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A spinwave Ising machine
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Time-multiplexed Coherent Ising Machines (CIMs) have demonstrated promising results in
rapidly solving large-scale combinatorial problems. However, CIMs remain relatively large
and power-demanding. Here, we demonstrate a spinwave-based Ising machine (SWIM) that
due to the low spinwave group velocity allows for sufficient miniaturization and reduced
power consumption. The SWIM is implemented using a 10-mm-long 5-um-thick Yttrium lron
Garnet film with off-the-shelf microwave components and can support an 8-spin MAX-CUT
problem and solve it in less than 4 us consuming only 7 uJ. As the SWIM minimizes its
energy, we observe that the spin states can demonstrate both uniform and domain-
propagation-like switching. The developed SWIM has the potential for substantial further
miniaturization with reduction of power consumption, scalability in the number of supported
spins, increase of operational speed, and may become a versatile platform for commercially
feasible high-performance solvers of combinatorial optimization problems.
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and the need for data processing continues to grow,
unconventional analog and digital computing paradigms
are being investigated. Many modern data processing tasks
involve combinatorial optimization problems and require special-
purpose accelerators for fast and power-efficient computing.
Combinatorial optimization is essential to select the optimal path
from an enormous range of choices and appears in various social
and industrial fields such as optimizing financial transactions!,
logistics, travel?, circuit layout design3, genetic engineering and
molecular design for chemical discovery*. Conventional compu-
ters based on Von Neumann architectures are inefficient in sol-
ving hard combinatorial optimization problems due to the
factorial growth of all possible combinations if evaluated using
brute force. Fortunately, Ising machines have emerged as a pro-
mising non-von-Neumann computing scheme that can accelerate
the computation of such NP-hard optimization problems.
An Ising machine maps an NP-problem onto the Ising
Hamiltonian of an array of N binarized and interacting physical
entities, commonly referred to as spins s; =+ 1.

H(sy,...,sy) = — Z]ijs,-sj -
i<j

Q s Moore’s law comes to an end due to physical limitations,

S O

A specific problem is coded by adjusting the pairwise coupling
terms, J;;, such that the lowest energy spin glass configuration
represents the solution to the NP-problem. This is possible
because spin glass solutions belong to the NP-hard complexity
class®>, and many NP-complete and NP-hard problems can be
reformulated as Ising Hamiltonians®. Then, the energy mini-
mization of the entire array can be employed as a solution search
algorithm in a process called annealing’.

Various types of Ising machines’ have been proposed in the
recent decades exploiting novel physical building blocks such as
spintronic devices®~10, memristor crossbars!'!, quantum super-
conducting junctions!2, metal-insulator relaxation oscillators!3,
and degenerate optical parametric oscillators!®1>, as well
as conventional CMOS technology with analog electric
oscillators!®17, and field programmable gate arrays (FPGAs)!8.
In particular, optical Coherent Ising Machines (CIM)!41> have
attracted great attention due to their high computational speed, a
time-multiplexing method that provides all-to-all Ising spin
connections, and the largest amount of supported Ising spins
amongst all implementations. Nevertheless, the commercial
feasibility of optical CIMs remains elusive as the technology
requires optical tables, kilowatts of power, and kilometers of
optical fibers, which altogether blocks its further development
from a proof-of-principle demonstration to a miniaturized
commercially viable device.

In this work, we present a time-multiplexed spinwave Ising
machine (SWIM) with artificial spin states implemented via
the phase of spinwave radio-frequency (RF) pulses propagating
in an Yttrium Iron Garnet (YIG) thin film. Spinwaves are
a fundamental type of collective excitations in magnetic
systems! %20 and are being actively used for the implementation of
signal processing®!22, frequency synthesis2324, logic2>2¢ and
computing?’-2? applications due to their inherent non-linearities
and exceptionally slow propagation velocities that is 5-7 orders of
magnitude slower than the speed of light in optical fibers.
Another advantage comes from the simplicity and efficiency of
microwave current-to-spinwave transducers and the off-the-shelf
availability of affordable and power-efficient microwave electro-
nic components, which reduces the power consumption to
only milliwatts of power in contrast to optical kilowatt-power
parametric phase-sensitive amplifiers. Altogether, the use of
propagating spinwaves, for the design of a time-multiplexed
Ising machine, defines a path from a laboratory demonstrator to

a commercially feasible technology with potential for CMOS
integration.

