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ABSTRACT

TOWARDS LOGIC FUNCTIONS AS THE DEVICE
USING SPIN WAVE FUNCTIONS NANOFABRIC

MAY 2012

PRASAD SHABADI

B.E, BANGALORE UNIVERSITY

M.S.E.C.E., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Csaba Andras Moritz

As CMOS technology scaling is fast approaching its fundamental limits, several

new nano-electronic devices have been proposed as possible alternatives to MOS-

FETs. Research on emerging devices mainly focusses on improving the intrinsic

characteristics of these single devices keeping the overall integration approach fairly

conventional. However, due to high logic complexity and wiring requirements, the

overall system-level power, performance and area do not scale proportional to that of

individual devices.

Thereby, we propose a fundamental shift in mindset, to make the devices them-

selves more functional than simple switches. Our goal in this thesis is to develop a new

nanoscale fabric paradigm that enables realization of arbitrary logic functions (with

high fan-in/fan-out) more efficiently. We leverage on non-equilibrium spin wave phys-

ical phenomenon and wave interference to realize these elementary functions called

Spin Wave Functions (SPWFs).
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In the proposed fabric, computation is based on the principle of wave superposi-

tion. Information is encoded both in the phase and amplitude of spin waves; thereby

providing an opportunity for compressed data representation. Moreover, spin wave

propagation does not involve any physical movement of charge particles. This pro-

vides a fundamental advantage over conventional charge based electronics and opens

new horizons for novel nano-scale architectures.

We show several variants of the SPWFs based on topology, signal weights, control

inputs and wave frequencies. SPWF based designs of arithmetic circuits like adders

and parallel counters are presented. Our efforts towards developing new architectures

using SPWFs places strong emphasis on integrated fabric-circuit exploration method-

ology. With different topologies and circuit styles we have explored how capabilities

at individual fabric components level can affect design and vice versa. Our estimates

on benefits vs. 45nm CMOS implementation show that, for a 1-bit adder, up to 40x

reduction in area and 228x reduction in power is possible. For the 2-bit adder, results

show that up to 33x area reduction and 222x reduction in power may be possible.

Building large scale SPWF-based systems, requires mechanisms for synchroniza-

tion and data streaming. In this thesis, we present data streaming approaches based

on Asynchronous SPWFs (A-SPWFs). As an example, a 32-bit Carry Completion

Sensing Adder (CCSA) is shown based on the A-SPWF approach with preliminary

power, performance and area evaluations.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

The growth in the IC industry is primarily driven by CMOS technology scaling.

This scaling trend is fast approaching its fundamental limits forcing researchers to

look beyond the MOSFETs, the top-down CMOS manufacturing mindset, and the

associated hierarchical multi-level logic organization. New devices based on alternate

state variables like electron spin [11], molecular level physical phenomenon [45, 12],

phase change [24] etc. are being actively investigated. In addition, novel FETs based

on emerging nanomaterials e.g. built with nanowires [31, 47, 43], graphene ribbons

[48] and carbon nanotubes [27, 25] are also being explored.

The focus of the device community has been on improving the intrinsic character-

istics like switching delay, power, area and leakage in a single device. It is assumed

that the rest of the paradigm for designing chips and the integration approach could

remain unchanged from CMOS. Even novel computation paradigms that are based

on alternate state variable also envision a simple controlled/gated switch as a basic

device. The mindset here is to build complex logic functions with high fan-in using

several basic gates with low fan-in/fan-out that are constructed using simple switches.

However, due to high logic complexity and wiring requirements, the overall system-

level power, performance and area does not scale proportional to that of individual

devices. Furthermore, it is increasingly accepted that charge-based electronics is very

competitive and there is no alternate state variable based switch on the horizon that

would be much faster [14].
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Can there be then a better, game-changing way to build future nanoscale systems?

While there are many possible pathways to attack the nanoscale fabric problem, we

propose to shift the focus towards new types of devices that can be made more func-

tional than simple switches. Our goal is to develop a new nanoscale fabric paradigm

that enables realization of arbitrary logic functions (with high fan-in/fan-out) more

efficiently.

In this thesis, we explore one possible approach to realize the above fabric goal that

is based on non-equilibrium spin wave physical phenomenon. Information is encoded

in the phase and amplitude of propagating spin waves and computation is based on

wave interference. Circuits exploiting wave interference enable accomplishing com-

plex logic functions such as high fan-in majority function(s) in a single computational

step. We introduce the concept of such magnonic functions also called as Spin Wave

Functions (SPWFs) and discuss several variants. Since information is encoded both

in phase and amplitude of spin waves, SPWFs enable compressed data representa-

tion and communication. Moreover, spin wave propagation does not involve physical

movement of charge particles. Thereby, this computational paradigm is expected to

be extremely energy efficient.

The main contributions of this thesis are

• We present our vision for computation in the future based on sophisticated logic

functions as new devices.

• We introduce the fabric concept of Spin Wave Functions (SPWFs) for construct-

ing magnonic logic circuits.

• Design of non-volatile simple arithmetic circuits like full adders and parallel

counters using the proposed SPWFs

• We explore the need for integrated fabric circuit exploration for development of

future nanofabrics.

2



• We evaluate benefits of SPWF designs vs. state-of-the-art CMOS designs.

