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Two Cascaded Spin Wave Majority Gates Operation
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Christoph Adelmann™', Member, IEEE, Sorin Cotofana™, Fellow, IEEFE,

and Said Hamdioui

Abstract—Spin Waves (SWs), by their nature, are excited by
means of voltage driven or current driven cells under two modes:
Continuous Mode Operation (CMO), and Pulse Mode Operation
(PMO). Moreover, the low throughput of the SW technology
(caused by its high latency) can be enhanced by wavepipelining
which is supported inherently by the SW under the two modes.
Therefore, we propose wavepipelined SW based two cascaded
Majority gates (SWMGs) circuit and validate it by means of
micromagnetic simulations working under CMO and PMO. Our
evaluation results indicate that PMO SWMGs circuit consumes
6.7x less energy than CMO SWMGs circuit. In addition, the
evaluation shows that the wavepipelined PMO and CMO SWMGs
circuit have the same throughput, while they are better than the
non-wavepipelined circuit by 2x.

Index Terms—Spin-waves, spin-wave computing, cascaded
majority gates, wave pipeline, throughput, energy.

I. INTRODUCTION

N THE last decades, information technology has seen a

revolution resulting in the need to process increasingly
extensive data [1]. The energy consumption per processing
operation is a key parameter that needs to be minimized
using highly efficient computing platforms to reduce both
the environmental footprint and cost. In the past, down-
scaling complementary metal-oxide-semiconductor (CMOS)
devices has been the pathway to an enormous increase of
the computing throughput [1], [2]. However, this has led to
an increased power density. Consequently, further dimensional
scaling are becoming increasingly limited because of device
power consumption and heating; not to mention the eco-
nomical and reliability concerns [3]. As a result, researchers
have investigated alternatives to CMOS such as graphene
devices [4], memristors [5], and spintronics [6].

In particular, spintronic approaches have recently gained
much interest due to their potential to operate at very
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low power [7] and the demonstration of scalable magnetic
memories [8]. In particular, magnonic technologies that use
spin waves (SWs), wavelike collective excitations of local
magnetic moments in a ferromagnetic or antiferromagnetic
material, as information carriers, have received attention for
ultralow power scalable logic circuit [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19]. Given the properties,
researchers have realized the importance of this technology to
the next level and develop logic gates and circuits.

Different magnonic logic gates have been suggested
and experimentally realized. A particular focus has been
on spin-wave majority gates (SWMGs) at the conceptual
level [20], at the simulation level [21], and at the experimental
level [11], [22], mainly for two reasons: first, SW, inherently,
provides intrinsic support for Majority logic function as the
interference of odd number of waves results in a Majority
decision; i.e., if the number of logic 1 waves are larger than the
number of logic 0 waves then the resultant wave is logic 1, and
otherwise, logic 0 [12]. Second, Majority gates (in addition to
the inverter) constitute a universal Boolean logic gate set; i.e.;
it provides the foundation for the potential implementation of
complex SW circuits such as full adder [23]. Moreover, AND
gate can be built from Majority gate by fixing one of the inputs
to logic 0 while OR gate can be built by fixing one of the
inputs to logic 1 [19]. Beyond logic gates, SW circuits have
also recently been studied both at the conceptual level [16] as
well as by micromagnetic simulations [18], and even cascading
schemes have been reported in order to achieve complex
circuits [19]. A unique feature of wave-based computing
schemes is the possibility for parallelism and frequency-
division multiplexing by the independent propagation of SWs
at multiple frequencies in the same waveguide [13]. This is
possible in the regime of linear magnetic response, where
inelastic interactions between SW are negligible. Despite
this, SW technology is still developing technology and more
complex circuits and wavepipelining investigation are highly
desired.

This brief advances the state-of-the-art by proposing an
energy efficient and high throughput SW pipelined two cas-
caded Majority gate; both the continuous mode as well as
pulse mode for excitation have been explored. The main
contributions of this brief can be summarised as follows:

o Design: SW pipelined two cascaded Majority gates circuit
(SWMGs) is proposed to evaluate the Continuous Mode
Operation (CMO) and Pulse Mode Operation (PMO) in
terms of energy and throughput.