Results

Theoretical description of spinwaves. The spinwave propagation
properties depend on the strength and orientation of the static
magnetic field applied to the film and on the magnetic properties
of its material, such as its saturation magnetization (Ms),
exchange stiffness (A), and gyromagnetic ratio (y). In this work,
the static magnetic field is applied at angle 6 =53° w.r.t. to the
film plane, with its in-pane component parallel to the antennas,
i.e. perpendicular to the spinwave propagation along the wave-
guide. The excitation frequency is described by the dispersion
relation!%20:

Wy = YHo \/(Hint +M lz kz)(Hint +M lz k2 + MsF0)7 (2)

stex sex

Fy =P, + coszeim [1 — Py + MPy(1 - Py)/ (Hint + Mslﬁxkzﬂv
(3)

where k is the full wavevector of the spinwave, Py =1 — (1 —
exp(—kd)) and d=5 um being the thickness of the film,

le = 24/ (uyM2) ~ 1.7 - 10~® m the exchange length for YIG,
and Hi,, and 6y, define the value and out-of-plane angle of the
internal field; these can be found from the strength and angle of
the applied field (H and 0) using the solution of the magnetostatic
problem!?. In our case poH = 0.04 T and 6 = 53° were chosen as
it was empirically found to yield a high excitation efficiency and
low total losses in the YIG delay line when using simple thin
copper wire antennas.

Design and performance of the spinwave Ising Machine. The
SWIM employs a time-multiplexing approach similar to optical
CIMs!41530-35 byt in the microwave frequency domain, which
leads to certain signal processing modifications and substantially
enhanced performance. As shown in Fig. la, it consists of two
blocks: (i) an electronic part for linear and parametric amplifi-
cation of the RF pulses, RF pulse interconnection, and RF pulse
measurement, and (ii) a physical YIG spinwave waveguide where
all the spinwave RF pulses are excited by a first transducer
(antenna), allowed to propagate along the film length, and finally
transformed back to microwave RF pulses by a second transducer.
In contrast to optical CIMs, where optical pulses propagate and
are amplified in an optical ring system, never leaving the ring, the
SWIM is a multi-physical system where amplification of the
propagating RF pulses and their further signal processing is
performed outside of the YIG waveguide in a power-efficient
electronic system. This is possible because the carrier frequency of
the propagating spinwaves is around 3 GHz and, therefore, can be
easily handled by inexpensive and readily available commercial
RF components.

Figure 1b shows the spinwave spectrum of the YIG spinwave
waveguide in the form of its S,;-parameter. The propagation and
inter-conversion losses in the YIG delay line sum up to 39 dB of the
total attenuation which can be easily compensated by linear and
phase-sensitive amplifiers. Moreover, relatively small attenuation of
the YIG delay line and high power threshold allow for high signal-
to-noise ratio in the system. The SNR of the propagating signals in
the main loop is 64 dB. The SNR of the coupling pulses reaches 56
dB, which allows to use coupling coefficients with high resolution.
The details of the calculation of the SNR and coupling accuracy can
be found in Supplementary Note 3.

A major advantage of using spinwaves is their 5-7 orders of
magnitude slower propagation than the speed of light in optical
fibers, which allows us to reduce the length of the YIG waveguide
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Fig. 1 The spinwave Ising machine (SWIM). a Schematic of the SWIM with a Yttrium Iron Garnet (YIG) waveguide on Gadolinium Gallium Garnet (GGG)
substrate, peripheral microwave components described in the text, and a real-time oscilloscope for direct studies of the time-evolution of all spins;
couplings between spins are implemented using three delay cables of different lengths. b Measurement of the Sy of the YIG delay line showing the
spinwave spectrum. Af =60 MHz is the spinwave spectral bandwidth measured at -3 dB. ¢ The frequency-dependent delay time of the YIG delay line.
Tgelay = 271 15 is the average delay time over Af with a total deviation of Azgei.y =30 ns. d Amplification of the parametric phase-sensitive amplifier as a
function of the relative phase between the propagating RF pulses and the reference signal w,es = 6.25 GHz, with a phase sensitivity of Apsa = 6.1 dB.