• We present our initial explorations on Asynchronous SPWF pipeline designs.

The rest of the thesis is organized as follows: the background on spin waves and

physical fabric components are presented in Chapter 2. The concept of SPWFs and

its variants are discussed in Chapter 3. SPWF-based design of simple logic circuits

is presented in Chapter 4. An integrated fabric circuit exploration methodology for

SPWF nanofabric and evaluations of benefits vs. 45nm CMOS designs are discussed

in chapter 5. Chapter 6 presents our initial explorations on Asynchronous SPWFs

and a 32-bit Carry Completion Sense Adder is shown as an example. Chapter 7

concludes the thesis.
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CHAPTER 2

SPIN WAVES FABRIC BACKGROUND

In this chapter, we present the background on spin waves physical phenomenon,

fabric structure and discuss various fabric components. A brief theoretical background

on magnetic dynamics for modelling spin wave propagation is also presented. Recent

progress on experimental work on proof-of-concept demonstration of spin waves based

logic and voltage controlled magnetization rotation in Magneto-Electric (ME) cell is

also shown.

2.1 Introduction to Spin Waves

Spin waves, also called as magnons are the collective oscillations of electrons spins

in a spin lattice around the direction of magnetization in ferromagnetic materials [38]

[20]. Information may be encoded in the phase and amplitude of the propagating

waves. Thereby, information on multiple waves can be represented in a compressed

manner using a single spin wave. Spin wave propagation does not involve any physical

movement of charge particles and thereby this computational paradigm is expected

to be extremely energy efficient. Spin waves coherence length can be greater than

tens of micro meters (at room temperature), which makes them highly suitable for

logic realization [9].

Experimental work at the Device Research Laboratory at UCLA has demonstrated

the room temperature operation of 5-input majority gate [40]. Fig. 2.1 shows a five-

terminal spin wave test structure used in the experimental study of the prototype

majority gate. The material structure from the bottom to the top consists of a silicon

4



substrate, a 300nm thick silicon oxide layer, a 20nm thick ferromagnetic layer made

of Ni81Fe19, a 300nm thick layer of silicon oxide and a set of five conducting wires

on top. The distance between the wires is 2µm. Each of the five wires can be used

as an input or an output port. In order to demonstrate a three-input one-output

majority gate, three of the five wires were used as input ports, and two other wires

were connected in a loop to detect the inductive voltage produced by the spin wave

interference.

Figure 2.1. Image of the experimental prototype spin wave device for majority
functions [40].

The plot in Fig. 2.2 shows the output inductive voltage detected for different

combinations of input spin wave phases. An electric current passing through each

wire generates a magnetic field, which, in turn, excites spin waves in the ferromagnetic

layer. The direction of the current flow (the polarity of the applied voltage) defines

the initial spin wave phase. The curves of different color in Fig. 2.2 depict the

inductive voltage as a function of time for different combinations of the input spin

wave phases (e.g. 000, 010, 011 and 111). These results show that, phase of the output

inductive voltage corresponds to the majority of phases of the interfering spin waves.

The data are taken for 3GHz excitation frequency and at bias magnetic field of 95Oe

5



Figure 2.2. Experimental data illustrating majority device operation [40]. Image of
the prototype is shown in Fig. 2.1. The frequency of operation is 3GHz. All data are
measured at room temperature.

(perpendicular to the spin wave propagation). All measurements were accomplished

at room temperature.

2.2 Physical Fabric Components

Fig. 2.3 shows the physical fabric structure and key physical components of the

spin wave nanofabric. It consists of the Magneto-Electric (ME) cells and the Spin

Wave Bus (SWB). The ME cells provide the essential coupling mechanism between

the spin and charge domain. Based on the voltage polarity of the primary inputs,

spin waves with corresponding phases are excited. In addition to providing the I/O

mechanism, the ME cells also enable non-volatile storage of information via electric

field control. In magnonic logic circuits, the ME cells are also used to provide ampli-

fication of intermediate waves to realize useful logic functionality. ME cells may also

be used on the interconnect SWBs for signal restoration of propagating spin waves.

Spin waves propagate and interfere in the Spin Wave Bus (SWB).

6



Figure 2.3. Physical structure of the spin wave nano-fabric showing ME cells and
the spin wave bus.

Equation 2.1 shows the Landau-Lifshitz-Gilbert (LLG) formulation that is widely

used for spin wave transport modelling [23] [15]. Prior research has shown that this

formulation has good agreement with experimental data on spin wave transport (e.g.

in NiFe thin films) [9].

∂ ~m

∂t
= −γ

[
~m+ ~Heff

]
+ α

[
~m ∗ ∂ ~m

∂t

]
(2.1)

where, ~m =
~M
Ms

is the unit magnetization vector, Ms is the saturation magnetization,

γ is the gyro-magnetic ratio and α is the phenomenological Gilbert coefficient.

~Heff is the effective field given as follows:

~Heff = ~Hd + ~Hex + ~Ha + ~Hb (2.2)

Where, ~Hd is the magneto-static field associated with magnetization of the SWB due

to application of external field. It is observed that, a change in ~Heff results in change

in M , which in turn changes the static field ~Hd. Thereby, ~Hd is recursively used in the

calculation of ~Heff . ~Ha is the anisotropy field generated due application of external

voltage on the ME cell, ~Hex is the exchange field due to incoming spin waves and ~Hb

is the external bias field applied to align all the individual magnetic moments.

