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A model of a magnonic microreservoir based on a feedback loop with a nanometer-thick yttrium-iron-garnet
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Introduction

A considerable interest in artificial neural networks based
on physical principles is currently observed. Reservoir
computing systems (RCS) are a special case of such
networks. Such systems have three layers of artificial
neurons (,nodes) — an input layer, a hidden layer with
special properties and called ,reservoir, and an output
layer. The input layer is used to enter data into the reservoir,
which is a large number of non-linearly interconnected
nodes. The reservoir transforms a time-dependent stream
of input data into a higher dimensional space in which the
complex structures present in the input data become linearly
separable [1,2]. The linear separation of the output data of
the reservoir is performed by the output layer. This allows
training only the output layer of the RCS and provides
an important advantage of such systems in versatility and
learning speed. A number of mechanical [3], optoelec-
tronic [4,5], optical [6,7], memristor [8,9], spintronic [10,11]
and other systems [12-16] have been recently proposed that
can be successfully used for the physical implementation
of reservoir computing. Performance, processing speed,
memory capacity, energy efficiency and the size of the
physical system are the main characteristics of physical
reservoirs. The performance and memory capacity of
different systems can be compared by using specially
designed benchmark tests which allow evaluating both the
fading memory (short-term memory test (STMT)) and the
possibility of nonlinear data separation by a dynamic system
(parity check test (PCT)). Such tests are unified, so they
can be used to compare the performance of various RCS
concepts [17-19].

A physical reservoir based on magnonic active ring
oscillators (MARO) built on spin-wave delay lines (SWDL)
with a feedback loop is one of the promising platforms [19—
24]. Tt should be noted that due to the variety of dispersion
properties of spin waves and their rich nonlinear dynamics,
such ring systems are widely used to study various nonlinear
effects and phenomena [25-35], and can also be used as
magnonic co-processors [36,37]. The nonlinear dynamics of
such oscillators ensures simultaneous computing and storage
of information, which provides an advantage over other
approaches which includes performance, learning speed,
memory, energy efficiency and scalability [38], in addition,
they can be used to build transmitters and sensors [39].
The SWDL design in such systems consists of two parallel
microstrip antennas ensuring excitation and reception of
spin waves, and an epitaxial film of yttrium iron garnet
(YIG) magnetized to saturation with a thickness of the order
of units of micrometers. The linear and nonlinear microwave
properties of the SWDL determine the characteristics of
the RCS, whose high performance is achieved with a
distance between microstrip antennas of the order of units
of millimeters [19-23]. Such sizes of the SWDL limit the
possibility of microminiaturization of the RCS.

The microminiaturization of the structure is one of
the tasks which need to be solved for the practical
implementation of magnonic RCS. It is necessary to use
ultrathin films with a thickness of hundreds or even tens of
nanometers instead of films of micron thicknesses to solve
this problem. This is attributable to the fact that the group
velocity of spin waves decreases with the decrease of film
thickness, which reduces the distance between the antennas
from a few millimeters to several hundred or even tens of
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micrometers, thus reducing the overall size of the device
without compromising the introduced delay time.

The recent improvements in liquid-phase epitaxy tech-
nology made it possible to obtain IYG films of nanometer
thickness grown on gadolinium gallium garnet (GGG)
substrates, while maintaining excellent stoichiometry and
crystal structure [38,40,41]. Currently, the liquid-phase
epitaxy method can be used to obtain single-crystal YIG
films with high uniformity from +8% for films with a
thickness of 30nm and up to £0.8% for films with a
thickness of 100 nm. The diameter of the GGG substrates
reaches 4 inches. At the same time, the magnetic dissipation
parameter AH does not exceed 62 A/m at a frequency of
6.5GHz. The use of nanometer-thick YIG films makes
it possible to significantly reduce the size of SWDL and
reservoirs based on them, which opens up prospects for
the creation of microminiature spin-wave devices based on
ultrathin YIG films.

Spin waves exhibit a wide variety of dispersion properties
depending on the orientation of the external magnetic field
and the direction of propagation. However, the configuration
in which the spin waves excited by the antenna propagate
in an in-plane magnetized film and perpendicular to the
field direction is the most promising configuration from
a practical point of view. This configuration ensures the
propagation of surface spin waves (SSW), which in the
case of nanometer-sized YIG films are characterized by
extremely low group velocities, on the order of 100 m/s,
and ensure a delay time 7 sufficient for applications with a
practically feasible distance between spin wave antennas.