to millimeters compared to the kilometers-long optical fibers of
CIM. As our artificial Ising spins consist of spinwave RF pulses of
length 7, the maximum number of supported spins is N = 74elay/
75, where the waveguide delay time Tgelay = ly1g/Vgsw is the ratio
of the waveguide length (ly;g) and the spinwave group velocity
(Vgew)- The minimum duration of the spinwave radio-pulse
forming the artificial Ising spin in the SWIM is determined by: (i)
the value of the 3-dB frequency bandwidth Af of the spinwave
spectrum, which controls the slew rate of the spinwave RF pulses,
and (ii) the variation of the spinwave delay time Ay, within the
same 3-dB bandwidth Af, which broadens the pulses as they
propagate between the two transducers. The time delay deviation
originates from a spinwave dispersion ((2),(3)) and can be
efficiently compensated using different techniques such soliton
formation3®, combination of different types of spinwaves3”-38, the
use of multi-layer YIG films°.

The bandwidth of the spinwave generation spectrum (see
Fig. 1b) is Af=60 MHz measured at the -3 dB level. Figure 1c
shows the corresponding frequency-dependent delay time, with
an average value across Af of 74qe.y =271 ns and a deviation of
30.2 ns. The limit of minimal pulse width derived from Afis 16.8
ns. However, the delay time deviation causes a significant

broadening of the propagating spinwave RF pulses limiting the
total minimal pulse width to 34 ns and, consequently, the SWIM
spin capacity to 8 spins.

In contrast to optical CIMs where the pulses are formed
via a pulsed reference pumping source, here in SWIM we use a
constant reference signal and in order to define artificial Ising
spins in the form of separate time-multiplexed RF propagating
pulses, we introduce an RF switch 2 that is triggered by a square
wave signal with variable frequency to control the spinwave RF
pulse length, 7,, and the repetition rate foyich. The use of a
constant reference signal and modulated loop demonstrates a
better result in terms of signal stability and allows to partially
compensate pulse broadening caused by spinwave dispersion and
consecutive delay time deviation. The details on the circuit design
can be found in Supplementary Note 1.

A phase-sensitive amplifier (PSA) limits conditions for stable
oscillations in the SWIM ring circuit to only signals at either
phase 0 or 7 relative to a pumping reference signal at twice the
oscillating frequency 3.125 GHz (see Fig. 1d) ; this consequently
phase-binarizes the system. The PSA also induces second-
harmonic frequency locking to the external reference signal
6.250 GHz, which further improves the frequency stability. Here,

14,15,30
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we implemented a phase-sensitive amplifier with conventional
microwave components that have a low nonlinearity threshold
and, therefore, consume below 1 W which can potentially be
further reduced. We note that works in the literature*0-42 report
on the design of parametric phase-sensitive amplifiers imple-
mented as additional transducers or resonators placed on the YIG
delay. Using spinwave parametric amplifiers can potentially
improve the miniaturization of the SWIM by integrating the
spinwave delay line with a phase-sensitive amplifier, especially if
implemented at the nanoscale. However, in practice at the mm-
scale such phase-sensitive amplifiers require a high pumping
power of around 1 W and demonstrate only an improvement in
the attenuation rather than a sufficient amplification. This
motivated us to use a conventional electronic PSA. The details
on the implementation of the PSA can be found in Supplemen-
tary Note 2.

Experiment. In order to evaluate the computational performance
of the SWIM we use 4-spin and 8-spin MAX-CUT optimization
problems. While we have successfully populated the waveguide
with up to 10 spins, in agreement with the theoretical estimate
above, we here limit the problem size to eight spins to avoid any
undesired interference between neighbor spinwave RF pulses, as
they may partially overlap.