7



2.2.1 Voltage Controlled Magnetization Rotation in ME cells

A critical requirement for energy efficient generation, modulation, and detection

of spin waves is the control of magnetization using electric fields (i.e. voltage) as

opposed to currents (e.g. spin transfer torque or inductive coupling to current loops

[4, 19, 5]). To realize voltage control of magnetization, layered heterostructures of

piezoelectric and ferromagnetic films can be used [13]. A critical requirement for this

scheme is that the magnetic films need to have a large magnetostriction coefficient,

while still maintaining other properties critical to spin wave propagation such as low

damping factor and small coercive field. Recent experimental progress at the Device

Research Laboratory at UCLA has demonstrated non-volatile storage and voltage

controlled magnetization rotation in ME cells. This is extremely important for low

power operation of magnonic circuits [41].

Figure 2.4. Experimental work on voltage controlled magnetization rotation in ME
cells. (a) 30nm Ni films and (b) 30nm Ni 30 nm CoFeB bilayers on a piezoelec-
tric PMN-PT substrate. A full 90 degree reorientation of the magnetic easy axis is
achieved with approximately 1 MV/m field.

Fig. 2.4 shows an example of voltage control of magnetization for ferromagnetic

single and bilayers. Fig. 2.4a shows Magneto-Optical Kerr Effect (MOKE) measure-
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ments on a 30nm Ni film deposited on a piezoelectric PMN-PT substrate1. A 90

degree reorientation of the easy axis can be observed with approximately 1 MV/m

field. It was also reported that the Ni film exhibits a rather large coercivity (approx.

100Oe), which is undesirable for high-frequency spin wave propagation. Fig. 2.4b

illustrates a similar effect where a 30nm CoFeB film is added to the structure. While

the magnetization rotation is achieved with a similar field, the coercivity is reduced to

10 Oe, significantly improving the soft magnetic characteristics required for the spin

wave bus material. This is the first experimental demonstration of voltage-controlled

magnetization rotation. In section 5.3.2, we show how these experimental results are

used to estimate ME cell switching energy.

2.3 Chapter Summary

In this chapter, a brief background on spin waves physical phenomenon was dis-

cussed. Details of the physical fabric components namely the SWB and the ME cell

were presented. The Magneto-Electric (ME) cell is a key component of the proposed

fabric. It enables voltage control of magnetization which is critical for low energy

operation. The ME cell is mainly responsible for i) I/O coupling ii) Amplification iii)

Latching and iv) Synchronization.

The next chapter discusses the concept of Spin Wave Functions. Different flavours

of the proposed SPWF concept are also presented.

1These results are based on the experimental work at Device Research Laboratory, UCLA, Cali-
fornia.
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CHAPTER 3

SPIN WAVE FUNCTIONS

In this chapter we introduce the concept of Spin Wave Functions (SPWFs). The

principle of Compressed Data Representation in SPWFs is also introduced in

this chapter. Detailed discussion on a simple 1-bit SPWF adder design that utilizes

the compressed data representation feature is presented in section 4.2. Three types of

SPWFs are discussed namely i) High Fan-in Majority (HFM) ii) Weighted High Fan-

in Majority (WHFM) iii) Frequency Modulated WHFM (FM-WHFM), depending on

different fabric level tuning knobs. Tuning based on amplitude of spin waves, number

of control inputs, topology and excitation frequency of spin wave is presented. These

SPWFs form the basic building blocks for the design of arithmetic circuits discussed

in the next chapter. This chapter also summarises some of the major benefits of logic

design using the proposed SPWF approach.

3.1 Concept of Spin Wave Functions (SPWFs)

Several proposals have been made towards implementing a highly efficient com-

putational system at nanoscale. The primary focus in the emerging devices research

community is to improve the intrinsic characteristics of single devices/switches keep-

ing the overall integration approach fairly conventional. In contrast, our vision is to

use sophisticated devices that can implement logic functions in one physical step as

building blocks for more complex systems. Fig. 3.1 shows the basic idea of the device

in conventional computational systems and our envisioned approach.
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Figure 3.1. Our vision for devices in the future with alternate state variables.

In our approach, a single device simultaneously processes a large number of inputs

and accomplishes sophisticated logic functions based on external control. The key

requirements for such a device would be i) alternate ways to encode information

utilizing novel physical phenomena (alternate state variables) and ii) new types of

interactions between inputs/control achieving desired logic functionality.

Use of electron spin for computation has been identified as a promising alternative

for building future nanoscale systems [14, 1]. Non-equilibrium physical phenomena

with wave-based interactions could be leveraged to meet the above requirements. In

a non-equilibrium fabric, switching times are lower than the thermal relaxation time,

leading to fast processing. Information may be encoded in the amplitude and/or

phase of a wave. Interactions between waves, such as interference or superposition,

may then be utilized for achieving specific logic functions called as the Spin Wave

Functions (SPWFs).