« Validation: The correct functionality of the SWMGs has
been validated by means of micromagnetic simulations.

o Evaluation: SWMGs performance has been evaluated
in terms of energy and throughput. CMO SWMGs

1549-7747 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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a) Schematic of the studied cascaded SWMGs. b) Dispersion relation of backward volume spin-wave propagating in 50 nm wide and 1nm thick

FegnCorgByo waveguide with magnetic saturation My = 1.1 MA/m, exchange stiffness Aoy = 18.5 pJ/m, and damping constant o = 2.5 X 1073, No external
field is applied as the shape anisotropy is strong enough to push the magnetization in the plane along the waveguide length. c¢) The resulting group velocity

as a function of SW wavevector.

consumes 6.7x more energy consumption compared to
PMO SWMGs due to continuous wave excitation in
CMO, but the circuit periphery is less complex because
CMO does not require shaping of the input signals as
in PMO. In addition, the throughput is enhanced by a
factor of 2 by realizing the wavepipelining in the CMO
and PMO.

The rest of this brief is organized as follows. Section II
describes the proposed cascaded Majority gates circuit.
Section III presents the simulation setup, and Section IV
presents the simulation results. Section V evaluates the
performance. Section VI concludes this brief.

II. TWO CASCADED SPIN-WAVE MAJORITY GATES

Figure 1 a) presents a schematic of two cascaded SWMGs,
based on the design in [21], [24]. Coherent SWs or SW
wavepackets are generated at the 5 inputs /1 to /5 and subse-
quently propagate in the magnetic waveguides. Traditionally,
SW is generated by applying a continuous signal with identical
amplitude, frequencies and wavelengths at the inputs. When
binary information is encoded in the phase of the waves (logic
0 and 1 corresponding to phases of 0 and 7, respectively),
their interference leads in a natural way to the computation of
the majority function. The device is designed so that inputs
I, I3, and 14 form a first majority gate, resulting in an output
wave M| with phase ¢pr1 = MAI(¢n2, ¢13, $14). The output
wave then propagates towards a second majority gate with
a resulting wave O with phase ¢po = MAJ(¢r1, dm1, Pr15)-
The operation principle of the two cascaded SW Majority
Gates is as follows: Initially, Iy, I», I3, 14, I5 excite SWs which
propagate through the waveguides. After that, SW excited at
I3 and I, interfere constructively or destructively depending on
their phase. Then, the resultant SW propagates to interfere with
the SW excited at I,. Next, the result propagates to interfere
with the SWs excited at I, and /5. Finally, the resultant SW is
detected at O based on phase detection, in which the captured
SW is compared with a predefined phase; i.e., if the detected
SW has a phase of 0, the output O is logic O, and if the
detected SW has a phase of 7, the output O is logic 1.

However, SWMGs cannot be directly cascaded in a straight-
forward way since the large output amplitude of a first
majority gate can dominate the interference in a subse-
quent one and lead to computing errors. Concretely, if all
inputs are excited at the same amplitude, logic inputs of
(h, I, I3, 14, I5)=(1,0, 0, 0, 1) lead to a logic output of O = 0
instead of the correct result of O = 1 [19], [25]. To ensure
that waves interferences for the above mentioned cases lead
in all cases to correct output, the SWs at /; and /5 should be

excited with amplitude 2A each, while those of I, I3, and I
each at A only. However, we found out from micromagnetic
simulations that different inputs contribute differently to the
output due to the scattering and reflection. Note that the energy
loss is determined from micromagnetic platform (MuMax3)
simulations by activating each input separately and determine
the amount of energy at the output. For example, 27% of the
excited spin wave energy at /1 and /s reaches the output while
the other 73% lost in the damping, scattering and reflection,
whereas 54% of the excited spin wave energy at I, reaches the
output while the other 46% lost in the damping, scattering and
reflection, and it has the highest contribution as there are two
directions to propagate when reached to the main waveguide,
while the /1 and /s spin waves have three directions. Moreover,
18% of the excited spin wave energy at I3 and I4 reaches the
output while the other 84% lost in the damping, scattering and
reflection, and it contributed the least to the output as it has
multiple directions to propagate to Iy, I, I3, and I5. Thus, I;
and /5 excite SWs with amplitude of 1A, I, with amplitude of
0.25A, and I3 and I4 with amplitude of 0.75A.