The first experiment demonstrates the principle of operation
and routes for obtaining a solution to the simple 4-spin MAX-
CUT problem with antiferromagnetic nearest-neighbor couplings
described by the following Ising matrix:

0 -1 0 0

],‘j = (4)

This asymmetric matrix can be realized using a single
Coupling delay cable 1 with a delay time of 68 ns, i.e. of exactly
one period of the pulse repetition time. The asymmetric
coupling scheme was chosen for the sake of system simplicity
for the demonstration—it only requires a single delay RG-58
cable of 21 m. It would require an additional delay cable of 62
m with 204 ns of delay to implement a symmetric connection
scheme. We note that the use of the delay cables was chosen
solely for the purpose of our proof-of-concept demonstration.
In a large-scale SWIM, an FPGA interconnection block can be
used, similar to the CIM implementations!415-30,

For a 4-spin MAX-CUT problem, Switch 2 is closed and Switch
1 is open to enable delay cable 1 with a delay time of 68 ns, i.e. or
exactly one period of the pulse repetition time. Each microwave
RF pulse passing through Coupler 2 generates both a spinwave RF
pulse in the YIG delay line and a 1:10 ratio coupling microwave
RF pulse propagating through the Coupling delay cable 1. After
68 ns, the coupling microwave RF pulse reaches the Coupler 1
(also 1:10) and combines with a different microwave RF pulse
converted from a propagating spinwave RF pulse, effectively
implementing the coupling between these two spins. Taking into
account the coupling coefficients of the couplers, and the
propagation losses in the coupling delay cable, the ratio between
the amplitude of the propagating RF pulses and the coupling
signal is -8 dB and can be further reduced by the variable
attenuator. The level of -8 dB in electrical coupling corresponds
to J;=1 for MAX-CUT problems with 1-bit resolution of
coupling coefficients and can be renormalized if the attenuation is
used. The negative sign of the coupling coefficients Jj; is realized
using an additional 180° degree phase shift implemented with a
variable phase shifter.

For a demonstration of the computational dynamics, the
SWIM is first placed in a randomly chosen steady state s} =

{+1 —1—1—1} (Fig. 2a) with the Coupling cables 1 and 2
disconnected by opening the switches 1 and 2. The value +1
corresponds to 180° of phase difference between the RF pulse and
the reference signal w,.; while the value -1 corresponds to 0°
phase difference. The time traces of control signals Vyicch, the
signals of propagating RF pulses V1 and their instantaneous
phase are shown in Fig. 2d-1, where the color of the time traces
(Fig. 2g-1) corresponds to their instantaneous phases. As can be
seen, the propagating spinwave RF pulses are well-defined and
separated from each other; their individual phases are similarly
well-defined and uniform in time. The initial s! represents a non-

optimal MAX-CUT solution with the number of cuts equal to 2
(see Fig. 2a). At t=0, we connect the Coupling delay cable 1 by
closing the switch 1 and let the SWIM evolve for 3.8 us or 14
circulation periods, during which it reaches a stable state and
finds the optimal number of cuts. Figure 2b, h, k shows the
resulting spin state during the 14th circulation period, where
the third spin has now switched its phase to n under the
influence of the coupling matrix. The SWIM has hence changed
its state to s;? = {+1 — 1+ 1 — 1}, which represents an optimal
solution with the number of cuts equal to 4 (see Fig. 2b). A
simple theoretical model, which describes this case can be found
in Supplementary Note 5.

Similarly, we confirmed the SWIM’s capability to solve an
8-spin MAX-CUT problem with nearest-neighbor asymmetrical
coupling scheme (see Fig. 2¢, f, i, 1). The frequency fiitch of RF
Switch 3 was hence increased to 29.6 MHz to increase the spin
capacity to eight. As the corresponding repetition period
decreased to 34 ns, a shorter Coupling delay cable 2 with 34 ns
delay was used for this experiment. As can be seen in Fig. 2i the
spinwave RF pulses start to show some minor overlap, which
could nevertheless be neglected, as the SWIM still reached the
correct solution when interrogated after 14 cycles.