3.2 Compressed Data Representation in SPWFs

As described in the previous section, SPWFs encode information both in wave

phase and amplitude. For example, a wave with phase ‘0’ can represent ‘logic 0’

and a wave with phase ‘π’ can represent ‘logic 1’. While additional wave phases
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(like π/4, 3π/4) could potentially be used for multi-valued logic representation,

currently we restrict the possible wave phases to only two values (phase ‘0’ and ‘π’).

Adding more phases would reduce the noise margins due to higher sensitivity to phase

distortions. However, since wave amplitude can also be used for information encod-

ing, data on multiple waves can be represented in a compressed manner using only

single (or few) wave. This significantly improves overall circuit implementation effi-

ciency. Without such Compressed Data Representation feature, the individual

waves would have to travel on separate waveguides. An example of compressed data

representation in majority SPWFs is shown in this section.

Superposition interactions between spin waves naturally lend themselves to major-

ity function implementation. For example, consider interference of three spin waves

with equal amplitudes. If two of the waves are in phase ‘0’ and the third wave is in

phase ‘1’, the resultant wave will be of phase ‘0’. Majority logic is an efficient way

of implementing digital logic [3, 28, 30, 2]. Instead of using Boolean logic operators

(e.g. AND, OR, NAND), majority logic represents and manipulates digital inputs on

the basis of majority decision.

Fig. 3.2a shows schematics of majority logic gates in conventional (e.g. CMOS-

based) Boolean logic. As shown in the Fig. 3.2a, the output provides a boolean

representation of the majority of the three inputs. The output signal does not repre-

sent any information about the actual inputs participating in the majority function.

In comparison, the output wave of the SPWF based majority gate shown in Fig. 3.2b,

encodes information about inputs in the output wave amplitude. The output wave

not only represents the majority decision, but also the actual number of logic ‘1’s

(or logic ‘0’s) in the three inputs. The output wave phase represents the majority

decision and the amplitude provides information about the inputs. This additional

information is extremely useful in the design of efficient parallel counters, adders and

other arithmetic circuits. A detailed description of this is provided in section 4.2.
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Figure 3.2. Comparison of data representation in SPWF and conventional majority
logic gates. a) Data representation in conventional boolean logic based majority
gates. b) Data representation in SPWF based majority gates. Output wave phase
represents the majority decision and amplitude represents the actual number of input
waves with phase ‘0’/phase ‘π’.

3.3 Types of SPWFs

The majority function described in the previous section is an example Spin Wave

Function (SPWF). Additional functionality can be obtained by adjusting various

other physical parameters: i) Amplitude of input signals and control can be ma-

nipulated using ME cells; ii) Frequency multiplexing can be used to simultaneously

transmit several spin waves over a waveguide with different functionalities realized

for different frequencies; iii) Control inputs (inputs that alter, for example, the ma-

jority decision) can be modified to achieve arbitrary functionality. Moreover, a small

number of control signals can be used with a large number of inputs by adjusting the

amplitude of the control; and iv) Topology of the circuits can be adjusted to modify

spin wave interactions. These knobs provide much flexibility to achieve sophisticated

logic functions in a single step.

Three flavours of the SPWFs are described here i) High Fan-in Majority(HFM)

ii) Weighted High Fan-in Majority(WHFM) and iii) Frequency Modulated WHFM

(FM-WHFM).
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3.3.1 High Fan-in Majority SPWF (HFM-SPWF)

Fig. 3.3 shows the SPWF-based schematic of a HFM. Here, all inputs (I0...In−1)

are of equal amplitude but may have different phases. A simple superposition of the

waves would yield a majority function at the output node. Furthermore, by using a

control signal C(A) whose amplitude is modulated by an ME cell, different Boolean

logic operations may be obtained. A circular arrangement of inputs may be used to

address the signal attenuation: spin-waves travel an equal distance before interacting

and are therefore attenuated by the same amount, leading to correct superposition.

Figure 3.3. Block diagram and schematic representation using waveguides and ME
cells for realizing High Fan-in Majority Function (HFM) SPWF.

3.3.2 Weighted High Fan-in Majority SPWF (WHFM-SPWF)

In the HFM-SPWFs, all the interfering spin waves have equal amplitude and by

varying the amplitude of the control input, arbitrary functions could be implemented.

Additional functionality may be obtained by modulating the amplitudes of input spin

waves for realization of a weighted majority function. Fig. 3.4 shows the schematic of

a WHFM-SPWF where data inputs and control inputs not only encode information

in phase, but also in the amplitude of propagating spin waves. This leads to com-

pressed transmission of information, thereby resulting in efficient implementation of
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large scale systems. WHFM-SPWF based adder designs that leverage on the data

compression feature are presented in the next chapter.

Figure 3.4. Block diagram and schematic representation using waveguides and ME
cells for realizing Weighted High Fan-in Majority Function (WHFM) SPWF.

3.3.3 Frequency Modulated WHFM-SPWF (FM-WHFM-SPWF)

Fig. 3.5 shows the block diagram of a Frequency Modulated WHFM-SPWF. The

general idea here is that multiple inputs of different frequencies can be simultaneously

transmitted and evaluated over the ferromagnetic waveguide. Spin wave interference

is frequency dependent and thus the information on individual spin waves can be

preserved. Similarly by multiplexing the control input, we can realize a large number

of sophisticated functions simultaneously.