Moreover, the structure dimensions must be chosen accu-
rately to reflect the required functionality. For example, if
the desired functionality for the SWs is to interfere con-
structively, if they have the same phase, whereas interfere
destructively if they are out-of-phase, then the dimensions
{d\, dy, d3,dy, ds}=ni, where n =0, 1,2,...and A is the SW
wavelength, which is the case for our design. In addition, the
output must be detected at accurate location depending on
the desired output if the output itself or its inverted version. If
the inverted version is the desired one, dg must be (n+1/2)A.
In contrast, if the desired output is the logic circuit output
itself, then dg must be nA, which is the case in our design.

In case of applying a continuous wave at the inputs at
the Continuous Mode Operation (CMO), the overall energy
consumption is mainly determined by the transducer power
and the gate critical path length (delay). This implementation
results in a high energy consumption as SW is slow; this
will be assessed and discussed in Section V. In contrast,
exciting SW by applying a pulse wave (at the Pulse Mode
Operation (PMO)) is more energy efficient as the overall
energy consumption will be determined by the transducer
power and the pulse duration.

One of the limitations of the SW technology is its slowness,
resulting in low throughput. To deal with this, wavepipelining
can be used; it handles multiple inputs’ sets before the result
of the first set is detected at the output without using registers
or isolaters between the pipelined stages [26]. Spin wave
has an intrinsic support for wavepipelining. We utilize the
structure in Figure la) to illustrate the SW wavepipelining
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Fig. 2. Magnetization dynamics of 70 ps rectangular pulse excitation SW propagating in a) time domain, and b) frequency domain, 300 ps 15 GHz sinusoidal
pulse excitation SW propagating in c) time domain, and d) frequency domain, and c¢) 300 ps 15 GHz gaussian pulse excitation SW propagating in i) time

domain, and ii) frequency domain.

principle for both modes CMO and PMO. The aforementioned
operation principle holds true for this case but with exciting
multiple SW’s sets distanced by a certain time gap. This
time gap is determined such that each set does not affect the
other excited sets for both modes. This allows for multiple
SWs sets to co-exist in the waveguide without affecting each
other, interfere properly at each intersection point between the
waveguides, and detect the resultant SW for each set at the
output. The throughput enhancement of such implementation
will be assessed and discussed in Section V.

III. SIMULATION SETUP

Micromagnetic simulations have been performed using the
GPU-accelerated software MuMax3 [27]. In MuMax3, we
utilized 50nm wide and 1 nm thick FegnCor0B20 waveguide
with magnetic saturation My;=1.1 MA/m, exchange stiffness
Aex=18.5pJ/m, and damping constant o = 2.5 x 10~3 [28].
Note that no external field is applied as the shape anisotropy is
strong enough to push the magnetization in the plane along the
waveguide length. This configuration allows the propagation
of backward volume spin waves. The backward volume wave
dispersion relation and SW group velocity were extracted for
these parameters from MuMax3 simulation, and their graphs
are presented in Figure 1 b) and Figure 1 c), respectively.
In order to minimize the structure size, and maximize the
throughput, we chose a frequency of 15 GHz, which makes
wavelength 2pi/k = 2pi/70 rad/um = 90nm. Since the
dispersion sets the device dimensions, the dimensions were
determined as follows: d;j=180nm, d>=540 nm, d3=360nm,
ds=360nm, ds=900nm, and d¢=900nm. In addition, the
inclined angle of the waveguides (in reference with the main
waveguide) is 20°. Moreover, the overall size of the structure
is 1700nm x 1700nm, which can be scaled down by changing
the inclined angle, decreasing the size of the waveguides, and
detecting the output at nearer position.

