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ABSTRACT

The utilization of spin-wave transducers for radio frequency signal processing provides significant potential due to intrinsic tunability, scal-
ability, and nonlinearity. However, signal interference with electromagnetic leakage can add further complexity for signal processing. Here,
we experimentally identify the electromagnetic crosstalk (EM) as a major source of interference induced distortion and provide an analytic
model based on the coherent interference of spin-waves and electromagnetic leakage to predict the impact on device operation. In addition,
we test multiple transducer geometries to identify operational regimes and minimize the EM impact. Finally, the effect of nonlinear device
operation on the interference is addressed, which is of relevance for the exploitation of the spin-waves intrinsic nonlinear traits.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0308357

In recent years, magnonics has been extended from fundamental
research' ~ to an increased focus on practical technological applica-
tion of spin-waves.” ’ In particular, due to their tunability, scalability,
and accessible frequency range,” spin-waves offer many promising
traits for next-generation signal processing and logic systems.”*" '
Accordingly, several approaches and prototypes for various use cases
have been demonstrated in the recent past."' "> Many approaches are
based on inductive excitation and detection of spin-waves using
microstructured antennas on magnetic materials,” """ especially
YIG, offering very low spin-wave attenuation.'®'” Because of these
qualities, similar but much larger devices have been the focus of
extensive research efforts in the past.”” ”’ However, as part of an
ongoing trend toward miniaturization, recent work is primarily
focused on microscale devices." “*” Although progress has been
made in improving the efficiency of such spin-wave transducers,”” the
spin-wave antennas also couple inductively via the RF electric fields,
giving rise to electromagnetic crosstalk (EM).””"” The resulting signal
modulation, referred to as passband ripples, caused by this additional
coupling has been observed in many studies but has been neglected
due to different focus.””"”* However, such distortions may impair
signal integrity, emphasizing a need to investigate their cause and

effects. In this paper, we present a simple modeling approach to
describe the influence and effects of EM on signal transmission in
micrometer-scaled spin-wave transducers. It is demonstrated that the
interference of the spin-wave signal and EM induces passband ripples
and modulations in group delay of the RF output. Relevant parame-
ters influencing the modulation frequency, i.e., spin-wave dispersion
and antenna spacing, are identified. Moreover, the magnitude is
shown to depend strongly on the relative magnitudes of spin wave
and EM signals. In the experiments, the amplitude ratio and conse-
quently the occurrence of passband ripples depend on the antenna
layout and operation power level, and their influence can be mini-
mized by careful design of the transducers depending on the use case.

In a spin-wave transducer, the dynamic Oersted fields of the
driving antenna excite spin-waves in an adjacent magnetic material.
These spin-waves then propagate through the magnet and eventually
reach the detection antenna. There, the dynamic magnetic fields of
the spin-waves induce an oscillating voltage in the antenna.””'**** A
simple analytical model for calculating this coupling is given in
Ref. 34. According to this model, the antenna’s self-inductance Ly,
induced by the spin-waves and the mutual inductance M mediated
by propagating spin-waves can be expressed as
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for an antenna of length / on a magnet of thickness ¢ and an antenna
pair of distance D. In the expressions, y(w(k)) represents the
frequency-dependent dynamic susceptibility of the magnet and h; (k)
the wave-vector-dependent Fourier amplitude of the dynamic
antenna field. The expressions used for these quantities to calculate
the total transmission signal are outlined in the supplementary
material. The resulting spectrum of spin-wave transmission is described,
e.g., in Ref. 28. A direct comparison of both expressions reveals they
only differ by a complex phase term, which describes the phase accumu-
lation as they propagate to the detection antenna. The Gilbert losses are
fully included in the complex susceptibility y(w(k)).”