3.4 Chapter Summary

In this chapter, we presented the concept of Spin Wave Functions which enable

realization of sophisticated logic functions in a single step. Three types of SPWFs

were also discussed.

In the past, there have been other proposals for realization of high majority gates.

For example, based on capacitive threshold logic [35, 26, 37]. But, such a logic
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Figure 3.5. Block diagram of Frequency Modulated Weighted High Fan-in Major-
ity Function (FMWHFM) device. Multiple inputs and control signals at different
frequencies can be multiplexed over the same waveguide.

style has significant drawbacks due to difficulty in implementing accurate capacitors

and its sensitivity to soft errors. Majority gates based on emerging technologies

like Quantum-Dot Cellular Automata (QCA) and Magnetic Quantum-Dot Cellular

Automata (MQCA) have also been shown [36, 39, 51, 18, 10]. In such technologies,

the range of interactions is extremely limited, thereby leading to significant fan-in

limitations.

On the contrary, wave superposition principle naturally enables efficient realiza-

tion of high fan-in majority functions with significant reduction in logic complexity

and overall gate count. The proposed SPWF approach provides several significant

advantages that include:

• Enables compressed data representation and transmission

• Non-volatile operation which eliminates the need for separate latching circuits

with significant reduction in static power dissipation

• Use of a Magneto-Electric element (ME) cell with electric field control of spin

waves using novel materials (e.g. multiferroics) can be scaled down to the order

of 40kT, minimizing dynamic power
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• Preserves compatibility with CMOS with respect to fabrication and electronic-

magnetic-electronic interface allowing for hybrid architectures

In subsequent chapters, WHFM-SPWF based logic design approaches are pre-

sented. The design of a SPWF based full adder is shown next and implications of

following an integrated fabric-circuit exploration approach are discussed later.
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CHAPTER 4

SPWF LOGIC DESIGN

4.1 Introduction: Possible Approaches

Generally, CMOS logic circuits are implemented using Boolean gates (e.g. AND/OR)

based on SOP or POS realizations. In this approach, 2-input or 3-input standard gate

libraries are constructed and larger circuits are built by cascading a large number of

these elementary gates. However, it is well known that such a logic design approach,

has two major drawbacks, i) exponential degradation in performance is observed for

high fan-in, ii) Leads to inefficient implementation with large number of logic levels

and gates.

Several alternate styles have been proposed to overcome the drawbacks of the

conventional Boolean logic. One of the popular alternatives is based on thresh-

old/majority logic. Threshold gates fundamentally realize more complex logic func-

tions compared to conventional Boolean gates (AND, OR etc.); consequently, reducing

the number of logic levels and the overall gate count required to realize a given circuit

[50, 34, 6].

Equation 4.1 gives the general form of a threshold function (schematic is Fig. 4.1):

f(x1, x2, ...., xn) =



1 if

n∑
i=1

xiwi ≥ T

0 if

n∑
i=1

xiwi < T

(4.1)
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Figure 4.1. General symbol of a threshold function.

Where, ‘T’ is the threshold value, ‘xi’ and ‘wi’ represent the inputs and weights

respectively. It can be observed that, if wi = 1 for all ‘i’ and T = n/2, then the above

function results in a Majority function .

However, since the physical implementations (e.g. CMOS based) of the threshold

gates are known to be highly complex, this logic style has had little impact on CMOS

VLSI design. Moreover the fan-in for majority based implementations is generally

limited to 3 or 4. Several algorithms have been proposed for designing high fan-in

majority gates using 3-input majority gates [3, 28, 29]. This multi-level implementa-

tion further increases the implementation complexity. In this work, we illustrate this

principle based on our analysis of a (7,3) parallel counter.

Parallel counters are digital circuits with ‘n’ inputs and ‘log2(n + 1)’ output bits

representing the number of 1’s in the ‘n’ input bits set [44, 22]. Generally, parallel

counters are used in the realization of fast parallel multipliers. Realization of parallel

counters based on the principle of threshold logic, enables highly optimal circuits;

with the implementation style being suitable for wave interference phenomenon.

Fig. 4.2 shows the layout of (7,3) parallel counter implemented using standard

Boolean gates. The layout is implemented using 45nm NANGATE standard cell

library and it uses approximately 100 transistors. P. Celinski et. al. have shown a

threshold logic gate based implementation for (7,3) counter (see Fig. 4.3) [8]. It can
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be clearly observed that the majority based implementation uses fewer gates than the

corresponding Boolean gates based design (layout shown in Fig. 4.2).

However, Fig. 4.4 shows that MOSFET based implementation of the threshold

logic gate is significantly complex. This significantly reduces the benefits expected

due to fewer logic levels and gates.

Figure 4.2. 45nm Standard Cell Library based CMOS Layout for (7,3) Counter.

On the contrary, SPWFs leverage on the wave interference phenomenon and thus

no special gate/component is required to realize the majority function. Fig. 4.5 shows

the SPWF based implementation of (7,3) parallel counter with only 13 ME cells. The

principle of wave interference and compressed data representation are the primary

factors for such complexity reduction.

4.2 1-Bit SPWF Full Adder

Fig. 4.6 shows the layout of a full adder implemented using WHFM-SPWFs. The

three inputs (A,B,Cin) are assumed to be available in electrical domain and input
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Figure 4.3. (7,3) Parallel Counter design using threshold logic gates. Only five
threshold gates are used, but individual gates are highly complex[8].

