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Abstract. Multiport radio-frequency (RF) input devices are designed to handle multiple
signals simultaneously. These devices typically consist of multiple input ports that can receive
different RF signals and combine them into a single output or distribute them to multiple
outputs. For example, in wave computing, majority gates use an odd number of inputs and
one output. This paper investigates the electromagnetic feedthrough of a 3-input/1-output
majority gate layout based on spin waves (SWMGs) and U-shaped microwave spin-wave
transducers. The paper addresses the challenges of electromagnetic feedthrough by exploring
shielding techniques to understand and improve the performance of the SWMG. As a tradeoff
in complexity and performance, the unshielded layout is optimized and fabricated on a 500 nm
Yttrium Iron Garnet (YIG) film. Measurements of scattering (S-) parameters demonstrate spin
wave propagation at 8 GHz for a 200 mT magnetic bias field, with reduced electromagnetic
coupling. Furthermore, the study includes an analysis of the effective permittivity and loss
tangent of Gadolinium Gallium Garnet (GGG) substrate, critical for accurate electromagnetic
modeling of the device.
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1. Introduction

Multiport spin wave devices have significant potential for various RF applications, particu-
larly in fields where high-speed, low-power signal processing are essential. Incorporating mul-
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tiport spin wave devices into RF applications such as phase-shifting, modulation/demodulation,
or RF signal processing could enable more energy efficient, faster solutions compared to conven-
tional RF approaches [1]-[5]. Furthermore, spin-wave (SW) devices for information process-
ing are of considerable interest for further improvement of energy-efficient and cost-effective
technologies [6]-[8]. However, the development of functionally meaningful computing systems
based on interactions between localized spin waves is not straightforward, and its exploration is
still in the stage of infancy [7]. One of the fundamental computing functionalities is provided
by majority gates, which have many applications in the design of adders, parity checkers, parity
generators, error-correcting codes, and are building blocks for designing complex systems such
as decoders and comparators [9], [10].

1.1. Spin wave inductive transducers

Spin waves can be generated by resonant electromagnetic excitation with their properties
tailored by material parameters, bias fields and coupling structure design. The time-varying
magnetic component of the electromagnetic field exerts a torque on the spins, perturbing their
equilibrium alignment and initiating precessional motion. This drives spin waves when the exci-
tation frequency matches the system’s resonant modes.

Inductive antennas are microwave spin wave transducers that convert microwave signals into
spin waves in magnetic materials, enabling the manipulation of spintronic devices. In this case
the RF current flowing in the metal wire creates a magnetic field in the magnetic material that
generates spin waves. Several types of inductive spin-wave transducers exist, each with its own
advantages and disadvantages (Fig.1).

Wire inductive transducers are the simplest, consisting of a straight wire or microstrip line
placed over a magnetic material. Their main advantages are simplicity in design and ease of fab-
rication, as well as the ability to integrate with existing microelectronic circuits. However, their
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Fig. 1. Types of spin-wave inductive antennas and their magnetic field distributions in the xz-
plane created by RF currents with polarities indicated by the red arrows.
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efficiency in converting microwave energy to spin waves is limited, and they exhibit narrower
bandwidth compared to more complex designs.

U-shaped inductive transducers feature a U-shaped structure, often implemented in mi-
crostrip or coplanar circuit topologies, placed over the magnetic material. These transducers
provide improved spin wave coupling due to their geometry, allowing for more efficient energy
focusing into the spin wave modes.

Coplanar inductive transducers, which employ a coplanar waveguide (CPW) where both
the signal and ground conductors lie in the same plane, offer superior impedance matching and
lower loss. They also provide better coupling with the magnetic material, particularly in thin
film systems. While wire transducers are simple but less efficient, U-shaped transducers improve
coupling and energy focus, and coplanar transducers offer the best performance but at the cost of
increased complexity and area. Moreover, in the latter case, the non-reciprocal propagation of the
spin waves in magnetic thin films like YIG can make the design more difficult. Detection is often
the converse process of generation. The same antenna used to launch spin waves (via microwave
currents) can detect them by measuring induced voltages from spin-wave-driven magnetic fields.

