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Abstract—Operation of ferrimagnetic frequency-selective
limiters (FSL) is based on non-linear absorption in magnetized
ferrite films at RF/microwave power levels exceeding some
threshold. A new phenomenological model of non-linear loss in a
ferrite medium has been proposed, and it has been implemented
in an efficient numerical algorithm for an FSL performance
prediction.

Keywords—Frequency-selective limiter, ferrimagnetic,
spinwave, power threshold, non-linear loss, transmission line,
effective mode index, characteristic impedance.

L

Frequency-selective limiters (FSL) prevent blocking,
jamming, and overloading in broadband RF/microwave
receiver front-ends due to large-amplitude interfering input
signals appearing at some frequencies [1], [2]. Such unwanted
signals must be suppressed without affecting smaller-
amplitude useful signals at the other frequencies, i.e., signals
of interest. FSL operation is based on non-linear absorption
effect in a ferrimagnetic (ferrite) medium due to excitation of
spin-wave instabilities at the RF/microwave power levels
exceeding some threshold level [3]-[8]. Low-power signals
pass through this device without significant attenuation, while
high-power signals are simultaneously damped, thus providing
a frequency selective limiting ability. Frequency-selective
limiting at frequencies of above-threshold interferences takes
place automatically within the instantaneous bandwidth of the
FSL, and an FSL in this sense is an automatic self-tuned
device, though the center frequency of the instantaneous
bandwidth can be tuned by external bias magnetic field [2],
[3], [9]-[11]. FSLs demonstrate superior performance as
compared to traditional approaches using limiting/clipping
diode circuits and adaptive compensation schemes with prior
knowledge of interferers [1], [9]-[12].

Ferrite-based FSL design is not straightforward. FSL
design requires modeling of non-linear behavior of material
parameters (specifically, permeability and magnetic loss)
since FSL’s operation depends strongly on the RF/microwave
power. No existing commercial computational
electromagnetics tools support modeling of non-linear
magnetic interactions at high frequencies. To implement such
non-linearity, a rigorous, or at least adequate approximate
preliminary analytical formulation is required.

Most of the reported design approaches for FSL are
empirical and combine the available commercial and in-house
numerical codes and custom design tools, which are neither
fully completed, nor integrated. No systems-level “black-box”
models exist for FSL. Therefore, filling in this gap is of high
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importance in general, and immediately applicable for FSL
design. This work is based on the phenomenological model [8],
and a number of closed-form expressions are derived to allow
for efficient numerical modeling of non-linear loss associated
with magnetic spinwave instability. Here, examples of
phenomenological model implementation are demonstrated
for cases of FSLs on co-planar waveguides (CPW) for X/Ku
bands and the model is linked with a commercial Multiphysics
numerical modeling tool COMSOL [13].

II. SLICE DECOMPOSITION MODEL OF FSL

The phenomenological model predicts power loss in
nonlinear ferrimagnetic materials versus a number of design
parameters such as input power, frequency, external bias
magnetic field, and various design parameters - geometrical
and material. To build the model, the “traveling power wave”
approach [9] is employed. A linear TEM waveguiding
structure is sliced along the direction of wave propagation, z
[11], as is shown in Fig. 1. Cascading all the individual slices
in a circuit model allows for predicting the key FSL features,
including power- and frequency-dependent insertion loss.
Since each i" slice is a short TEM segment, it can be
characterized by the corresponding effective mode index ey
and characteristic impedance Zy;, i=1...N. These parameters
can be found by solving numerically a non-linear eigenmode
problem, where the waveguide properties vary depending on
the intensity of the internal RF/microwave fields. In this work,
non-linear eigenmodes are proposed to find in two steps using,
for example, COMSOL RF Module [13]. Fig. 2 shows the
meshed cross-sectional views of the CPW with ferrimagnetic
films for modeling in COMSOL.