Figure 4.4. MOSFET based threshold logic gate implementation [8].

Figure 4.5. SWPF based (7,3) parallel counter layout.
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Figure 4.6. Weighted majority SPWF based 1-bit full adder layout.

ME cells are used to generate corresponding spin waves. Output ME cells (for Cout

and SUM) are used to capture the logic information in the resultant spin waves and

convert it back to electrical domain. Since WHFM-SPWFs encode information both

in phase and amplitude, a highly efficient layout is expected.

Figure 4.7. Schematic diagram of WHFM-SPWF based full adder design. Com-
pressed information transmission is used between MAJ1 and MAJ2.

An important benefit of using the WHFM-SPWF approach is that it enables

Compressed Data Representation . This is illustrated in the schematic shown

in Fig. 4.7, where the spin wave travelling from the ‘Cout’ ME cell to the SUM ME

cell represents the number of logic ‘1’s input spin waves in a compressed manner. We

expect even higher benefits for large designs where information can be transmitted

across the fabric in a compressed form.
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4.3 Chapter Summary

Different approaches for logic design were discussed in this chapter. The (7,3) par-

allel counter example illustrated that majority gates are more efficient in logic map-

ping than conventional Boolean logic. However, MOSFET based majority/threshold

gate implementations are highly complex, often negating the benefits due to reduced

gate count. SPWFs leverage on wave interference phenomenon and thus no special

gate/component is required to realize the majority function. Highly efficient layouts

for a (7,3) counter and 1-bit full adder were also discussed. Detailed comparisons of

SPWF layout vs. 45nm custom CMOS implementation for the 1-bit full adder are

presented in section 5.3.4.
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CHAPTER 5

INTEGRATED FABRIC CIRCUIT EXPLORATION

Historically, the first step in a new computational paradigm is the development

of efficient devices. Circuit designers and architects then use these devices to build

bigger systems. We argue that for development of breakthrough post-CMOS nanofab-

rics, an integrated fabric-circuit exploration is necessary. Our efforts towards devel-

oping new architectures using magnonic logic places strong emphasis on integrated

exploration across multiple design levels aimed at solving problems from a particular

fabric perspective. This work also shows how design topology may drive ME cell

structure/characteristics and vice versa.

Two type of ME cells are discussed; one with Amplitude Tracing (AT) ca-

pabilities and other without Amplitude Tracing capabilities. Dual-rail logic based

inversion-free designs are also presented showing how circuit styles can impact the

manufacturing and physical fabric related constraints. In addition, trade-offs have

been analysed with relevant comparisons with 45nm custom CMOS adder implemen-

tations.

5.1 Adder Designs with/without Amplitude Tracing ME Cells

Amplitude Tracing refers to the ability of the ME cells to re-generate new spin

waves with variable/dynamic amplitudes depending on the amplitude of the incoming

spin waves. Amplification of spin waves and its dependence on the total field (Heff ) is

shown in Fig. 5.1. Fig. 5.1.a shows that with increase in angle of rotation of easy axis,

the amplitude of output spin waves increases. However, it can clearly be seen in Fig.
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5.1.b that the output wave amplitude quickly saturates to Mz, thereby the output

spin wave may not be able to trace the entire amplitude range of incoming spin wave.

This would imply that only a small range of spin wave amplitudes would be allowed

for information encoding. Thus, additional explorations on ME cell structure and

materials may be required to support the amplitude tracing feature. In this section,

we show the design of 1-bit/2-bit adders without using Amplitude Tracing ME cells.

Figure 5.1. Amplitude saturation in ME cells [21]. a) Illustration of amplification
process. Increased precession (blue curve) with higher degree of rotation of easy axis.
b) Plot showing spin wave amplification as a function of angle of rotation of easy axis.
It shows that the output wave amplitude quickly saturates to Mz.

One of the primary constraints for the design shown in Fig. 5.2.a is that it requires

re-generation of spin waves with variable/dynamic amplitudes. For example, in Fig.

5.2.a amplitude of the wave from the Cout ME cell to the Intermediate ME and

the SUM ME will be dynamic based on the interference of the three inputs waves.

This may require additional feedback mechanism in the ME cells to trace both phase

and amplitude of incoming waves. The ME cell structure discussed in section 2.2,

is phase-only ME cell without any amplitude tracing capabilities. In contrast, the

design in 5.2.b and Fig. 5.2.c does not have this requirement of Amplitude Tracing.

After superposition, the resultant waves with additional information encoded in the
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amplitude are preserved for further computation. Thereby, all ME cells generate

waves of fixed amplitude. This can significantly reduce the complexity of ME cells.

Figure 5.2. 1-bit SPWF adder design without Amplitude Tracing MEs. a) Basic
1-bit SPWF adder that requires Amplitude Tracing ME cells. b) Intermediate design
showing circuit topology changes that enable realization of 1-bit adder without Am-
plitude Tracing MEs. c) Final 1-bit adder layout without Amplitude Tracing MEs
(more compact).

