated
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Fig. 5. Calculated A/ L as a function of frequency and width «,, of the NiFe
NWs zone such that w = w,, + w, = 4.5 mm, with w,. the width of the CoFe
NWs zone. (a) 2-D view. (b) 3-D view. Numbers in (a) correspond to values of
w,, in millimeters.

previously in [23] that the loss tangent factor of nanowired
substrate does not increase with the presence of conductive
metallic nanowires far away from the ferromagnetic resonance.
Improving the matching (i.e., optimizing the geometry of
tapers to ensure a perfect matching to 50 €2) will also reduce
insertion losses. High dielectric loss reported in the literature
for porous alumina is thus the remaining issue to solve, for
example, by increasing alumina purity and performing some
annealing to avoid residual moisture. FOM performances can
be further improved by reducing insertion losses on S that
are mainly due to dielectric losses of the PAA membrane, with
a residual part induced by mismatch. Indeed, higher FOM of
up to 480 degrees-dB~! can be obtained using a high-purity
PAA membrane with tané = 0.001, together with a perfect
matching of the NRML section to 50 €2 [Fig. 4(b)]. Therefore,
improved performances are expected for lower tan ¢ values in
the frequency range above the main FMR absorption, which in
this case corresponds to the one for the CoFe NWs.

On the other hand, the good agreement between experimental
and calculated insertion losses and differential phase shift ob-
served in Fig. 3 suggests that the proposed model allows to
predict with good accuracy the microwave properties of our
NRML. As an example, our model also shows that these prop-
erties can be tuned just by moving the position of the microstrip
line in the z-direction perpendicular to the propagation direc-
tion or equivalently by changing the widths of the NiFe and
CoFe NWs zones beneath the microstrip. The tunable feature
of the NRML of Fig. 1 is observed in Fig. 5(a) from the varia-
tion of A/ L with the width w,, (numbers at the right vertical
axis) of the NiFe NWs zone via the relation w,, = w — w,
with w = 4.5 mm. As observed in this figure, A/ L increases
in the frequency range f > f. as w, increases below 2.3 mm
(continuous lines) and decreases above this value (dashed lines).
The maximum attainable A¢/ L value is predicted to be about
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500 degrees-cm ! at w,, = 2.3 mm, which can be reached just
by adjusting during the design the position of the microstrip line
along the x-axis of the structure instead of adjusting its length
L.,,. A 3-D view of the variation of Ay /L on f and w,, is shown
in Fig. 5(b), where it is seen that introducing a magnetic material
beneath the microstrip line with different magnetization than the
one already present leads to significant changes in Ag/L for
f > f., where insertion losses are lower. Keeping constant the
height of both the NiFe and CoFe NWs allows fabricating a tun-
able phase shifter where Ay can be varied using the same de-
vice, which can be achieved just by moving the microstrip line
as mentioned above.

Finally, the Ay/L performances of our device are compa-
rable to those reported for ferrite-superconductor devices [30],
[31] for which A is as high as 1000 degrees in a 2.5-cm-long
meaderline leading to Ag/L as high as 400 degrees-cm ! at
X -band. Even if the FOM of our device is still low, due to
the loss tangent factor of the commercial alumina membrane
and its not yet optimized matching, our device has the advan-
tage that its frequency of operation lies at K a-band, suitable for
high-frequency microwave applications.

VI. CONCLUSION

We have proposed a novel planar nonreciprocal microwave
device fabricated using a magnetic nanowired substrate and
based on a field-displacement mechanism. The nonreciprocal
operation of the proposed device results in improved differ-
ential phase-shift performances of up to 300 degrees-cm ! at
zero applied bias field, which makes it suitable for compact gy-
rators. This is achieved by controlling the phase velocity of the
microwave signal passing through the device via a variation of
the MNWS permeability. Finally, the microwave performances
simulated using the proposed transmission line model agree
with very good accuracy with the experimental results. Further
tuning of our device capabilities, like the dependence of the
differential phase shift on the relative width of both NW zones,
have been predicted.
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