First, the linear “small-signal” eigenmode solution is
computed, and the typical E- and H-fields for the eigenmode
are illustrated in Fig. 3. Next, for each set of input power,
frequency, and magnetic field bias Hj, the non-linear “large-
signal” eigenmode solutions are computed in a few iterations.
This is done in COMSOL by changing locally electrical
properties of the meshed elements that experience different
losses depending on their local H-field magnitude. Some
details for the algorithm and illustrations are given in Section
III. The entire computational process is fully scripted in
MATLAB to launch the COMSOL engine, automate
parametric sweeps, and collect all the mode data in look-up
tables. The mode parameters n.y; and Zy; are explained and
illustrated in Section IV, and computed FSL power limiting is
presented and compared with experiment in Section V.
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Fig. 1. FSL slice model (left-top) made of short transmission line with

effective mode indices n.y; and characteristic impedances Zy; (top-right), and
the entire model is cascaded of N slices to predict the insertion loss (bottom).

(@

Fig. 2. Cross-sectional views with the mesh in COMSOL for the 2.5x1.6 mm
overall-size CPW with signal traces (in the center, marked in red), 100 um
thick ferrimagnetic films outlined beneath and above CPW (in blue), and
voltage “a” and current “b” integration paths: (a) complete cross-sectional
geometry; (b) central portion magnified to show the very fine mesh.

() (b)

Fig. 3. EM field distributions solved in COMSOL for the CPW TEM mode
and rendered in a normalized logarithmic scale for the central CPW portion:
(a) electrical field; (b) magnetic field.

IIT. PHENOMENOLOGICAL POWER LOSS MODEL IN FSL

Non-linear absorption occurs in ferrites, when local
magnetic field intensity exceeds a certain critical material-
specific threshold level [9],[10]. The critical H-field

components - parallel, H lln.t, and perpendicular, H.;,, as well
as mutual orientations between the external magnetic bias
field vector and internal RF/microwave magnetic transversal
field can be pre-computed for any particular ferrite material
[3]. For the case of a monocrystalline yttrium iron garnet (YIG)
ferrite with saturation magnetization of 4zM; = 1780 G, the
dependencies of critical RF magnetic field components versus
input frequency and the external magnetic bias H, are plotted
in Fig. 4.

The RF H-field distribution of non-linear “large-signal”
eigenmode (Fig. 3b) must be re-normalized for every given
value of the input power. The ordinary linear “small-signal”
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eigenmode is solved without forcing right-hand side terms and,
thus, is power invariant. An iterative procedure is introduced
to re-normalize “large-signal” modes to a prescribed level of
input power at the CPW cross-section has been proposed and
implemented in COMSOL. It is based on the fact that not
absolute values but relative values of the H-field with respect
to H..;; are needed. Thus, a power scaling factor can be
introduced and then iteratively adjusted as illustrated by Fig. 5
when the “set” eigenmode power is gradually converged to the
actual “computed” eigenmode power. When re-normalization
is done, then the H,and H, components can be compared with

the critical H C”m and HZ,, values, respectively, and the

electrical properties for each mesh element in the CPW cross-

section (Fig. 2) can be adjusted according to the
phenomenological loss theory outlined below.
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Fig.4. Critical magnetic field vs. frequency for various static bias H-field for
parallel (left) and perpendicular (right) pumping RF magnetic field.
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Fig.5. Typical convergence of the nonlinear eigenmode solutions: (left)

prescribed and computed power; (right) difference of two.

In particular, the amount of local non-linear (VL) absorbed
power in a small volume dV with the local RF magnetic field
intensity H at the angular frequency w is

H
Pabs = lle(w)chrithF( ) (1)

Herit

In (1), D(w) is the dispersion function defined for parallel ||
and perpendicular L RF pumping conditions as follows:

Dll(w) = J—“—’" @)
DH(w) = 2 3)



and the threshold function vs. x = H/H_,;; is
0, x <1

F) = {w/xz -1,x=>1’

where w, = HoyH, is frequency of spin magnetic moment
precession in the internal static magnetic bias field Hy, w,,
UoYM,is the angular frequency associated with saturation for
the magnetization M, y =1.76x10'! C/kg is the gyromagnetic
ratio. The equivalent power loss can be included in the
numerical model of the FSL by considering equivalent
magnetic loss tangent tand,,, which defines the complex
permeability fi = pou, (1 — jtand,,) Therefore, the
equivalent linear (L) power loss can be described for the small
volume dV after some algebraic transformations as follows:

Pt = 0.5uwH?*dVtand,, (3)

Equating (1) and (5) yields the final expression for equivalent
magnetic loss tangent

“4)

tans!!™ = 211D ()G (x) (6)
where G is the function of the same argument x = H/H i,
) 0, x<1
G(x)=7= x2-1 x>1 (7)

x2

Thus, (6) allows for defining the modified local material
properties, which depend on the local H/H_,;; ratios for each
mesh element as in Fig. 2. The behavior of the function G(x)
is shown in Fig. 6.
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Fig. 6. Dimensionless function (8) which indicates optimum intensity of
power absorption rate

Such computations over the meshes can be done in
COMSOL. The equivalent magnetic loss tangent can be
computed separately for both parallel and perpendicular RF

pumping conditions versus the transversal coordinates (Fig. 7).

Similarly, the magnetic permeability tensor can be introduced
in the COMSOL model,

1 —jtanc?,l,l1 0 0
fi= 0 1—jtansk 0 ®)
0 0 1

IV.NONLINEAR DISPERSION FEATURES

Note that maximum absorption due to non-linearity in Fig.
7 are spatially localized in the areas of the ferrite film, where

the function (7) plotted in Fig. 6 is maximum, i.e., at x, = V2,
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viz. H = \/2H_,;. This shows that the maximum absorption is
achievable at some optimal level of magnetic field intensity,
or input power. If those optimal levels are exceeded, power
absorption decreases. This formally occurs when H > v/2H,;;.
Implementing the abovementioned model approach in
COMSOL allows for computing the key features of the
waveguide slices required to build the model as in Fig. 1: the
effective mode index n.y (Fig. 8) and characteristic impedance
Zy (Fig. 9) versus input power and a number of input
frequencies.

Fig. 7. Magnetic loss tangent for 50 mW input power at 15 GHz computed
for: (a) parallel and (b) perpendicular pumping conditions.
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Fig. 8. Complex effective eigenmode index versus input power at several
frequencies for H, = 1200 Oe: (left) real part; (right) imaginary part.
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Fig. 9. Complex characteristic impedance versus input power at several

frequencies for Hy, = 1200 Oe: (left) real part; (right) imaginary part.

As is shown in Figs. 8 and 9, the approximate threshold
power levels are ~12-15 dBm for this particular CPW design
(Fig. 2) and the material selection. For the input power above
the threshold, the loss is associated with the notable growth of
the imaginary parts of the n.yand Z, parameters.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 20,2023 at 13:37:13 UTC from |IEEE Xplore. Restrictions apply.



V. FSL PERFORMANCE PREDICTION

Using the slice features (Figs. 8 and 9) in the model as is
shown in Fig. 1, allows predicting the behavior of the FSL
with the cross-sectional design shown in Fig. 2. For example,
for the 40 mm long device with external H-field bias Hy=1200
Oe, the power versus the device length was computed using
2000 slices, and they are plotted in Fig. 10 for three levels of
input power above the 12-15 dBm threshold. The data in Fig.
10 shows, e.g., how power dissipates inside the FSL. Figs. 10
and 11 show the power limiting characteristics; the computed
data is in Fig. 11 (a), and validation by measurement is also
shown in Fig. 11 (b).
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Fig. 10. Output power along the wave propagation z coordinate for a number
of input frequencies, bias field 1050 Oe, and at different input power levels.

VI. CONCLUSION

A set of compact closed-form expressions has been
derived and used to build an efficient computer model that
allows for predicting non-linear loss in a ferrimagnetic film of
a CPW-based FSL design (Fig. 2). Using this computer model
frequency-selective power limiting features can be predicted.
The proposed phenomenological model provides the design

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 20,2023 at 13:37:13 UTC from |IEEE Xplore. Restrictions apply.

hints based on the deeper understanding of non-linear power
loss in ferrimagnetic material, in general, and could be used
for the design of FSL devices, in particular.
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Fig. 11 Output vs. input power for a number of input frequencies, bias field
1270 Oe: (a) modeled results (straight dashed line — no limiting, no loss); (b)
modeled (dashed lines) and measured (solid lines).
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