Fig. 5.3.a shows the realization of 2-bit ripple adder using two (3;2) parallel

counters. Both designs, with and without Amplitude Tracing MEs are shown. Note

that the second design (Fig. 5.3.c) uses the same number of ME cells as the first

design (Fig. 5.3.b). However there is only a slight penalty in area for the second
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design which is acceptable given the fact that it significantly relaxes the constraints

on ME cell design. Another benefit of the second design is that it reduces the number

of ME cells on the critical path. Only 4 ME cells are on the critical path for the

Amplitude Tracing Free design, while the Amplitude Tracing design has 5 ME cells.

A detailed comparison of the adder designs and projected benefits vs. CMOS is

presented in section 5.3.4.

Figure 5.3. 2-bit SPWF adders with/without Amplitude Tracing MEs. a) Block di-
agram of 2-bit ripple adder. b) SPWF implementation of 2-bit adder with Amplitude
Tracing MEs. c) SPWF implementation of 2-bit adder without Amplitude Tracing
MEs.

5.2 Inversion-Free Full Adder Design

The designs shown in Figures 5.2 and 5.3, require realization of odd phase shifts

for the wave propagating from the ‘Intermediate’ ME cells to ‘SUM’ ME cells. This
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may enforce more stringent waveguide patterning requirements to achieve accurate

phase shifts, and may also affect spin wave propagation velocity.

Fig. 5.4 shows a SPWF 2-bit adder layout based on dual-rail principle that elim-

inates the need to have any intermediate inversion in the design. Thereby, relative

to the designs shown in Figures 5.2 and 5.3, this design has more relaxed patterning

constraints. A key observation here is that, in a ripple adder circuit only the carry

signals are propagated across different bits, thus duals of only the ‘carry-out’ signals

are needed. This would help in reducing the area and power consumption overhead

associated with dual-rail designs. Fig. 5.5 shows the inversion free design without the

use of Amplitude Tracing ME cells. Similar to the Amplitude Tracing Free designs

shown previously, this design has fewer ME cells on the critical path.

Dual-rail SPWF designs also enable implicit mechanisms for completion detec-

tion. This is based on 1-hot encoding of each signal on two separate waveguides.

This feature is used in the design of asynchronous circuits discussed in Chapter 6.

Figure 5.4. Inversion free 2-bit SPWF adders with Amplitude Tracing MEs. The
length of all waveguides are integral multiples of spin wave length. This topology
does not require any intermediate inversion of spin waves.
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Figure 5.5. Inversion free 2-bit SPWF adders without Amplitude Tracing MEs.
The length of all waveguides are integral multiples of spin wave length. All the
ME cells generate waves of fixed amplitude. This topology does not require any
intermediate inversion of spin waves.

5.3 Projected Benefits vs. 45nm CMOS

In this section, we present our initial evaluations of the proposed adder designs

vs. equivalent 45nm CMOS designs. The assumptions used for these evaluations

are also presented along with the evaluation methodology. Table 5.1 and Table 5.2

show the power, delay and complexity comparisons for both the 1-bit and 2-bit adders.

Projected benefits vs. CMOS are shown for all design styles; Amplitude Tracing (AT),

W/O Amplitude Tracing (W/O AT) and the Inversion Free (IF) designs. Table 5.1

and Table 5.2 also show how the SPWF designs would compare with the corresponding

CMOS designs without the presence of I/O ME cells. This type of evaluation would

enable us to estimate the benefits of internal SPWFs whose inputs are not the direct

primary inputs. In this case, we assume that the inputs are directly available as input

spin waves without any I/O ME cells.

29



5.3.1 Fabric Assumptions

In this section, the fabric parameters and assumptions are presented. For SPWF

design evaluation, ME cell dimension of 100nm*100nm with a switching delay of

100ps is used. Spin wave length (λ) is assumed to be 100nm and group velocity of

spin waves in the proposed Spin Wave Bus (SWB) is assumed to be 104m/s [20].

The switching energy and power consumption of ME cells and the methodology for

estimating SPWF circuit power is shown in the next section. All the CMOS design

(Fig. 5.7) evaluations were done on a custom 45nm CMOS design (using NCSU 45nm

PDK) based on Hspice simulations.

5.3.2 Energy Estimates for SPWF Circuits

In this section, we provide our estimates on energy consumption in SPWF circuits.

It should be noted that spin wave propagation does not involve any physical movement

of charge particles. Thereby, energy consumption is mainly attributed to ME cell

switching for generating new waves, amplification and latching. The total energy of

a SPWF circuit is calculated based on the number of ME cells (NME) and the energy

consumption per ME cell (EME):

E = NME × EME (5.1)

Voltage controlled magnetization rotation is an important step towards achieving

low power ME cells. The ME cell structure represents a parallel plate capacitor

consisting of a non-magnetic metallic layer (e.g. Al), a layer of piezoelectric material

(e.g. PZT), and a conducting magnetostrictive material (e.g. Ni). As a conservative

estimate, the total energy consumed by ME cell per switch can be calculated as

follows:

EME =
CV 2

2
=
ε0εrAV

2
π/2

2d
(5.2)
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Where ‘ε0’ is the vacuum permittivity, ‘εr’ is the relative permittivity of the piezo-

electric, ‘A’ is the surface area of the ME cell, ‘d’ is the thickness of the dielectric

layer, ‘Vπ/2’ is the voltage required for 90 degree magnetization rotation. In order to

provide high-frequency spin wave excitation, the thickness of the piezoelectric layer

should be adjusted to the spin wave frequency (e.g. d = 0.8µm for resonance fre-

quency of 1GHz). Taking the following data: ε0 = 8.854 × 10−12F/m, εr = 1700 for

PZT, A = 100nm ∗ 100nm, d = 0.8µm, Vπ/2 = 1MV/m × 0.8µm = 0.8V , we would

require approximately 60aJ of energy for ME cell switching.