1.2. Spin wave majority gate overview

Spin wave majority gates (SWMGs) offer a promising alternative to conventional charge-
based electronics for logic operations, due to their capability to provide more powerful logic
operations (e.g, “AND”, “OR”) in the same device. These devices potentially enable smaller,
faster, and more energy-efficient computing systems. They leverage the wave-like nature of
electron spin, rather than charge transport, to perform computations. A majority gate consists
of an odd number of inputs (larger or equal to 3) and an output whose logic state is ’1’ if the
majority of its inputs are set to ’1°, and "0’ otherwise.

SWMGs typically employ magnetic waveguides that control the spin wave propagation and
their interference and transducers for generation/detection. There are two main approaches. The
first one is interference-based SWMGs [11]-[12]. These designs rely on the constructive and
destructive interference of spin waves. Input spin waves are injected into the structure, where they
interact. The output is determined by the phase and amplitude of the resulting spin wave at the
output port. The output signal intensity determines the logic state. The second approach is based
on non-linear magnetization-dynamics. [13]-[15]. High-power spin waves are injected, and
the nonlinear interactions lead to the generation of new frequencies or changes in the spin wave
spectrum. The output logic state is then determined by detecting these changes. This approach
can offer higher operating frequencies but faces challenges in controlling nonlinear effects.

Materials employed for the fabrication of SWMGs include magnetic insulators such as Yt-
trium Iron Garnet (YIG), which is widely utilized due to its low magnetic damping, allowing
for long-distance spin wave propagation [11]. Ferromagnetic metals like permalloy (NiFe) and
CoFeB alloys are also used, especially for structures requiring stronger spin wave excitation
[12]. These can be integrated with YIG or other magnetic insulators. Emerging research is also
exploring antiferromagnetic materials, which offer the potential for even faster spin wave prop-
agation and smaller device sizes due to their higher spin wave frequencies. [16]-[17] Materials
like Gadolinium Gallium Garnet (GGG) are often used as substrates for YIG, while Silicon is
widely used as a substrate for ferromagnetic metals.

While SWMGs are still largely in the research phase, some potential applications have emerged.
For example, beyond-CMOS logic promises that SWMGs could complement CMOS transistors
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Fig. 2. Photo of the fabricated CPW transmission lines.

in future logic circuits, offering advantages in power consumption and speed [7]. SWMGs are
key components for more complex magnonic devices, such as spin wave routers, multiplex-
ers, and processors. The ability of SWMGs to perform weighted summation and thresholding
operations makes them attractive for neuromorphic computing applications [18]-[19].

The current paper addresses the direct electromagnetic feedthrough in an interference-based
SWMG topology consisting of U-shaped antennas.

2. GGG Material Parameter Extraction at Microwave Fre-
quencies

Gadolinium Gallium Garnet (GGG) material parameters provided by manufacturers (relative
permittivity 30, loss tangent 0.15) differ significantly from reported GHz range measurements.
Previous research [20] found a relative permittivity of 11.9 and loss tangent of 0.052 (8.2-12.4
GHz). To address this discrepancy, [21] extracted the effective permittivity of GGG from mea-
sured scattering (S)-parameters. Coplanar waveguide transmission lines (CPW-TLs) were fabri-
cated on a 500 um thick GGG substrate with a 200 nm gold layer. Two CPW-TLs of 1 mm and
2 mm lengths were used (Fig. 2). The CPW-TL has the width of the signal strip of 0.08 mm
and the space to ground metalization of 0.08 mm (the line characteristic impedance is close to 50
ohm).