The most effective spin-wave antennas for nanometer-
thick films are antennas on coplanar transmission lines
according to the analysis of the literature [42-51]. Such
antennas are composed of three planar electrodes: a central
signal electrode and two electrodes under the ground
potential located at the edges. A self-consistent theory
of excitation of spin waves in micron-thick YIG films
by coplanar antennas with edge electrodes unlimited in
width was developed in Ref [43,46,47]. An improved self-
consistent theory was proposed in the theoretical study [50].
This theory describes the process of excitation, propagation
and reception of spin waves in ultrathin magnetic films by
coplanar antennas, which have an arbitrary width of the
edge electrodes and a finite value of the electrical resistivity
of the metal electrodes of the antenna. It should be noted
that the problem of reception of spin waves by a coplanar
antenna is solved separately in Ref. [50]. This feature makes
it possible to separate the process of excitation of spin waves
from their reception, which is important for describing the
nonlinear propagation of spin waves in ferromagnetic films.
This theory is in good agreement with the results of the
study presented in Ref. [51] which experimentally showed a
strong decoupling of coplanar antennas and demonstrated
their additional advantage associated with a shift in the
maximum excitation efficiency to the region of relatively
large wave numbers. The range of operating wave numbers
excited by the antenna is determined by its geometry in
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this case. This feature makes it possible to ensure effective
excitation of spin waves in a narrow range of wave numbers,
which, in accordance with the law of dispersion of spin
waves, determines the operating frequency band, which
ultimately allows the creation of narrow-band spin-wave
transmission lines.

The theoretical model developed in Ref. [50] was used to
model the performance characteristics of a microminiature
MARO containing SWDL on nanometer YIG films in the
feedback loop [52]. As a result, it was shown that the
proposed design ensures a phase noise level of —115dB/Hz
at 10 kHz offset from the oscillation frequency of 5 GHz
with a film thickness of 100nm and a distance between
coplanar antennas of 56 um. The use of such a MARO
design makes it possible to significantly reduce the size
of the RCS. However, the characteristics of the RCS on
nanometer-sized YIG films have not been studied to date.
The purpose of this paper is a theoretical study of the effect
of the parameters of the SWDL on nanometer YIG films
on the characteristics and performance of a microminiature
reservoir computing system. A theoretical model describing
the transient processes in MARO will be used for this
purpose [53]. Such a model can be used not only to describe
the results observed in the experiment, but also to predict
the characteristics of the reservoir computing system [54].

1. Impact of the parameters of
a microminiature spin-wave delay line
on its transmission characteristics

A three-stage numerical calculation procedure was de-
veloped to simulate transient processes in a microminiature
MARO. The complex transmission coefficient of a miniature
SWDL was modeled at the first step using the theoretical
model described in Ref. [50], which is schematically shown
in Fig. 1. The explanation of the symbols shown in
the figure is given below: |q — distance between the
centers of symmetry of the coplanar antennas (length of
the SWDL); |s — length of the coplanar antennas; H —
external magnetic field; wg — width of the edge grounded
electrodes, w — width of the central electrode; Aqg — width
of the gaps between the edge and central electrodes.
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Figure 1. Scheme of the SWDL with coplanar antennas.
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Fig. 1 shows that the studied design has many param-
eters, which determines the microwave properties of the
studied SWDL. We will consider the impact of various
parameters relative to the basic design of the delay line to
simplify the analysis task. Typical values of the thickness
of the YIG film of L =100nm, the Hilbert attenua-
tion coefficient @ = 1-10~* and saturation magnetization
Ms = 139.26 kA/m, as well as the magnetic field strength
H = 85.94kA/m are chosen as basic parameters. Such
parameters ensure the frequency of homogeneous ferromag-
netic resonance in an unbounded in the plane tangentially
magnetized YIG film f | = uo 2 \/H(H + Ms) = 4.9 GHz,
where |y| =1.761 - 10! rad/(s - T) — gyromagnetic ratio,
and po =4m-107"H/m. The resistivity of the metal
electrodes of the antennas is p = 2.65- 1078 Q-m. The
parameters of the coplanar antennas of the basic design
are chosen in such a way as to ensure effective excitation
of surface spin waves in the YIG film in case of a
change of the geometric parameters of the antenna. The
effective excitation means such an excitation in which
the minimum value of the reflection coefficient modulus
[T|min in the operating frequency range is less than 0.5
(voltage standing-wave ratio (VSWR) is less than 3). The
geometric parameters of the antennas of the basic design
w = 650nm, wg = 325nm, Ag =335nm, |s = 20um en-
sure |[|min = 0.433 (VSWR = 2.53). This paper further
studies the impact of the following parameters: L, w, wg,
Ag, ls, H and p on the transmission coefficients of the
SWDL and ring resonator built on it, as well as on the
performance of the magnonic RCS. The above parameters
determine the shape of the transmission coefficient (the
position of the frequency of the maximum transmission
coefficient, the operating frequency band). During modeling
the geometric parameters change to £30% relative to the
basic design. Such a change, on the one hand, allows
preserving the micron dimensions of the antennas, and on
the other hand, determining the parameters that have the
strongest impact. Values close to the limit (for the magnetic
field) or ideal (for the conductivity of the electrodes) were
used to demonstrate the effect of the magnetic field strength
and the conductivity of the electrodes.