In the experiment, spin-wave wavelengths are on the order of
micrometers, well below the wavelength of microwave radiation in
the GHz range. Considering an antenna distance of D = 50 um, a con-
siderable spin-wave phase accumulation is therefore expected.
Additionally, the antenna emits a near-field electromagnetic field
toward the detection antenna, although phase accumulation is negligi-
ble at such short distances. Based on induction law, EM generates a
voltage in the detection antenna too, and the superposition with the
spin-wave contribution is measured. Since the accumulated spin-
wave phase is wave-vector dependent, the relative phase between the
two voltages varies with frequency. When sweeping the frequency,
points of constructive (orange in Fig. 1) and destructive interference
(red in Fig. 1) occur, resulting in a modulation of the measured signal
magnitude. The lower right inset of Fig. 1 shows a typical dispersion
relation for YIG films with thickness in the micrometer range, domi-
nated by magnetostatic contributions (here: Damon-Eshbach). Due
to the nonlinear spin-wave dispersion relation, the resulting oscilla-
tions in signal magnitude are not constant but frequency-dependent.

dyn hinduced
L

/
.
d K
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FIG. 1. Schematic illustration of signal transmission by EM and spin-waves. Spin-
wave phase accumulation is strongly dispersive. The total measurement signal
includes the spin-wave and EM signal. The resulting interference of both signal
amplitudes depicted in the left sub-panel reveals frequency-dependent modulation.
As the spin-wave dispersion, depicted in the right sub-panel, is not linear, the mod-
ulation period in the left sub-panel changes with frequency.
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Constructive interference occurs, when the spin-wave phase is k(f) - D
=2mn (n=0,1,2,...) relative to the EM phase. If the dispersion is
steep, i.e., at low wave-vectors, the frequency spacing between points of
the spin-wave dispersion of relative phase shift Ak-D = [k(f;)
—k(f1))] - D = 2 is large. For larger wave-vectors, the dispersion flat-
tens noticeably. Consequently, the same Ak - D is achieved for smaller
frequency steps, and the oscillation period decreases. Simultaneously,
increasing propagation distance D results in faster phase accumulation
and shorter oscillation periods.

To model the superposition, we adapt the equivalent circuit for
the two-port network from Refs. 28 and 36, as shown in Fig. 2(a). It
describes the two-port network as a series connection of the electrical
properties of the antennas including the inductive coupling via the
EM and the contributions due to the spin-wave excitation [see Egs.
(1) and (2)]. Using this adapted circuit, the scattering matrix can be
calculated, as shown in the supplementary material. Exemplary, a pair
of GS antennas with a spacing of 50 um identical to the experiment is
considered. The antenna dimensions and excitation efficiencies are
presented in the supplementary material. The external field is 143 mT,
and the impedance of the EM is set to be frequency-independent 2Q.
This value is close to the mutual impedances measured for the off-
resonant background in the experiment. The calculated transmission
spectra in forward and backward direction are shown in Fig. 2(b).
There, black curves represent the spectrum without crosstalk, while
the colored curves include the EM. The pronounced difference
between the forward direction S; (solid) and the backward direction
Si2 (dashed) is caused by the nonreciprocal excitation and detection
efficiency in the Damon-Eshbach geometry, that is caused by the
either constructive (forward direction) or destructive interference
(backward direction) of spin-waves driven by the out-of-plane and
in-plane antenna field components.*”**”** For both directions, the
inclusion of the EM induces a periodic modulation in signal magni-
tude, referred to as passband ripple. Due to flattening of the disper-
sion relation (see Fig. 1), the modulation period decreases toward
higher frequencies. Both transmission directions allow differentiation
between two modulation regimes: For strong spin-wave transmission
(S21, red), the spin-wave signal is significantly larger than the EM,
leading to a modulation of the spin-wave envelope. In contrast, for
weak spin-wave transmission (S;,, blue), EM dominates and is modu-
lated by the spin-waves.