In order to visualize the routes to a solution and the evolving
dynamics of the circulating RF pulses, signal envelopes and the
instantaneous phases for the 3rd spin for both 4- and 8-spin
MAX-CUT problems were captured at fourteen consecutive
circulation steps and compiled into Fig. 3a—c in the form of
overlapping traces with different colors corresponding to the
number of circulations. We observed that the SWIM demon-
strates two different switching modes. The first scenario is
observed for the 4-spin MAX-CUT problem (see Fig. 3a, c) where
the RF pulses are longer (40 ns). During the first 6 circulations,
the spinwave RF pulse gradually separates into two distinct
domains of approximately equal size separated by a domain wall
that can be clearly seen in the instantaneous phase. From this
point on, the domain wall starts to propagate through the pulse
until a fully switched single domain pulse is established at about
the 10th cycle. A different switching mechanism can be observed
for the 8-spin MAX-CUT problem (see Fig. 3b, d) with the 34 ns
long Coupling delay cable 2. In this case, the evolution of the
instantaneous phase occurs via a gradual and uniform shift from
around 0 to 7. It is possible that the shorter pulse length in the
8-spin case promotes a more uniform response to the coupling.
The details on the evolution of spins can be found in
Supplementary Note 4. Regardless of its origin, this gradual
uniform switching mechanism might open up the possibility to
use the SWIM concept as a potential platform to implement XY
machines*3.

A key parameter for benchmarking the performance of an Ising
machine is its time-to-solution. In order to estimate averaged
time-to-solution parameter, we perform an experiment where we
periodically switch off the amplification in the loop for 2 us by
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Fig. 2 Experimental demonstration of 4-spin SWIM solving a MAX-CUT problem. a, b Transformation of the initial non-optimal state (a) to an optimal
solution (b) for 4-spin MAX-CUT optimization problem. The number of cuts for the MAX-CUT problem is determined by the total number of couplings
that cross the line separating the spins into two groups, considering their regrouping based on their spin values. € An optimal solution for 8-spin MAX-CUT
optimization problem with eight cuts. SWIM control traces for 4-spin (d, e) and 8-spin (f) problems. Amplified signals of RF propagating pulses in the
initial non-optimal state (g) of MAX-CUT 4-spin and the final solutions of MAX-CUT 4-spin problem (h) and 8-spin problem (i). A control signal of switch
3 has a repetition frequency of fsitch = 14.8 MHz (d, e) for 4-spin problem and 29.6 MHz (f) for 8-spin problem and duty cycle of 50% that forms

oscillations in the SWIM ring oscillator into separate propagating RF pulses. Calculated instantaneous phase signals for 4-spin problem (j, k) and 8-spin
problem (). The time traces in (g-i) are colored according to a value of the calculated instantaneous signal to visually show the pulse instantaneous phase.
Since the time intervals shown are much longer than the oscillation period of the propagating pulses Vampi (1/3.125 GHz = 0.320 ns), individual oscillations

are not resolved and merge into a colored continuum.

controlling supply voltage of the linear amplifier Viampi (see
Fig. 4a) to ensure that the SWIM returns to an idle state, after
which we again switch on the loop amplification. Figure 4b, ¢
shows the temporal evolution of the SWIM prior to and after
shutdown. It first takes 1.9 us for the SWIM to develop circulating
RF pulses to saturation level. It then takes an additional 1.5 us to
reach a stable state that represents the optimal solution. The rapid
development of the amplitude of the circulating pulses is
explained by a relatively high overcompensation of signal losses
in the loop of the ring-based SWIM circuit (~2 dB).

The SWIM design allows for the control of the overall coupling
strength between spins by attenuating the signal coming from the
coupling delay cables with a variable attenuator (see Fig. 1a). To
benchmark the SWIM dynamic range, a series of ten consecutive
time-to-solution measurements were conducted at different
coupling attenuation for the 4-spin MAX-CUT problem. A
statistical analysis is presented in Fig. 4d. For this very simple
problem, the SWIM demonstrates almost constant time-to-
solution values for attenuation levels from 0 to 12 dB with about
20 circulations or 5 ys. The very weak trend of a longer time-to-
solution at higher coupling attenuation is then more pronounced
at 15 dB. The large SWIM dynamical range of 15 dB should allow
the mapping of optimization problems with high range and
resolution of coupling coefficients in the Ising matrix.