The exciting coplanar antenna converts the input mi-
crowave signal into a SSW, which propagates in the film
along the X axis. The receiving coplanar antenna has the
same geometry and is located at a distance of Iy = 20 um
from the input antenna. It converts the SSW back into a
microwave signal coming to the output of the delay line. It
should be noted that the distance between the antennas lqg
does not affect the shape of the transfer characteristic unlike
the above parameters. The value lq is chosen in such a way
that the minimum delay time of the signal in the ring at the
frequency corresponding to the position of the maximum
transmission coefficient (minimum reflectance |I'|y;y) for all
studied structures is at least 70 ns with an insertion loss level
of no more than 35dB. This is attributable to the need to
compensate for the losses introduced by the SWDL using a

microwave amplifier to switch the circuit to auto-oscillation
mode.

The theoretical model was used to calculate the complex
transmission coefficient of the SWDL shown in Fig. 1 [50].
The calculation result for this model can be written as
follows:

Tsw = |Tsw| exp(iDsw ) (1)

where Sy; = |Tsp|? and @, describe the amplitude-
frequency and phase-frequency characteristics of the studied
SWDL, respectively.

Figs. 2 and 3 show the results of calculation of the
amplitude-frequency and phase-frequency characteristics of
SWDL of various designs, in which one of the parameters
differs from the base case. The transmission characteristic
of the SWDL of the basic design is shown for comparison
with a solid black line in these figures. Fig. 2,a, b shows
that an increase of the widths of the edge electrodes (wg)
and the gap between the central and edge electrodes (Ag)
results in a slight change of the transmission characteristic,
namely, a shift in the maximum position down in frequency,
as well as a reduction of the level of insertion loss.
However, the increase of the width of the central electrode
to w = 885nm (Fig. 2,c¢) leads to a significant increase of
bandwidth and an increase of losses. On the other hand,
the reduction of the electrode width has little effect on the
shape of the transmission characteristic. The increase of
the antenna length to |s = 35um (Fig. 2,d) allows for a
significant reduction of the level of insertion losses, which
is associated with an increase of the active resistance of the
antennas. As a result, the input impedance of the antennas
approaches Zp = 502 and the reflectance decreases. A
further increase of length to Is = 50um has little effect
on the transmission characteristics, which is primarily
associated with an increase of attenuation introduced by the
active (ohmic) resistance of the antennas. The effect of the
active resistance of antennas is demonstrated in Fig. 2,e
by showing the results of calculating the transmission
characteristic in the case of ideal electrodes at p — 0 (the
resistivity value was chosen in the calculation to be different
from zero, but was significantly less than the base case).
As can be seen in this figure, the width of the transmission
characteristic and the insertion loss significantly increase.
This behavior is due to the fact that a decrease of the
resistivity of the electrodes results in a decrease of their
active resistance, as a result of which the antenna exhibits a
significantly lower input impedance and, consequently, a
higher reflectance. For example, for the case shown in
Fig. 2,e, at the frequency corresponding to the position
of the maximum transmission characteristic, the antenna
at p — 0 has an input impedance Zj, = 1.73 + j - 0.94 Q,
which corresponds to the value of the reflection coefficient
IT|? = 0.87. At the same time, for the base case, the input
impedance is Zj, = 19.77 + j - 0.94 Q, which corresponds
to [[|>=0.19. It should be noted that ohmic losses
will dominate over other attenuation mechanisms with a
significant increase of the resistivity of the antennas. The
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Figure 2. Impact of the width of the edge electrodes (wg) (a); width of the gap between the central and edge electrodes (Ag) (b); width
of the central electrode (w) (c); antenna lengths (Is) (d); conductivity of the electrodes of the coplanar antenna (p) (e) on the SWDL

transmission characteristics.