The interference of both contributions also affects phase and
group delay of the signal. The latter is defined as the frequency deriva-
tive of the phase, providing a measure of the propagation time and
phase coherence when passing the transducer,

—ON 3)

do

Please note a considerable phase is accumulated only in the spin-wave
band due to the small transducer spacing relative to EM wavelength.
To illustrate the effects of the interference, Fig. 2(c) displays the phase
difference between the undisturbed and the modulated case for a
strong spin-wave transmission within the spin-wave band. As in the
magnitude, the phase shows a periodic modulation, growing stronger
toward the edges of the spin-wave band (as the spin-wave transmis-
sion becomes weaker). The impact on the group delay for this case,
due to its definition as the derivative of the phase to the frequency, is
even more pronounced as highlighted in the bottom panel. The
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FIG. 2. (a) lllustration of the combined network including the EM used to calculate the signal transmission. (b) Calculated transmission spectra for GS antenna on 500 nm
thick YIG film with Ms = 158.3kA/m and Aex = 3.5pJ/m in 143 mT external field for forward (Sy+, solid lines) and backward transmission (Si,, dashed lines). Shown in
black is the ideal case of zero EM, and colored lines refer to a real EM of 2 Q. Including the EM introduces a periodic modulation. (c) Top panel: Unwrapped phase accumu-
lation for Sy (red) and Sy, (blue) including the EM. The spin-wave phase accumulation dominates. Shown in black is the difference to the pure spin-wave phase accumula-
tion, revealing the periodic modulation by interference with the EM. Bottom panel: Group delay for Sy¢ with (red) and without (black) EM. Here, the same modulation

appears.

impact on variations of the EM level, antenna spacing, and external
bias field is discussed in the supplementary material. The presented
model illustrates that the EM influence on the phase poses challenges
for phase-sensitive applications. Following the description of the ori-
gins and implications of this interference, the anticipated effects are
examined experimentally as follows.

Propagating spin-wave spectroscopy (PSWS) measurements are
performed'*'”*>*” using an electromagnet and a two-port VNA. The
sample is contacted by 150 um-pitch ground-signal-ground (GSG)
RF probes. Before the measurements, a short-open-load-through cali-
bration is performed using an on-chip calibration substrate. An input
RF power of —25dBm was selected to ensure operation in the linear
spin-wave excitation regime.

The structures under test are fabricated on 500 nm thick YIG
films on a 500 um thick GGG substrate. Using UV lithography, the
spin-wave antennas made from 10/250 nm titanium/gold are fabri-
cated onto a 50 nmSiO; film deposited onto the YIG film using chem-
ical vapor deposition at 250 °C. The spacer prevents direct contact

between metal and YIG. Overall, three types of antennas are produced
to investigate the impact of the antenna layout [see Fig. 4(a)]: a
ground-signal (GS), a ground-signal-ground (GSG), and a GSGS
antenna (two periods of the GS design). For all antennas, the dimen-
sions, around 2 um, and excitation efficiencies are presented in the
supplementary material.

To disentangle the contributions of spin-waves and EM, a
method to filter the experimental data is required, which is presented
in the following. The impact of antenna shape and the power depen-
dence are considered thereafter.

In the experiment, the frequency-dependent transmission is
measured from 2 to 14 GHz in 2 MHz steps. The harmonic frequency
grid allows conversion of the frequency spectrum into an artificial
time-domain response following the method from Ref. 40. In the fol-
lowing, a pair of GS antennas with D= 50 um separation [see inset
Fig. 3(a)] is considered exemplary. The calculated timetrace in
Fig. 3(a) represents the output voltage in response to a Dirac impulse
excitation at ¢t = 0.*” This representation differs from the measured
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FIG. 3. (a) Timetrace calculated from the frequency spectrum measured in (b) for the GS antenna at 143 mT external field. Times corresponding to the EM and the spin-
waves are shaded. The inset shows a scanning-electron-microscope image of the GS antenna pair including an illustration of spin-waves and EM. (b) Measured (blue) trans-
mission spectrum (top) and group delay (bottom) along with the EM-filtered spectrum (red). Excluding the EM contribution removes the periodic modulation from the signal.
(c) Periodicity of the modulation obtained using the circuit model with the same parameters as in the experiment (blue diamonds) along with the periodicity calculated from
the dispersion relation (blue). Red crosses mark the periodicity extracted from the experiment on the GS antenna.
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FIG. 4. (a) Colored scanning-electron microscope images of all antennas investigated. (b) Transmission spectra of the EM acquired for all antennas at zero external field.
Depending on antenna layout, strong differences in EM level arise. Consequently, the antenna layout will impact on the magnitude of the EM induced modulation. (c)