As mentioned previously, two excitation modes have been
investigated: CMO and PMO. While CMO excites a single
frequency SW as a result of the continuous excitation of the
SW, the PMO excites multiple frequencies SW, which requires
careful generation of the pulse. In order to properly choose
the pulse which generates the desired results, we excited a
SW at a single in-line waveguide using three different pulse

signals: i) Rectangular pulse of 70 ps duration, ii) Sinusoidal
pulse of 300ps and 15 GHz carrier frequency, iii) Gaussian
pulse 0 = 300ps and 15GHz carrier frequency. Figure 2
presents the magnetization dynamics of the pulse propagation
in a waveguide in time and frequency (Fast Fourier Transform
(FFT) of the propagated pulse) domains.

Results Related to Rectangular Pulse: Figure 2 a) and
Figure 2 b) show strong signal deformation in generated
rectangular pulse due to the spin-wave dispersion. Moreover,
shorter pulse generates broad frequency ranges that make very
difficult to build logic functions based on interference using
this kind of pulses.

Results Related to Sinusoidal Pulse: Figure 2 c) and
Figure 2 d) show that although sinusoidal pulse improves the
magnetization dynamics, multiple frequencies SWs are still
excited; this makes such pulse also not efficient to build logic
functions.

Results Related to Gaussian Pulse: Figure 2 e) and
Figure 2 f) show that gaussian pulse filtered out all other
undesired frequencies and just excited the desired 15 GHz
frequency SW. As a result, shaping the input pulse signal is
required to limit the frequency range. Therefore, we chose to
excite the SWs at Iy, I, I3, 14, and I5 using gaussian pulse
o = 300ps and 15 GHz carrier frequency under the PMO.

IV. SIMULATION RESULTS

Wavepipelining Through CMO Phase Jump Simulation
Results

First, we excited an input and made a 2w phase jump
from phase O to phase 7 to phase 0. We utilized a reference
signal of phase 0 to compare the resultant SW as presented
in Figure 3 a). As it can be observed from the figure, 27
phase jump is performed after 1ns to avoid any distortion of
the signal as the transient regime duration is approximately
0.3 ps, and the full synchronization duration is about 0.6 ns.
Therefore, wavepipelining is limited by nearly full synchro-
nization. Subsequently, the wave pipelining was performed
using CMO by continuous wave excitation at the inputs and
phase jump of 27 when needed at repetition rate of 1ns. In
order to validate it, we utilized 8 inputs combinations; i.e.,
{h, I, I, 14, Is}={0,0,0,0,0}, {1,1,1, 1,1}, {0,0,0,0, 1},
{1,0,0,0, 1}, {0, 0,0, 1, 0}, {0, 0, 1, 0, 0}, {O, 1, 0, O, O},
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and {1, 1, 0, 1, 1}. Consequently, the first set is excited at Ons,
the second set is excited at 3.5ns to avoid any initial effect,
the third set is excited at 4.5ns, ..., the eighth set is excited
at 9.5 ns. Figure 3 b) presents the MuMax3 simulation results
for CMO wavepipelinig. In order to validate the results, we
made use of reference signal, which is the resultant SW of
{h, I, I5, 11, I5}={0, 0, 0, 0, 0}. As depicted in the figure, the
first SW set result is obtained at the window time of 3.45 ns-
3.7ns which have phase difference of 0 with the reference
signal, thus the output O is logic 0. In contrast, the second SW
set result is obtained at the window time of 4.45ns to 4.7 ns
which have phase difference of & with the reference signal,
thus the output O is logic 1. Likewise the other cases can be
analysed, the output O is logic O for the cases {0, 0, 0, 0, 1},
{0, 0, 0, 1, 0}, {0, O, 1, O, 0}, and {0, 1, O, 0, 0}, whereas
the output O is 1 for {1, 0, 0,0, 1}, and {1, 1,0, 1, 1} as can
be observed from Figure 3 b), which are the correct result of
the SWMGs.