obtained results allow concluding that the resistivity and
length of the antennas should be selected consistently. From
the characteristics shown in Fig.2, it can be seen that
coplanar antennas place high demands on manufacturing
technology.

It should be noted that changing the antenna parameters
does not affect the dispersion properties of the wave
propagating in the delay line, therefore the phase-frequency
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characteristics in Fig. 2,a,b,d coincide. The shift of the
phase-frequency characteristics in Fig. 2,c, e is attributable
to the upward shift of the operating frequency band. How-
ever, the dependence of the delay time on the frequency
7(f) =de(f)/dw does not change in both cases.

Let us now consider the impact of the thickness of the
YIG film (Fig. 3, a) and the magnitude of the magnetic field
(Fig. 3,b). As can be seen from the figures, a decrease
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Figure 3. Impact of the thickness of the YIG film (L) (a); the magnitude of the magnetic field (H) (b) on the SWDL transmission

characteristics

of film thickness and an increase of the magnetic field
ensures an increase of attenuation and significantly narrows
the width of the operating frequency band. This behavior
is attributable to a decrease of the group velocity of spin
waves. It should be noted that an increase of the magnetic
field results not only in a decrease of the group velocity,
but also in an upward frequency shift of the spectrum of
operating spin waves. In both cases, a decrease of the group
velocity leads to an increase of the steepness of the phase-
frequency characteristics.

The results presented in this part of the work show that
a feature of coplanar antennas is the strong suppression
of the microwave signal outside the SWDL bandwidth.
This is a key feature for designing of ring resonators,
auto-oscillators and magnonic RCS. Strong decoupling is
necessary to prevent the transition of ring circuits to auto-
oscillation mode at frequencies located outside the spectrum
of operating spin waves.

2. Impact of the parameters of a
microminiature SWDL on the
transmission characteristics of an
active ring resonator based on it

The second step is to simulate the transmission charac-
teristic of the MARO, which includes a SWDL, as well
as compact microelectronic elements such as directional
couplers for signal input and output, a microwave amplifier
and an attenuator to control the amplitude of the signal
circulating in the ring (Fig. 4). Such a system is a magnonic
active ring resonator (MARR) up to the threshold of auto-
oscillation.

An original theory based on the partial wave method
was used to calculate the transmission characteristics of
the MARR [55]. To take into account the features of
excitation, propagation and reception of spin waves in delay
lines on nanometer films of YIG with coplanar antennas, the

Magnetic subsystem
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GGG TH g‘s
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S§ Output
£ 5 =
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S
N
r | 1 " S
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Figure 4. MARR circuit on a microminiature SWDL.

formula for calculating the power transmission coefficient
was written as

Hp = k12| Tsw|*G* / [(1 — k1) (1 — &2)[Tew |*G?

= 2V/1 = k11 = k2| Tow|G cos (s ) + 1], (2)

where k1 and «; — coupling coefficients of directional
couplers used for microwave signal input and output,
respectively; G = Gy - A — effective gain, and Gy and
A — the gain coefficients of the microwave amplifier
and attenuation introduced by the attenuator, in amplitude,
respectively. It should be noted that we consider the phase
shift accumulated in the electronic circuits of the ring to
be negligible in the expression (2) compared to the phase
shift accumulated in the SWDL, which makes it possible to
neglect the delay time in these circuits.