Measured and filtered transmission magnitudes of all antenna types at two different e

xternal field values along with the off-resonant EM magnitude. For all antennas, time

gating by excluding the first 2.5ns removes the modulations from the transmission spectra. The different shape of transmission spectra is attributed to the differences in

antenna field wave-vector spectra. The antenna with the strongest EM level shows the

S21(f) continuous wave (CW) excitation yet provides insights into the
temporal evolution of signal transmission. Owing to the method of
Ref. 40, the timetrace is real-valued.

Figure 3(a) shows that the largely different propagation velocities
yield a temporal separation: Electrical crosstalk, propagating with the
speed of light, arrives almost immediately at the output antenna, while
spin-waves—with group velocities of kilometers per second—arrive
after about 20 ns. Using this separation, the EM influence is filtered
out by setting the first 2.5ns to zero [blue region in Fig. 3(a)]. The
modified timetrace is then transformed back into the frequency
domain, resulting in a transmission spectrum without EM contribu-
tion. The procedure, referred to as time gating, applied to the Sy, trace
is shown in the supplementary material.

Figure 3(b) compares the raw and timegated spectra. The raw
spectrum exhibits passband ripples, while, after time gating, these
modulations vanish, confirming their origin in the interference of
spin-waves and EM. Accordingly, filtering the EM also removes the
oscillations in the group delay, as shown in the bottom panel. For
comparison, the oscillation periodicities extracted from the experi-
ment and a calculation using the measured off-resonant EM are plot-
ted in Fig. 3(c) along with values obtained from the frequency
difference of wave-vector pairs with difference in accumulated phase
of 27 using the dispersion relation: Ak = 2n/D. The agreement

strongest modulation, while for the GSG, the influence is only weak.

between the measured periodicities and both calculation approaches
confirms the validity of the modeling. In the supplementary material,
the back-action on the input antenna (S;;) is presented along a discus-
sion on purely spin-wave coupling induced modulations.

Having confirmed the cause of the passband ripple, the influence
of the antenna layout is considered. Based on the interference model,
modulation depends strongly on EM magnitude between both anten-
nas and thus also on the shape of the whole transducer. Therefore,
three different transducer layouts, as shown in Fig. 4(a), are compared
regarding EM magnitude. The measured EM at zero external field is
shown in Fig. 4(b). Across the frequency range, the GSG antenna
(blue) exhibits the lowest level of crosstalk, while either the GS (green)
or GSGS (red) antenna alternately exhibit the strongest EM.
Consequently, the passband ripples are predicted to vary depending
on antenna type and frequency. A numerical comparison of the
expected EM levels arising from the varying transducer layouts is pre-
sented in the supplementary material. Please note that all antenna
types exhibit an increased EM between 5.5 and 7 GHz. Due to the
overall low levels in EM, even small changes in the environment after
the calibration”' and metallization in the probe shadow'” can influ-
ence the shape of the measured EM dependence.

Figure 4(c) presents the measured spin-wave transmission spec-
tra in distinct frequency ranges for the three antennas. The
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transmission and the corresponding EM magnitude. The ratio is shown in black. Due to the spin-wave nonlinearity, the ratio decreases at high power. (c) Measured transmis-

sion spectrum for 0 dB input power before and after filtering the first 2.5 ns.

