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ABSTRACT

While Spin Waves (SW) interaction provides natural support for
low power Majority (MAJ) gate implementations many hurdles still
exists on the road towards the realization of practically relevant
SW circuits. In this paper we leave the SW interaction avenue and
propose Threshold Logic (TL) inspired SW computing, which relies
on successive phase rotations applied to one single SW instead of
on the interference of an odd number of SWs. After providing a
short TL inside we introduce the SW TL gate concept and discuss
the way to mirror TL gate weight and threshold values into physical
phase-shifter parameters. Subsequently, we design and demonstrate
proper operation of a SW TL based Full Adder (FA) by means of
micro-magnetic simulations. We conclude the paper by providing
inside on the potential advantages of our proposal by means of a
conceptual comparison of MAJ and TL based FA implementations.

CCS CONCEPTS

+ Hardware — Spintronics and magnetic technologies.
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1 INTRODUCTION

The amount of data that is processed every day has significantly in-
creased over the past decade [21]. However, the computing devices
efficiency and power consumption has not scaled equally with the
increase of data causing a big jump in the global IT power consump-
tion in that time period [7]. This is even aggravated by the fact that
transistor scaling is running into more and more problems due to
short channel effects, power density and gate tunneling, to name a
few [23]. To address this issues, new FET architectures like FinFET
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have been proposed [6] and technologies that completely depart
from CMOS, commonly referred to as beyond-CMOS, are under
scrutiny, as they can potentially enable new avenues for power
efficient data processing. Examples include, but are not limited to,
Graphene [2, 11], Quantum [10], and Spintronics [1, 8].

Among those, Spintronics, which makes use of electron spin for
information encoding, provides powerful means for the implemen-
tation of low power circuits, efficient non-volatile memories [9],
and neuromorphic circuits [27]. Recently, Spin Waves (SW), which
are small collective magnetization deviations that travel in a wave
like manner [4] through a magnetised material, received special
attention as their high frequency and small wavelength provide
premises for fast and small circuit implementations [4, 14].

Current research on SW logic mostly revolves around the im-
plementation of classic Boolean functions [14], by encoding binary
data in SW phase and letting an odd number of unit amplitude
SWs interfere within a common waveguide. Due to the very na-
ture of the SW interference process it provides natural support
for majority function evaluation. Essentially speaking, related to
a certain reference, input SW are either in phase (logic 0) or 7°
out of phase (logic 1). Within the waveguide in-phase/out-of-phase
SWs constructively/distinctively interact resulting in a SW having
the phase of the majority of the SW inputs. The majority value can
be obtained in its direct and/or inverted form by properly adjust-
ing the output SW amplitude reading position [15]. By following
this concept 3-input majority gates (MAJ3) have been proposed
and simulated and/or experimentally demonstrated [15, 16, 22]. As
MA]J3 and inverter form a universal gate set any Boolean function
can be implemented by following this paradigm.

In this paper we leave the SW interaction avenue and propose
Threshold Logic (TL) inspired SW computing. To implement an
n-input TL gate, instead of inducing multiple SWs and letting them
interact within a waveguide, we make use of one single SW on
which we induce n + 1 successive phase rotations. The final SW
phase sign carries the gate output value, i.e., negative logic 0 and
positive logic 1. We introduce this novel concept, provide inside
on the SW TL gate (SWTLG) design methodology, and provide
preliminary inside on the potential impact of our proposal.

The paper is organized as follows: In Section 2 we briefly present
Threshold Logic (TL) fundamentals. In Section 3 we introduce the
novel concept of SW phase manipulation based computing and in
Section 4 provide inside on SW phase manipulation and the SW TL
gate design process. In Section 5 we present a Full Adder (FA) SW
TL gate design, validate it by means of micro-magnetic simulations,
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and compare it with a MAJ3 based counterpart. We conclude the
paper with some final remarks and future work directions.

2 THRESHOLD LOGIC

Figure 1: Basic threshold logic gate.

As in this paper we bring Threshold rather than Boolean Logic
into the framework of SW computing we briefly introduce Thresh-
old Logic (TL) fundamentals. For more inside on this paradigm we
refer the reader to [17]. TL makes use of the basic gate, depicted
in Figure 1, which evaluates the weighted sum of its inputs, and
compares this value with a given threshold value. Note that such
a gate corresponds to the Boolean output neuron introduced in
the McCulloch-Pitts neural model [17] with no learning features. It
initially computes (1) where x;€{0, 1}, w; are integer weights, and
¥ the threshold value,

f(x) = Z wixi — (1)
n=1

and the actual gate output is computed as:

1 f(x)=0
0 f(x)<o0
Such a TL gate (TLG) can evaluate basic Boolean functions as

AND/NAND and OR/NOR (see 3 for TL evaluation of AND), but
can also perform more complex calculations.