The amplitude-frequency characteristics of the SWDL of
various designs studied in the previous part of the work is
shown by black dotted lines in Fig. 5—11. The transmission
characteristic of the MARR on the SWDL of the basic

Technical Physics, 2024, Vol. 69, No. 11



Microminiature magnonic reservoir computer 1741
I fu=5.19 GHz form:
0r Gy =258=28.2dB |
I Zin=19.77+;0.94 Q Gy = (3)

|
(e
T

t=81.5ns

|
()
(=]

Transmission coefficient (H,), dB
o
S

5.0 5.1 52 5.3 5.4
Frequency (f), GHz

Figure 5. Amplitude-frequency characteristics of both the MARR
(solid line) and the microminiature SWDL of the basic design
(dashed line).

structure is shown by the solid line in Fig. 5, and results of
calculation for the remaining SWDL structures are shown
by solid line in Fig. 6—11. The value of the parameter,
which differs from that used in the basic design of the
SWDL, is shown in the upper right corner of the figures.
The expression (2) was used to model the transmission
characteristics of the MARR. Here and further, the coupling
coeflicients k; = k, = 0.1 are used for calculations, which
correspond to common practically used 10dB directional
couplers.

Fig. 5 shows that the transmission characteristics of the
ring resonator on the SWDL of the basic design demonstrate
a multi-frequency resonant response. Each of the peaks
corresponds to a discrete resonant harmonic of the ring. The
position of the resonant frequencies is determined by the
phase condition under which the phase shift accumulated
in the SWDL @, is a multiple of 277. The transmission
coefficient of the ring at the resonant frequency and the
quality factor of the resonant harmonics is determined by
the ratio between the signal loss per single round trip
over the ring and the magnitude of the amplifier gain in
the feedback loop. An increase of the gain results in
an increase of the transmission coefficient and the quality
factor of the resonant harmonics [56,57]. As can be seen
from Fig. 5, one of the harmonics with a frequency of
fm stands out relative to the others. This harmonic is
characterized by the lowest losses introduced by the SWDL,
therefore, the amplitude of the signal circulating in the
ring at this frequency is maximum. Let us denote such
a transfer coefficient |Tgy|m. For ease of comparison,
all the results of calculations of the MARR transmission
characteristics are given for such an effective gain G,
at which Hp(fm) =1 (or Hp(fm)=0dB). The value
of the gain required to fulfill this condition is obtained
from the expression (2) and we write it in the following

Technical Physics, 2024, Vol. 69, No. 11

(VT kivVT—#a + i) [Teolu

A further increase of the gain will be accompanied by
an increase of the amplitude of the output signal. As
soon as the losses are fully compensated, the ring will
switch to the auto-oscillation mode of the monochromatic
signal at a frequency of fy [52]. This condition is
fulfilled when the denominator of the expression (2) is
zeroed. Then the gain factor, which ensures the transition
of the ring to the auto-oscillation mode, will be written as

follows:
1

- \/1 —K1\/1 —K2|Tsw||\/| ’

For clarity, Figure 5—11 in the upper right corner shows
information about the value of the auto-oscillation thresh-
old Gy, the input impedance of coplanar antennas Zjp,
as well as the signal delay time 7 at a frequency of fy.
Determining a set of parameters that ensure the maximum
delay time 7 with a minimum auto-oscillation threshold Gy
is the most interesting task from the point of view of the
characteristics of the reservoir computing system.

Fig. 6—9 show the impact of antenna parameters on
the transmission characteristics of MARR built on micro-
miniature SWDL. The change of wy and Ag has a similar
effect as shown earlier. The increase of the width of the
edge electrodes (wgy) (Fig. 6,4 b) and the gap between
the central and edge electrodes (Ag) (Fig. 6,¢ d) leads
to a slight downward frequency shift of the maximum
position, as well as a decrease of the level of insertion
losses. As a result of this shift, compared with the basic
design (Fig. 5), the auto-oscillation threshold Gy decreases,
and the delay time of spin waves at the frequency fuy
decreases by 7ns for the case presented in Fig. 6,5, and
by 5ns for Fig. 6,d. It should be noted that an increase of
Ag also results in an increase of the impedance resistance to
Zin=19.98 + j0.69 Q and, therefore, this design ensures a
lower auto-oscillation threshold Gy = 27.25dB (Fig. 6, d).

Let us now consider the effect of the width of the
central electrode (w). As can be seen from Fig. 7,a,
the reduction of the width of the central electrode to
w = 440nm results in a upward frequency shift of the
maximum of transmission coefficient. As a result, the
delay time increases by 5ns. In this case, an increase
of the input resistance to Zjn = 24.16 + j1.36 Q partially
compensates for the increase of spin wave attenuation. As
a result, the auto-oscillation threshold is Gy = 29dB. An
increase of the width of the electrode (Fig. 7, b) results in a
broadening of the transmission characteristic and additional
attenuation. As a result, the auto-oscillation threshold
significantly increases, and the delay time practically does
not change.