A CS-5 calibration substrate providing standards fit for 150 um pitch ground-signal-ground
(G-S-G) probes was used to perform on-wafer short-open-load-thru (SOLT) calibration, with 1
kHz intermediate frequency (IF). A 2-port Anritsu 37397D vector network analyser (VNA) was
used in the experiment.

S-parameters were measured in the 2-55 GHz range, and the effective permittivity was ex-
tracted using (1) — (5). The effective permittivity is a fundamental parameter for modeling of pla-
nar transmission lines with mixed dielectric layers using a simple homogeneous medium model.
It depends on the geometry of the line and permittivities of the surrounding materials and it is
crucial for determining parameters like phase velocity, characteristic impedance and wavelength
in the line.
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Using a 3D electromagnetic (EM) model (Fig.3) and data fitting, a relative permittivity of
approximately 13 and a loss tangent of 0.15 were estimated for the GGG substrate. The com-
parison of effective permittivity of GGG extracted from measured S-Parameters and simulated
results is presented in Fig.4. The agreement is good up to 18 GHz and the model for the GGG
material parameters needs improvements for higher frequencies.

Fig. 3. 3D electromagnetic model of a 2 mm CPW-TL.
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Fig. 4. Comparison of effective permittivity of GGG extracted from measured S-Parameters and
electromagnetic simulated results.
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3. Investigation of Electromagnetic Feedthrough in a 3-input
SWMG Layout with U-shaped Inductive Antennas

A 3-input SWMG layout is designed using U-shaped inductive antennas with the layout
configuration from Fig. 5 (a). The metal-gap-metal of the U is 2-2-2 micron. This design
achieves peak excitation efficiency when generating spin waves with a 10-micron wavelength.
The antennas are connected by 500 micron long coplanar waveguide transmission lines with the
configuration from Section 2. Fig. 5 (b) shows a depiction of the three spin waves generated by
transducers 11, 12, I3 and their interference at the output (O4).

(b)

Fig. 5. (a) Layout of a 3-input SWMG with U-shaped transducers (the metallization is yellow;
dimensions in microns); (b) representation of the three spin waves generated by transducers 11,
12, I3 and their interference at the output (O4).

Since the inductive antennas are placed close together and the distance between contact pads
is very small, an analysis of the direct electromagnetic coupling between the different ports is
required. Furthermore, adding a shielding metal connected to the ground plane of the CPW
between the transducers is also investigated. Starting from the initial layout from Fig. 6(a),
additional metallic isolation structures were placed between the antennas (with green in Fig.

No additional GN Added GND and “loop” (green)

| Magnetic WG

(a) (b)

Fig. 6. SWMG layout versions: (a) no additional shielding between the inductive antennas;(b)
additional GND strip and loop (green).
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Fig. 7. Microscope images of fabricated devices: (a) layout without additional shielding between
the inductive antennas (inset detail); (b) layout with metal shielding between the inductive an-
tennas (inset detail).

6(b)). Compared to [21] these shielding structures have the shape of loops, in an effort to limit
the effect on a magnetic waveguide (purple strip in Fig. 6) placed under the inductive antennas.
The distance between the shielding metal and the U-shaped transducers is 2 microns, with a 6
micron gap at the end of the U. The width of the loop metal outside the transducer area is 10
microns.

Test devices used for the assessment of the electromagnetic feedthrough were fabricated on
GGG without magnetic material and were characterized by means of on wafer scattering (S-)
parameter measurements. Fig. 7 shows photos of the fabricated devices under test.

A on-wafer short-open-load-thru calibration was performed in the 2 - 12 GHz frequency
range with 1 kHz intermediary frequency (IF) and 1 MHz frequency step. A 2-port Anritsu
ShockLine MS46122A vector network analyzer (VNA) was used in the experiment. The mea-
sured 2-port transmission parameters for all port combinations are shown in Fig. 8 for the two
layout configurations.