F(x) = sgn(f(x)) = { @

AND = sgn(x; + x2 — 2) 3)

For example the Full Adder (FA) TL implementation (FA is an es-
sential building block for data processing hardware) can be done
with 2 TLGs [13] as follows:

Cout = sgn(xi+xz2+Cin—2) 4
Sum = sgn(xy+x2+ Cip —2Coyur — 1) (5)

Previous research demonstrated that TL implementations of basic
arithmetic functions can outperform Boolean counterparts in terms
of circuit complexity [5, 25, 26] and TLG implementations have
been proposed in CMOS [18, 19] and in emerging technologies

[12].

3 SW THRESHOLD GATE CONCEPT

Figure 2 depicts our proposed gate concept. The green transducer,
which can be an RF antenna or a magneto-electric cell 3], generates
a SW, the orange transducers can only induce a phase shift +p; on
the SW, and the blue transducer reads the final net phase change
induced by the joint action of the orange transducers. If we use the
initial SW phase as reference and phase-shifter i,i = 1..., n produce
a phase shift proportional with x;w;, and phase-shifter n+1 a phase
shift proportional with ¢ the net phase shift is proportional with
the f(x) value computed by (1). Finally, the TLG output according
to (2) is determined by checking the sign of net phase change, i.e.,
> 0 corresponds to logic 1, and logic 0 otherwise.

Thus, to implement an n-input TL gate we need n phase-shifters,
each of them enabled by x;,i = 1,..., n and producing a phase shift
that modulates w; and one always active phase-shifter inducing a
phase shift that modulates . Note that for proper operation the
actual phase change value per each shifter should be determined in
such a way that the net phase shift does not exceed 360°, as further
discussed in the following section.

Figure 2: SW phase shift based threshold logic gate.
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Figure 3: Dispersion relation (6) plot for a 200 nm wide and

9nm thick CoFeB waveguide using the parameters specified

in [14].
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Figure 4: FA Cyy; evaluation TL gate structure.
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4 SW PHASE MANIPULATION

The behaviour of a SW within a waveguide is captured by the dis-
persion relation, which reflects the relation between SW frequency
and its wave-number or wavelength. According to [4] (6) presents
an approximation of the SW dispersion relation. Note that in our
investigation we assume backwards volume SW, which are waves
that travel along the magnetization direction, and only consider
waves traveling along the long waveguide axis, i.e., 0 = 0 and
Om = 0.

w(k) = \/(le + wp A ktor) (wy + 0y A, Ktor + @y F), 6)

where g = ypoH,pf, om = yioMs, y = 1.76 * 10Mrad/(s T) is the
gyromagnetic ratio, poH, s is the effective internal magnetic field,
M; is the saturation magnetization, k;o; = k% + (n/w)?, Aey is the
exchange constant, and F is expressed as

wMg(l—g)sinz(Qk —-0y)

(0t dex [k2+(n7r/w)2] )

F=1-gcos*(0, - 0,,) + ()

where 0 = atan[nz/(kw)], g = 1-[1—exp(—=dVkzor)]/(dVkror),
and 0y, is the angle between SW wave vector and the long axis of
the waveguide. Similarly 0y, is the angle between the waveguide
magnetization and the waveguide long axis. Figure 3 depicts a
dispersion relation (6) plot for external magnetic fields varying
from 0.1 T to —0.1T.

As indicated by Maxwell’s equations, when a current passes
through a wire, it generates a static magnetic field around it. That
magnetic field acts on the waveguide and changes the dispersion
relation in the area on which the magnetic field is applied. In the
dispersion relation wp is related to the effective internal magne-
tization, which in turn relates to the magnetization acting on the
waveguide. Thus by changing the current through the phase-shifter
we change the generated magnetic field which correlates to the
applied phase shift. The effect is visualised in Figure 3 where it can
be observed that the dispersion relation moves to higher frequen-
cies for the same wavenumber when applying a higher field and
the opposite happens when applying a negative magnetic field by
changing the direction of the current flowing through the phase-
shifter.