Fig. 8 shows the results of calculation of the transmission
characteristics of active ring microresonators on the SWDL
containing antennas of various lengths (Is). As noted earlier,

Gwm

(4)
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the increase of the length of the antenna results in an
increase of the input impedance. The input impedance of
the antenna with length of Is = 50 um is Zj, = 49.5 + j2 Q
at frequency f . As a result, this design ensures the longest
delay time of 7 = 86.6ns with the lowest threshold gain of
Gm = 26.5dB. It should be noted that the results obtained

for an antenna with a length of I = 50 um are close to
the results for an antenna with a length of ls = 35um
(Fig. 8,b). This is attributable to an increase of the active
resistance of long antennas, which, despite a decrease of
the reflection coefficient, introduce additional losses into the
propagation of the signal. We use a well-known expression

Technical Physics, 2024, Vol. 69, No. 11
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Figure 8. Amplitude-frequency characteristics of the MARR (red solid line) and microminiature SWDL (black dashed line), calculated

at s, um: 35 (a); 50 (b).
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Figure 9. Amplitude-frequency characteristics of the MARR

(red solid line) and microminiature SWDL (black dashed line),
calculated with p — 0.

relating the attenuation of spin waves A, expressed in dB,
and delay time 7 in microseconds to compare the delay
time 7 = 86.6ns obtained in Fig. 8, b at Gy = 26.5dB with
the characteristics typical for SWDL on films of micron
thickness:

A(dB) ~ 0.95 - 2AH - 7 [us]. (5)

Hence we obtain A=10dB with a delay time of
T = 86.6ns. However, such a delay time in the case of
a micron-thick YIG film requires a distance between the
antennas of the order of several millimeters.

Another important parameter of coplanar antennas is the
resistivity of the electrodes (p). Figure 9 shows the results
of calculation of the transmission characteristic of an active
ring resonator for the case of ideal electrodes at p — 0. As
noted above, ideal antennas ensure a low input impedance
Zin=1.374j0.94Q, as a result of which the threshold

Technical Physics, 2024, Vol. 69, No. 11

for switching to auto-oscillation mode of such an annular
microresonator increases to 34.4 dB.

Let’s consider the impact of the magnetic film parameters.
Figure 10 shows the results of calculation of the transmis-
sion characteristics of active ring resonators for YIG films
of different thicknesses. A change of the YIG film thickness
is known to affect the delay time and the level of insertion
losses. An increase of thickness to L = 125 nm results in a
decrease of the delay time by 3.8 ns, while the oscillation
threshold decreases by 1dB (Fig. 10,a). On the other
hand, the reduction of the thickness to L = 50nm leads
to an increase of the delay time by 209ns, as well as an
increase of the auto-oscillation threshold by 5.4 dB as shown
in Fig. 10,b. As can be seen from this figure, a significant
increase of the delay time is accompanied by a decrease
of the distance between adjacent resonant frequencies.
Thus, the distance between adjacent frequencies near the
frequency fy for the basic design is 12.1 MHz, and in the
case of a thin film of a YIG, this distance is reduced to
8.8 MHz.

Figure 11 shows the transmission characteristic of an
active ring microresonator calculated for the magnetic field
of H=222.82kA/m. As can be seen, the delay time
increases by 49.6 ns as a result of the magnetic field increase,
which is accompanied by an increase of the auto-oscillation
threshold by 16.5dB, as well as a decrease of the distance
between neighboring resonant frequencies by 4.7 MHz.

3. Theoretical study of the performance
of magnonic RCS on microminiature
SWDL

The increase of the gain above the threshold (Gy) puts
the active ring resonator into monochromatic auto-oscillation
mode at a frequency of fy. The output power in this mode
is determined by the balance between the gain given by the
microwave amplifier in the feedback loop and the nonlinear
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Figure 10. Amplitude-frequency characteristics of the MARR (red solid line) and microminiature SWDL (black dashed line), calculated

with L,nm: 125 (a); 50 (b).
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Figure 11. Amplitude-frequency characteristics of the MARR
(solid line) and microminiature SWDL (dashed line), calculated
with H = 222.82 kA/m.

damping of spin waves in the SWDL. Any change of the
gain leads to a disruption of this balance which results in
the variation of the output signal power until the balance
between gain and damping is restored. The transients
occurring at the MARO output in case of the gain change
allow such a circuit to be used as a RCS [19-22].