A simplified 3D electromagnetic model was developed in CST Microwave Studio, including

No shielding (a) Loop shielding (b)

Transmission (dB)
Transmission (dB)

2 4 6 8 10 |—+P3_P4
Frequency (GHz)

Frequency (GHz)

Fig. 8. Transmission parameters for all port combinations: (a) SWMG layout without shielding;
(b) SWMG layout with loop shielding.
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Fig. 9. (a) Magnetic field magnitude generated by a flowing microwave current in the inductive
U-shaped antenna P1. (b) Normalized Hx- and Hz-components of the magnetic field extracted
along the black line AB in (a) for different distances beneath antenna surfaces.
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only the shielding strips in between the U-shaped antennas. The simulated magnetic field dis-
tribution, for an excitation at P1, shows that the current flowing in the shielding (GND) strips
placed between the inductive antennas (Fig. 9 (a)), is around 20% of the maximum current
flowing through the antennas. The normalized Hx- and Hz-components of the magnetic field
extracted along the ‘AB’- line from Fig. 9 (a) for different distances beneath the antenna surface
is shown in Fig. 9 (b). The current induced in the adjacent GND strip (indicated with red in
Fig. 9 (b)) is significant at the edge of the metal, for depths of a few hundred nanometers. It is
worth noting that these currents will induce magnetic fields that will generate additional SWs.
The interaction with these parasitic SWs would then lead to a degradation of the signal.

The layout without additional ground loops and strips has lower overall risks, such as higher
fabrication yield and no potential parasitic SW generation by currents flowing in the shielding
metal. Overall, the electromagnetic direct coupling of the no-shielding layout varies within -54
dB and -40 dB at 2 GHz, and between -32 dB and -26 dB at 12 GHz for all port combinations. The
layout with a metal shield demonstrated a stronger direct coupling at high frequency, up to -19
dB for the ports P1 and P2 at 12 GHz. Nevertheless, the direct coupling is significantly reduced
at low frequency (e.g., at 2 GHz is within -59 dB and -40 dB for all ports). It is obvious that
for applications the spin wave signal should be above the direct electromagnetic coupling. The
no-shield gives the best trade-off between complexity, risks, and RF performance, and a version
of it is fabricated on magnetic material in the next section. These results are in agreement with
those presented in [21].

4. SWMG Layout Fabricated on YIG

The layout without shielding from Section 3 was slightly modified by adding tapered transitions
from the U-shaped transducers to the coplanar waveguide transmission lines (CPW-TL) used
to contact the SWMG ports. This increases the distance between the pads and improves the
matching between the U-shaped transducers and input CPW-TLs.
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Fig. 10. Microscope image of a SWMG fabricated on YIG: (left) device under test; (right) detail
of the transducers with SW propagation direction and magnetic field (H) direction indication.

The devices were fabricated on a 500 nm thick YIG film grown on the GGG substrate. A
50 nm SiO2 was deposited as a protective layer, followed by 250 nm thick Au contacts. A
microscope image of a fabricated device under test is shown in Fig. 10 (left), whereas the U-
shaped transducers, SW propagation direction and magnetic field (H) orientation can be seen in
Fig. 10 (right).

The SWMG test device was characterized by means of on-wafer S-parameter measurements
under external magnetic field bias conditions. The setup consists of a Cascade probing station
and an electromagnet (Fig. 11).

The two pole extensions of the electromagnet ensure a relatively uniform in-plane magnetic
field whose magnitude and polarity depends on the applied current. The SWMG chip was diced
( 6 mm x 4 mm) to fit in-between the two poles, as shown in Fig. 11. The probes were then
connected to a 4-port PNA-X Network Analyzer from Keysight (model N5247B). A on-wafer
short-open-load-thru (SOLT) calibration was performed, with intermediate frequency IF=1kHz
and frequency step of 1 MHz, and an applied power from VNA of -15 dBm.