All simulations are performed using mumax3 [24]. We use a
CoFeB waveguide with the parameters from [14] with dimensions
of 2024 nm by 32 nm by 9 nm with a cell size of 2nm by 2 nm by
3nm. The material parameters are: Ms = 1.36 * 10°A/m, Aex =
18.6 * 107 12]/m, Alpha = 0.004. SW are generated on the left side
of the waveguide with a sinusoidal external magnetic field applied
on the x-axis with a frequency of 35 GHz and a field strength of
5mT. The phase-shifters are simulated by applying static magnetic
fields in small strips on the waveguide. We initially consider a strip
size of 200 nm, and when simulating a single phase-shifter we place
it in the waveguide center, while when considering multiple phase-
shifters they were placed at least 200 nm apart from each other to
make sure that they did not influence one another. Figure 8 depicts
a zoom-in capturing the simulated behaviour of a SW travelling
through a waveguide with two phase-shifters covering the waveg-
uide area between the green and red vertical lines, respectively. The
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Figure 5: SW phase shift induced by a single 200 nm wide
phase-shifter when making use of the parameters in [14].
The relation is linear around no applied field point and be-
comes less linear for larger field values.
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Figure 6: SW phase shift dependency on SW frequency for
a single 200 nm wide phase-shifter when making use of the
parameters in [14]. Note that low frequency SWs experience
a larger phase shift for the same magnetic field value.

green phase-shifter induces a magnetic field in the opposite direc-
tion of the waveguide magnetization. When entering this area the
SW shrinks because as indicated in Figure 3, a negative magnetic
fields shifts the dispersion relation down, which results in larger
wavenumber and smaller wavelength for the same SW frequency. A
smaller wavelength and same frequency means that the SW travels
slower while underneath the phase-shifter resulting in a backward
phase shift when comparing with the unperturbed SW in the bot-
tom waveguide. In this simulation, the first phase-shifter produces a
360° phase shift, which results in an unchanged phase at its output.
The red phase-shifter applies a magnetic field along the waveguide
magnetization direction, thus it shifts the dispersion relation up,
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Figure 7: SW phase shift value vs phase-shifter size.

which results in an increased wavelength and by implication an
increase SW velocity. When exiting the red phase-shifter the wave
is significantly forward shifted, as one can clearly observe in the
Figure.

To be able to design shifters able to induce phase changes pro-
portional with TLG w; and ¢ values we need to capture the relation
between shifter parameters and the induced the phase shift. First, us-
ing a single phase-shifter, we simulated the effect of magnetic field
strengths on the achieved phase shift angle and the results are pre-
sented in Figure 5. When applying small magnetic fields (+10 mT)
the phase shift changes linearly as indicated by R?> = 1.000, R?
closer to one portraying a higher linearity, rounded to 3 digits after
the comma. When applying larger magnetic fields (+100 mT) the
phase shift becomes less linear (R? = 0.9993). Moreover, the sys-
tem exhibits asymmetry, as when applying large positive magnetic
fields, the phase shift magnitude is larger then the one induced by
the same magnetic fields applied in the opposite direction. This is
related to the dispersion relation non linearity at that frequency,
clearly observable in the dispersion relation plot in Figure 3. It is
also clear that by substantially increasing the applied magnetic
field, we can phase shift with larger angles.

Next we looked at the behaviour of different frequency SWs
when passing under the same phase phase-shifter. The results are
visualised in Figure 6 for 30 GHz, 35 GHz, and 40 GHz SWs. As ex-
pected from the dispersion relation in Figure 3, the phase shift is
larger for lower frequency SWs and smaller for higher frequency
SWs. The linearity of the phase shift also decreases for lower fre-
quencies because the dispersion relation is less linear at those lower
frequencies. This can be seen in R%o = 0.9991, R§5 = 0.9993, and
Rio = 0.9998, which increases when increasing the SW frequency.
This can be also intuitively deduce by observing the dispersion
relation plot: as we go to a lower frequency, the slope becomes
smaller, meaning that that the reverse of the slope becomes bigger
resulting in larger positive and negative phase shifts.

Following up, when decreasing the phase-shifter size we observe
a phase shift decrease, while a size increase results in a larger

Table 1: Net Phase Shift A¢ for Coyt

a b Cip Ag Cout
0 0 0 —19.6668 0
1 0 0 —9.6686 0
0 1 0 —9.6748 0
0 0 1 -9.7002 0
1 1 0 0.3165 1
0 1 1 0.3260 1
1 0 1 0.3306 1
1 1 1 10.3377 1

Table 2: Net Phase Shift A¢ for Sum

a b Cin Cour A Sum
0 0 0 0 -9.9041 0
1 0 0 0 0.0987 1
0 1 0 0 0.1043 1
0 0 1 0 0.0891 1
1 1 0 1 —9.5451 0
0 1 1 1 —9.5632 0
1 0 1 1 -9.5711 0
1 1 1 1 0.4538 1

phase shift. Figure 7 depicts the due to an external field of 0.01 T
phase shift dynamics when increasing the phase-shifter size from
100 nm to 300 nm. As expected, a larger phase-shifter induces a
larger phase shift as the SW is slowed or sped up over a longer
propagation distance.