The block diagram of the RCS on the microminiature
SWDL is shown in Fig. 12. Unlike the MARR circuit
shown in Fig4, the RCS contains one directional coupler
that ensures the output of a microwave signal from the
ring, as well as an electronic attenuator (modulator) used to
inject an information sequence from an arbitrary waveform
generator (AWG) by controlling the gain in the feedback
loop.

The MARO response to a random input sequence of
pulses applied to the input to the electronic attenuator was
simulated at the final stage. The calculations are performed

Magnetic subsystem

GGG T
H

amplifier

Microwave

s 3
vyic & -

Attenuator

AWG

Figure 12. Circuit of a magnonic reservoir computing system
based on a microminiature SWDL.

using a numerical model based on the Landau—Ginzburg
Equation for fourier components describing the nonlinear
phase shift and nonlinear damping of spin waves propagat-
ing along the axis X [34,58,59]:

au .8(,0N|_ . 3 5
Vy (8x+| o u)+nu+(v1+|N)u + v’ =0, (6)

where U= — dimensionless amplitude of the

7o,
spin wave, m — variable component of magnetization,
¢@nL — nonlinear phase shift, Vg = %—T(’ — group ve-
locity of spin wave, N = a?Tw\Z — nonlinear coefficient,
n = - |y| - AH — relaxation frequency of spin waves, v;
and v, — cubic and quintic nonlinear damping parameters,
respectively. The equating of the real and imaginary parts
of the equation (6) to zero yields two differential equations
that describe the evolution of the amplitude and phase of a

nonlinear spin wave. Further, the transients in the RCS are

Technical Physics, 2024, Vol. 69, No. 11
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Figure 13. Response of the MARO (red line) to the input binary
sequence (black line).

described by using only the equation for the amplitude:

s 1
— —u=0. 7
FAVAREVAREVA @

Solving the equation (7) allows determining the amplitude
of the signal at the output of the nonlinear SWDL [58].
In accordance with the scheme shown in Fig.12, the signal
received at the output of the SWDL propagates through the
electronic components of the ring, including an amplifier
ensuring the loss compensation (G > Gy). Part of the
signal is output from the ring, and the remaining part of
the signal is transmitted at the input of the SWDL and is
used as the initial amplitude for solving the equation (7).
Repeating this calculation at each signal round trip over the
ring allows describing the transient processes that occur in
the MARO in case of the change of the gain in the feedback
loop [53]. The method proposed in this work was used to
simulate the RCS response, which is the dependence of the
power of the MARO output signal on time.

Fig. 13 shows the RCS response (red line) to the
input binary sequence shown by the black line. The
parameters of the SWDL of the basic design were used
for modeling, as well as the following values of the cubic
vy =2ns~! and quintic v; = 2ps~!' nonlinear damping
parameters. It should be noted that the ratio of the input
pulse duration T to the signal delay time in the SWDL
7(T/7) is one of the key parameters determining the
performance characteristics of the RCS. In this case, the
duration of the transient process between two stable states
is determined by the ratio between the gain coefficient and
damping parameters of spin waves. The lower gain value
is limited by the auto-oscillation threshold in RCS based
on MARO, and the upper gain value is limited by the
threshold of occurrence of nonlinear effects of a higher
order. As shown in the Ref [22,60], such RCS on micron
films of YIG demonstrate high performance at T/7 from 5

10 Technical Physics, 2024, Vol. 69, No. 11

to 10. The delay time varied from 74.7 to 131.1ns in the
studied microminiature SWDL. Therefore, the single pulse
duration in the binary sequence was chosen to be equal
to T = 700ns, which corresponds to T/7 range from 5.34
to 9.37.

An information signal is sent from the AWG to the
input to the electronic attenuator. The attenuator does
not introduce losses when the logical ,,0“ is applied,
ie. the effective gain in the ring (transmission co-
efficient of the amplifier and electronic attenuator) is
Gon = V1.1Gy = Gy + 0.4 dB. The attenuator reduces the
effective gain to Gost = vV 1.05Gy = Gy + 0.2dB when
the logical ,,1“ is applied. The input binary sequence
consisted of 200 bits in the calculation. The first 100 values

are ,,0¢. They are necessary to put the ring into auto-
oscillation mode. The remaining 100 bits are randomly
generated.