Operational principles. In order to achieve optimal solutions in
the simple cases of 4- and 8-spin MAX-CUT problems where
there are no local minima, a single dynamical run appears

sufficient. However, in large hard optimization problems with
dense coupling graphs, there may exist a number of local minima
in the Ising Hamiltonian. The search for an optimal or exact
solution in such cases can be implemented with a classical
annealing scheme** by inducing thermal fluctuations in the state
of the spins after stabilization of the system in local minima. In
SWIM it can be implemented by injecting additional signal to the
loop with random phase state that would force chosen RF pulses
to change their state. The SWIM has the same architecture as
CIMs and can operate under the minimum gain principle3!. The
amplification in the loop can be gradually increased with voltage-
controlled analog or digital attenuators giving enough time for
the system to start up at the lowest energy state that corresponds
to the minimum state of the Ising Hamiltonian.

Discussion

The presented SWIM was implemented with pm-thick YIG
waveguides having mm-scale lateral dimension. However, in
the recent decade, magnonics has made significant progress
in scalability demonstrating nanometer-thick YIG-based
waveguides*>40 and signal processing devices?>4” with sub-
micrometer channel width. At the nanoscale, the spinwave
bandwidth exceeds hundreds of MHz and the delay deviation
can be improved with the same methods applicable to mm-scale
YIG films. The group velocity of spinwaves in the magnetostatic
range is inversely proportional to the thickness of the wave-
guides and can reach tens of meters per second. This makes it
beneficial to exploit nm-thick YIG films with reduced SW
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propagating RF pulse signal within 14 circulation periods plotted in the form of overlapping traces in a relative scale for 4-spin (a, ¢) and 8-spin (b, d) MAX-

CUT optimization problem. The color of the time traces corresponds to the circulation number.
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Fig. 4 Measurement of the time-to-solution parameter for 4-spin MAX-CUT problem computation. SWIM time traces for the measurement of time-to-
saturation 7, and time-to-solution zsoution Parameters. a A control signal Vyiampl for the linear amplifier. The linear amplifier switches down at the
moment 1us with a blackout period of 2 us to ensure signal suppression. b An amplified signal of RF propagating pulses V,np. The time traces in (b) are
colored according to a value of the calculated instantaneous signal to visually show the pulse instantaneous phase. ¢ Phase values in the center of each
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velocity v, to downscale the YIG delay line in terms of physical
size. Since vg, = 270f/ 0k, we suggest using a narrow frequency
bandwidth of 200 MHz to operate at a relatively constant group
velocity and to reduce the required range of the wavevectors,
which, in turn, reduces the requirements for miniaturization of
the emitting antennas. With modern advances in magnonics,
one can expect a spatial spin length of ~1 ym/spin. With the

required frequency bandwidth of 200 MHz, it limits the mini-
mum SW velocity to 200 m/s.

On the other hand, spinwaves propagating in the YIG film are
subject to propagating losses with a lifetime estimated as:

AH,
Tllfe (27Tf‘x + o O> ’

: 5)
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where the first term describes Gilbert damping and the second
describes inhomogeneous broadening. Recent advances in YIG film
growth allow for very low values for both contributions and, as an
example, we will use parameters obtained experimentally in*3 for a
20-nm-thick film. For wavevectors around k ~ 107 rad/m and fre-
quency f=2 GHz, the group velocity is v=600m/s and decay
time Ty = 550 ns. Taking into account that modern integrated
microwave amplifiers can easily compensate for tens of decibels of
signal loss, we suggest a delay line that would have 60 dB of
attenuation and a corresponding delay time Tgelay = 60Ty/
8.686 =3.797 us. Thus, using Eq. (5) with the above parameters
yields a delay line with a length of just 2.278 mm and 759 spins
capacity.