5 FULL ADDER DESIGN AND SIMULATION

In this section we present the TL implementation of the Full Adder
outputs Coy; and Sum by means of two TL gates each of them
including 4 and 5 phase-shifters, respectively. We made use of
100 nm wide phase-shifters calibrated to induce a 10° phase shift
per input weight unit. This corresponds to an applied external field
of w; X 0.0147 T when the input x; = 1 and no field otherwise, on
each TLG input. Table 1 and Table 2 present the net phase shift
observed by means of micro-magnetic simulations at the output of
the TLG producing Cyy; and Sum, respectively, for all possible FA
input combinations. Given that when reading out a phase shift of
0° or higher, the TLG outputs a logic 1 and a negative phase shift
results in a logic 0, one can easily observe that the two FA outputs
are correctly evaluated, according to the FA truth table. Note that
the phase shifts are not exact multiples of 10° due to the dispersion
relation non-symmetry when applying the same field magnitude
in opposite directions. The phase shift produced by all possible FA
input combinations is also visualised in Figure 9 and 10, for the
TLG producing Coyr and Sum outputs, respectively.

To get inside into the potential practical implications of the
proposed SW TLG we assume as discussion vehicle the SW imple-
mentation of a Full Adder (FA), which is a heavily utilized basic
building block in computation platform designs, and conceptually
compare MA]J3 and TLG based implementations.
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Figure 9: Coy; TLG output phase shift for all possible FA input
combinations.

The MAJ3 FA implementation relies on the following equations
[20]:

Cout

Sum

MAJ3(x1, x2, Cin) ®
MAJ3(Cout, MAJ3(x1, X2, Cout), Cin)- )
Thus, it requires 3 MAJ3 gates and exhibit a 2 MAJ3 gates delay,
actually a bit larger as while generating Cyy,; does not require an

inverter it induces a small delay overhead due to the extra output
transducer. The TLG FA implementation relies on (4) and (5) and

INRRERRRRNEE] -~ JHRRREND o st
il JHREREND 009
il JHREREND to
AL | [ [ 019
(RERRRRRRNEE > JHNEDEND o0:
(NRRERRRRRER - JHDNDED e
(RRRRRRRRRER . 1HDDDED o
(RERRRRREREY >~ HEEEND to
| |HRRRERRRREN - - IHRRRRRRRNEY -

219 nm

Figure 10: Sum TLG output phase shift for all possible FA
input combinations.

requires 2 TLG gates and exhibits a 2 TLG gates delay, thus it clearly
outperforms the MAJ3 implementation in terms of area.

While a more accurate comparison requires a detailed design
of the two FA implementation and it is subject to future work we
can also have a glimpse into other aspects that may make TLGs
more attractive. A MAJ3 gate requires 3 transducers to generate the
input SWs and one to read the output, thus the entire FA requires
12 transducers (actually it may need one more for reading Couy).
As an n-input TLG requires a transducer to generate the SW, n + 1
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shifters, and one output reading transducer, the TLG FA requires 4
transducers and 9 phase-shifters. Given that phase-shifters are po-
tentially smaller than transducers the TLG waveguides are smaller,
thus faster. Moreover, while transducers are RF operated the shifters
require DC inputs, which may induce further advantages in terms
of power consumption. Last, but not least inline majority gates may
significantly suffer from imprecise manufacturing as the transduc-
ers should be placed at precise distances from each other in order
to enable proper MAJ3 gate operation, while TLGs are more robust
as the phase-shifters positioning does not need to be that precise.

6 CONCLUSIONS

In this paper we introduced a novel Threshold Logic (TL) inspired
Spin Wave (SW) based computing paradigm, which relies on suc-
cessive SW phase rotations applied to one single SW instead of
on SW interference. We introduced the SW TL gate concept and
discussed ways to mirror TL gate weight and threshold values into
physical device parameters. We designed and demonstrated proper
operation of an SW TL based Full Adder (FA) by means of micro-
magnetic simulations. We also provided high level evidence that
our proposal can potentially outperform functionally equivalent
SW interference based implemented counterparts.
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