The ring enters auto-oscillation mode after 60us (red
line) as can be seen in Fig. 13. An arbitrary sequence is
applied to the input of the electronic attenuator after 70 us
ensuring the change of the gain factor and resulting in the
transients at the MARO output (red line in Fig. 13).

The calculation of the capacities of the parity test and
the short-term memory test is one of the methods for
evaluating the RCS performance. A binary sequence with a
length of 4200 bit was applied to the input to the magnonic
micro-reservoir for this purpose. The first 200 bits in
this sequence had the value ,,0, the remaining 4000 bits
were filled with a random binary sequence. Figure 14
shows the results of calculating the capacities of the STMT
and PCT for micro-reserves on the SWDL of the basic
design. The figure shows that the values of the STMT and
PCT capacities reach 3.99 and 0.59, respectively, in this
case.

The STMT and PCT capacities obtained for magnonic
RCS on SWDL of various designs studied in this paper are
summarized in the table. The parameter of the SWDL is
provided in the table in the second column the value of
which differs from the basic design. The third and fifth
columns correspond to STMT and PCT capacities. The
fourth and sixth columns correspond to a change of capacity
compared to the capacity of the tests for the SWDL of the
basic design. The ratio of the pulse duration T to the SWDL
delay time 7 is provided in the rightmost column.

As can be seen from the table, the obtained capac-
itance values indicate that the selected parameters of
the basic design and the selected delay time are not
optimal. The maximum PCT value was obtained with
the ratio T/r =9.11. One of the ways to increase
the STMT and PCT capacities is to choose the optimal
ratio between the delay time in the ring and/or the
duration of the input pulses. The results obtained in
the study demonstrate the fundamental applicability of
microminiature SWDLs for the creation of magnonic micro-
TeServoirs.
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Figure 14. Results of the calculation of STMT (a) and PCT (b) for MARO on the SWDL of the basic design.

Results of calculation of the capacities of STMT and PCT of microminiature RCS on SWDL of various designs

Ne Parameter STMT capacity Astmr PCT capacity Apcr T/t
1 — 3.99 0 0.59 0 8.59
2 Ag = 235nm 3.76 —0.23 0.54 —0.05 8.1
3 Ag =435nm 14 —2.59 1.29 0.7 9.11
4 wg = 520nm 34 —0.59 0.67 0.08 9.37
5 wg = 255nm 5.02 1.03 0.6 0.01 8.44
6 w = 440 nm 2.82 -1.17 0.59 0 8.08
7 w = 885nm 476 0.77 0.59 0 8.07
8 Is = 50 um 2.76 —1.23 0.59 0 8.08
9 ls =35um 4.14 0.15 0.55 —0.04 8.39

10 p—0 3.73 —0.26 0.71 0.12 842

11 L =50nm 4.6 0.61 0.41 —0.18 6.23

12 L =125nm 091 —3.08 1.27 0.68 9.01

13 H =222.82kA/m 2.53 —1.46 0.64 0.05 5.34

Conclusion magnonic RCS at the final stage of the study where the

New knowledge was gained in this study about the pos-
sibility of microminiaturization of magnonic RCS through
the use of ultrathin YIG films. Transmission characteristics
of microminiature SWDL on ultrathin films of YIG were
calculated for this purpose. The SWDL design uses compact
coplanar antennas, which ensure an effective excitation
and reception of spin waves, as well as isolation between
antennas outside the operating frequency band. The impact
of the parameters of coplanar antennas on the transmission
characteristics of the SWDL was studied. The obtained de-
pendences were used to calculate the amplitude-frequency
characteristics of active ring resonators. The numerical
simulation demonstrated that the use of nanometer-sized
YIG films ensures the preservation of the delay time and
the level of insertion losses with a waveguide structure
length of only 20um, which is two orders of magnitude
less than in the case of YIG films of micron thickness.
The obtained characteristics of microminiature SWDL and
active ring resonators were used to simulate transients in

gain control is used for information message input. The
calculation of the STMT and PCT capacity was used to
evaluate the performance of computing systems. It was
shown that the characteristics of the proposed magnonic
microreservoirs are not inferior to the characteristics of
classical magnonic RCS on micron films. It should be noted
that the use of microchips as a microwave amplifier and an
electronic attenuator makes it possible to produce magnonic
RCS with a hybrid design using thin-film technology for
creating microminiature RCS.
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