pronounced dips in the GS and GSG spectra do not result from inter-
ference but are due to hybridization gaps between the spin-wave sur-
face mode and higher-order thickness modes, as already observed on
similar transducers.”® At these points in the dispersion relation, both
modes form an avoided crossing leading to a small gap in the fre-
quency band, where spin-waves cannot propagate. Consequently, the
transmission magnitude drops around these points in the spectrum.
For the measurements shown in Fig. 4(c), these dips are located at 3
and 3.55 GHz for the top row and around 6.3 and 6.45 GHz for the
bottom row. Within the lower frequency range, the EM is found to be
minimal across all antenna types. Consequently, no pronounced
modulations are evident in the raw spectra for all antennas. However,
for frequencies of approximately 6 GHz, the EM levels are high.
Consequently, all three antennas, including the GSG antenna, exhibit
the previously identified modulations, which can be eliminated by
time gating. The crosstalk magnitudes depicted in Fig. 4(b) reveal the
strongest modulation for the meander antenna, while it is least evi-
dent for the GSG antenna. This comparison highlights the need to
adapt the antennas to the intended operation frequency range to
ensure maximum suppression of passband ripple.

In the previous measurements, the input power was always
kept in the linear regime. Within this regime, the ratio of spin-wave
to EM contribution is constant with respect to variation of RF input
power. As the nonlinear regime is desired for some use cases, i.e.,
frequency-selective limiting,” the impact on the passband ripples is
explored using the GSG antenna. In the nonlinear regime, addi-
tional spin-wave losses arise from scattering processes in the spin-
wave system, decreasing the relative spin-wave magnitude,”* while
the EM scales linear. In the experiment, the transmission magnitude
is measured relative to the input. A linear power dependence there-
fore translates to constant transmission magnitude, while the spin-
wave attenuation leads to decreased transmission. Accordingly,
only for the spin-wave transmission, but not the EM, a relative
weakening is expected, as observed in Fig. 5(a). Importantly, the
passband ripples are observed to increase with input power in the
spin-wave nonlinear regime.

The extracted signal magnitudes are plotted at the frequency of
maximum spin-wave transmission in Fig. 5(b). For the magnitude of
the spin-waves, the influence of the electrical crosstalk was first

excluded by time gating. The spin-waves (blue) show constant power
level in the linear regime, which decreases toward high powers. For
the EM (red), this curve is constant for all powers. Accordingly, the
ratio of both signal levels (black) is lower for high powers than for low
powers, leading to a strong increase in modulation. To check whether
the observed modulation for high powers is induced by the described
mechanism, Fig. 5(c) shows the measured spectrum at 0 dBm before
and after the time gating. As for the linear measurements, the modu-
lation is filtered out by excluding the EM. This shows the influence of
the EM is always present and can effectively be minimized by a large
magnitude ratio. This behavior is consistent with previous studies,”"!
also observing similar spectral features, underlining the importance of
improving the efficiency of microscale spin-wave devices while reduc-
ing interference effects.

In this work, we presented a simple analytic description of the
interaction between spin-waves and EM inside integrated
micrometer-sized spin-wave transducers. The interference of both is
found to induce passband ripples as well as distortions in phase and
group delay depending on the relative magnitude between both. The
ratio is observed to be power-dependent due to the nonlinear satura-
tion of spin-wave transmission magnitude at high power levels. It is
important to note here, this interference effect has been studied only
in continuous wave (CW) operation. For pulsed excitation, with a
pulse duration shorter than the propagation time of the spin-waves,
there is no temporal overlap, therefore no interference between the
EM and the spin-waves excited by the same pulse. However, an inter-
ference between pulses in a pulse train might occur. In CW operation,
suppression of the interference is possible by the reduction of the EM
magnitude, i.e., by choosing antenna layouts with reduced EM. This
work lays an important foundation for the characterization and
reduction of unwanted passband ripple and phase distortion in inte-
grated magnonic devices on the micrometer-scale.

See the supplementary material for information about the YIG
characterization and the antenna structures. Additionally, calculations
varying the parameters forming the passband ripples along explana-
tions of the back-action on the driving antenna and an intrinsic
source of the passband ripples are included. Electromagnetic simula-
tions of the EM are also included.
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