In order to further improve the spin capacity of the proposed
SWIM, an array of microscale YIG waveguides can be used to
form multiple tracks, each with its own linear and phase-sensitive
amplifiers. In a multi-track system, the interconnection between
propagating spins can be implemented similarly to CIM with
digital FPGA or application-specific integrated circuit (ASIC)
blocks. In the case of using N parallel tracks instead of connecting
all the delay lines and amplifiers in series in the time-multiplexed
architecture of SWIM, the time-to-solution parameter will be
improved and reduced by N since the circulation time will be N
times shorter and the propagating RF pulses will interact with
each other more frequently.

We hence suggest an array of 150 parallel waveguides with a
lateral size of 2660 x 1.0 ym each supporting 759 spins. A separa-
tion of 10 ym between waveguide centers would make cross-talk
negligible. Then, with the total lateral size of 2.66 x 1.5 mm, a
multi-track SWIM would have 113,850 spins, i.e. about the same
capacity of the most recent CIM!4 with a 5-km thermally-stabilized
optical fiber delay system.

Finally, it has been recently demonstrated that propagation losses
of spinwaves in nanoscale waveguides can be effectively compen-
sated using different techniques of parametric pumping?>*° redu-
cing the constraints for the length of nanoscale YIG waveguides and
improving the SWIM potential for scalability in terms of number of
spins. The excitation antennas can be replaced with more scalable
and energetically efficient multiferroic magnetoelectric cells®®>1.

Conclusion

Our work creates a pathway for miniature low-power and com-
mercially feasible Ising machines for solving a wide range of
optimization problems. The SWIM concept has a high potential for
further scaling in terms of spin capacity and physical size and the
improvement of power consumption and speed performance
parameters. The exploitation of non-linear spinwave solitons>>°3
and the proper choice of magnetization angle could compensate
spinwave dispersion and flatten delay time over a wide range of
frequencies allowing to use shorter spinwave RF pulses effectively
increasing the number of supported Ising spins with the same
length of YIG waveguide. The use of spinwaves in nm-scale thin
YIG films with an exceptionally slow propagation velocity of
0.3-0.6 km/s20°4 could provide a way to further miniaturize the
YIG waveguide and SWIM size while reaching hundreds of thou-
sands of artificial spins within mm-long spinwave waveguides.
Miniaturization opens the possibility of SWIM scaling by paralle-
lizing the system using multiple ring circuits which would improve
the time-to-solution parameter by the number of the parallel rings
as it decreases the circulation time. Moreover, SWIM has the
potential to be implemented similarly to the first realization of
CIM3> using integrated spinwave amplifiers?>4%>>6 and magno-
nic logic and, therefore, a future SWIM could potentially also
operate in a quantum regime under the minimum gain principle
with linear coupling in the analog domain3!.

Methods

Sample. The lateral dimension of the YIG waveguide is 10 x 7
mm?2. The microwave-to-spinwave transducers are 50-um-thin
copper wires. The YIG sample is placed on a FR-4 metallized
printed circuit board with the Gadolinium Gallium Garnet sub-
strate facing down and copper wire transducers positioned on top
of the YIG film.

Electrical measurements. The instantaneous phase dynamics was
extracted from Vi, signal time traces using Hilbert transform
technique similar to the studies®’~>%. In order to improve the
signal-to-noise ratio and ensure unambiguous phase detection
with Hilbert transform technique, the time trace V,,, was
initially filtered with a bandpass filter with a central frequency of
3.15 GHz, the bandwidth of 100 MHz and out-of-band sup-
pression of 60 dB.

The group delay presented in Fig. 1c was obtained from phase-
delay measurement of the S-parameters using a vector network
analyzer. The S-parameters were measured across a wide range of
frequencies starting from 3 to 3.5 GHz. The group delay is
calculated as the negative derivative of the phase shift with respect
to the frequency. This calculation was performed using a built-in
function of a vector network analyzer Rohde & Schwarz ZNB 40.

The phase-sensitive amplification curve was extracted from
the envelope of an amplified signal with constant amplitude and
frequency detuned from the reference signal frequency by 10
MHz. The frequency detuning introduced a continuous
phase drift with a period of 100 ns, which allowed a smooth
phase-sensitive amplification curve to be extracted. The details
on the design of the phase-sensitive amplifier can be found in
Supplementary Note 2.

Data availability

The data is available upon reasonable request from corresponding authors.
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