Fig. 12 summarizes the behavior of the SWMG device for a magnetic field of 200 mT ap-
plied parallel with respect to the U-shaped antennas (see Fig. 10), the so-called Damon-Eshbach
geometry, where the spin waves propagate perpendicular to the external field. The ferromagnetic

Fig. 11. On-wafer 4-port S-parameter measurement setup.
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Fig. 12. S-parameter measurement results for a 200 mT magnetic biasing field: (a) reflection
parameters for the three input ports; (b) transmission parameters from the three input ports to the
output port; (c) reverse transmission from the output port to the three input ports

resonance frequency (FMR) of the YIG film is about 8.1 GHz, and can be determined experimen-
tally considering the start of the absorption band (see Fig. 12 (a)). The FMR is strictly related to
the geometrical and magnetic parameters of YIG, hence no difference is observed (as expected)
in the reflection parameters for the ports P2 and P3, although they have a mirror symmetry in the
device layout.

The transmission (insertion losses) between the three inputs (P1, P2, P3) to the output (P4),
where one of the inputs is sweeping and the other two act as 50 Ohm loads is shown in Fig. 12 (b).
The maximum transmission is around —31 dB between P1 and P4 (longest propagation distance
for spin waves, 65 um), —21 dB between P2 and P4 (40 um spin wave propagation distance),
and —20 dB for P3-P4 (20 pm spin wave propagation distance). The spin-wave propagation
bandwidth band is about 500 MHz centered at 8.35 GHz.

The direct electromagnetic coupling (feedthrough) to the output port around 7.3 GHz (near
the spin-wave band) is —48 dB for P1; —36 dB for P2; and —42 dB for P3. The slightly stronger
coupling observed between P2 and P4 is due to the longer overlap of the transducers. Nev-
ertheless, if we compare these results to the direct coupling shown in Fig. 8 (a) we notice a
clear improvement of up to 10 dB for the new layout, which introduced a tapered design for the
U-shaped antenna contacts.

It is worth noting that the spin waves propagation in the Damon-Eshbach geometry are af-
fected by non-reciprocity, i.e., they propagate differently in opposite directions within a magnetic
material as a result of excitation efficiency that is orientation dependent [22]-[23]. This can be
clearly seen by comparing for example the transmission traces S(4,1) and S(1,4) displayed in
Fig. 12(b) and (c). From Fig. 12(c) it is evident that the reversed transmission from P4 to P1,
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P2, and P3 for the spin wave band is at or below the level of direct electromagnetic coupling.
This suggests that nearly no spin waves are propagating from P4 towards P1, demonstrating the
strong asymmetry in the excitation efficiency of spin waves propagating in opposite directions.

It is important to mention that the optimal spin-wave excitation-detection efficiency is reached
when the antenna impedance is matched to the spin-wave’s radiation resistance through careful
antenna design. [24]-[26].

5. Conclusions

In conclusion, this study provides valuable insights into the design and reduction of the direct
feedthrough for spin-wave majority gate layouts using U-shaped microwave spin-wave trans-
ducers. The analysis of Gadolinium Gallium Garnet (GGG) material parameters and the in-
vestigation of direct coupling in multi-port spin wave devices represent a step forward towards
mitigating unwanted electromagnetic interference to improve transmitted signal quality. The fi-
nal layout fabricated on 500 nm Yttrium Iron Garnet (YIG) film showed a measured feedthrough
between the input and the output ports of the device in a range of —37...-47 dB for frequencies
near the spin wave propagation band, centered around 8.35 GHz, with a bandwidth of 500 MHz.
The paper underlines the importance of material properties, transducer design, and shielding
techniques in lowering direct electromagnetic feedthrough. As the field of magnonics continues
to evolve, multiport spin wave devices offer promising prospects for energy-efficient, high-speed
microwave applications. Future work will focus on refining the design for better performance,
integrating with existing microelectronic systems, and exploring additional material options to
further enhance spin-wave propagation.
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