Wavepipelining Through PMO Phase Change Simulation
Results

Figure 4 presents the simulation results for PMO wavepipel-
ing in time and space domains where pulse signals are exciting
the SW at the inputs and phase change of 27 when needed at

repetition rate of 1ns. In order to validate it, we utilized the
same 8 inputs combinations as in CMO and a reference signal,
which is the resultant SW of {1y, I, I, 14, I5s}={0, 0, 0, 0, 0}.
The first SW set output is detected at the window time of
2.15ns-2.65ns which have a phase difference of 0 with the
reference SW thus the output O is logic 0 as depicted in
Figure 4 a). One can also see the O phase difference in
the space domain as presented in Figure 4 b). Moreover,
the second SW set output is detected at the window time
of 3.15ns-3.65ns which have a phase difference of m with
the reference SW thus the output O is logic 1 as presented
in Figure 4 a). In addition, the 7w phase difference can be
noticed in the space domain in Figure 4 b). Likewise, the other
cases can be analysed, the output O is logic O for the cases
{0,0,0,0,1}, {0,0,0,1, 0}, {0,0, 1,0, 0}, and {0, 1,0, 0, 0},
whereas the output O is 1 for {1,0,0,0, 1}, and {1, 1,0, 1, 1}
as can be observed from Figure 4, which are the correct result.

V. PERFORMANCE EVALUATION

In order to assess both modes CMO and PMO, we compare
them in term of energy consumption. To determine the energy
consumption, the power and the SW propagation delay must
be estimated. The SW propagation delay is determined from
micromagnetic simulations to be 2 ns. The power consumption

Authorized licensed use limited to: TU Delft Library. Downloaded on April 08,2024 at 12:44:54 UTC from IEEE Xplore. Restrictions apply.
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is mainly determined by the transducer assuming very small
power consumption by SW propagation through waveguides
as SW doesn’t require electron movement and just electron
spinning. Therefore, energy consumption of the cascaded
Majority gates circuit for single operation can be identified
by N x P x t, where N is the number of transducer, P is the
power consumption of single transducer, and ¢ is the operation
time for the circuit per process. Note that the operation time
for the CMO is the same as the propagation delay which is
2 ns, whereas the operation time for the PMO is the excitation
pulse duration which is 300ps. We make use of a 34nW
power consumption of a single ME transducer [17], [23].
CMO results in an energy consumption of 6 x 34 x 2 aJ
as the source is active for 2ns and there are 6 transducers,
whereas PMO induces a 6 x 34 x 0.3 aJ energy consumption
as the source is active for 300 ps and there are 6 transducers.
As a result, CMO consumes 6.7x more energy consumption
compared to PMO due to continuous wave excitation in CMO.
Note that due to the early stage development of the transducer,
we excluded the needed external CMOS circuitry for both
CMO and PMO at the input and output from the power
consumption calculation, and we kept the power consumption
estimation in the magnonic domain. However, it is expected
that the circuit peripheries of the CMO excitation and detection
are potentially less complex because CMO does not require
the shaping of the input signals as in PMO.

In order to evaluate the SW wavepipelining potential,
we compare the circuit throughput without wave-pipelining,
with wave-pipelining through CMO, and with wavepipelining
through CMO. For the proposed cascaded Majority gates
circuit, if we write each input and wait until the resultant
SW is detected at the output, each operation will require 2 ns.
Therefore, if we want to process 8 SW sets, then the not
wavepipelined sets can be processed in 16ns. On the other
hand, the 8 SW sets can be processed in 8 ns if wavepipelining
through CMO or PMO is utilized as can be observed in
Figure 3 b) and 4 a). Therefore, utilizing wavepipelining to
process 8 SW sets for the proposed cascaded Majority gates
improve the throughput by 2.

VI. CONCLUSION

A wavepipelined Spin Wave (SW) cascaded Majority
gates circuit was proposed and validated under two modes:
Continuous Mode Operation (CMO) and Pulse Mode Operation
(PMO) by means of micromagnetic simulations. Shaping the
input pulse signal is required to limit the frequency range
and achieve a higher throughput as shorter pulse generates
broad frequency ranges. Our evaluation indicated that CMO
cascaded Majority gates circuit consumes more energy than
PMO cascaded Majority gates circuit due to continuous
wave excitation. However, the CMO circuit periphery is
potentially less complex because it does not require the
shaping of the input signals as in the pulse wave excitation.
Moreover, wavepipelining under CMO and PMO have the same
throughput, where the CMO wavepipelining was performed
through phase jump while PMO wavepipelining was done by
phase change, while they improved the throughput of the non-
wavepipelined cascaded Majority gates circuit.
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