The energy per switch scales proportional to the size of the ME cell and can be

reduced by optimizing the material structure and switching dynamics. It is also possi-

ble to reduce the switching energy by decreasing the applied voltage (e.g. accomplish

switching with less than 90 degree easy-axis rotation). ME cell is magnetically cou-

pled with spin wave bus within the circuit. It may be possible to exploit the interplay

between the magnetic field of the ME cell (e.g. shape anisotropy) and the magnetic

field of the spin wave bus (exchange coupling) to reduce the switching angle.

Figure 5.6. Numerical simulations illustrating the magnetization states (My) of the
ME cell as a result of the interplay between the shape anisotropy field of the ME cell
and exchange coupling with the spin wave bus [41]. ME cell switching by spin wave
is possible at easy axis rotation by 30 degrees.
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Fig. 5.6 shows micro-magnetic simulations on ME cell switching [41]. It can be

observed that, ME switching is possible with magnetization rotation of about only 30

degrees1. This would reduce the switching electric field from 1 MV/m to about 0.4

MV/m, Vπ/6 = 0.4MV/m0.8um = 0.32V , resulting in the energy per ME cell as low

as 10aJ. We use this to estimate the projected benefits of SPWF designs vs. CMOS.

5.3.3 Evaluation Methodology

The delay calculation for both the SPWF and the CMOS designs is determined

by the amount of logic and interconnect along the critical path. For a 2-bit adder, the

critical path is from the Cin0 to S1. SPWF design delay is determined by the number

of ME cells and length on the SWB encountered along the critical path. For example,

for the design shown in Fig. 5.3c, there are 4 ME cells along the critical path and

the delay is approximately 535ps including the delay on the SWB. The worst case

transition delay for the CMOS design is determined using Hspice simulations on the

spice netlist extracted from the layout shown in Fig. 5.7.

Power consumption for the SPWF designs in mainly associated with the ME cell

switching. The overall power consumption is estimated based on the number of ME

cells in the design. The power consumption for the 45nm CMOS layout is calculated

based on Hspice simulations. The average power over 40 trials with 1000 random

transitions in each is reported here. Area for both the SPWF and CMOS designs are

calculated directly from the layouts of the adder designs.

5.3.4 Discussion on Projected Benefits vs. CMOS

Table 5.1 and Table 5.2 show the overall comparison results. As expected, these

results show that SPWF designs are highly power efficient. Table 5.1 shows an esti-

mated power reduction of approximately 228X for the 1-bit regular SPWF w/o AT

1This is based on numerical simulations by Dr. Alexander Khitun from University of California,
Riverside, California
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Figure 5.7. NCSU 45nm PDK based 2-bit CMOS adder layout.

adder design. For the 2-bit SPWF version, a reduction of up to 222X is expected

(Table 5.2). This huge reduction in power consumption is also attributed to the sig-

nificant reduction in overall design complexity of the SPWF designs. The CMOS

design requires up to 64 transistors for the 2-bit adder, while the SPWF design needs

only 11 ME cells for the regular Amplitude Tracing Free designs (Fig. 5.3.c). These

results are encouraging and show that SPWFs logic is one of the promising options

for post-CMOS chip designs.

Table 5.1. Projected Comparisons: SPWF 1-BIT Adder vs. NCSU PDK based
45nm Custom CMOS Layout.

Fabric Design Delay Power Complexity

CMOS Custom 250ps 36.5µW
Area = 20µm2

Transistor Count = 32

SPWF with I/O ME
With AT 475ps 0.12µW Area = π ∗ (4λ)2 = 0.5µm2

W/O AT 375ps 0.16µW ME Count = 6

SPWF without I/O ME

With AT 275ps 0.08µW
Area = π ∗ (3λ)2 = 0.28µm2

ME Count = 2

W/O AT 175ps 0.06µW
Area = π ∗ (3λ)2 = 0.28µm2

ME Count = 1
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Table 5.1 and Table 5.2 show that the overall delays of the SPWF and CMOS

design are comparable. While the results presented in [40], show a large performance

benefit for high fan-in logic functions (with inherent parallelism in the operations),

these results show that small designs with bit-wise dependencies may not benefit in

terms of performance with the SPWF implementations without further improvement

on ME cell delay.

Significant area benefits can also be expected for SPWF designs. For a regular

w/o AT 1-bit SPWF adder, an area reduction of up to 40x may be possible (Table

5.1). Table 5.2 shows that for a 2-bit SPWF adder, up to 33x area reduction can be

expected. As mentioned earlier, these benefits are mainly due two factors; i) due to

compressed data representation in SPWFs, and ii) due to the highly efficient/simple

majority logic realization using spin wave interference.

Table 5.2. Projected Comparisons: SPWF 2-BIT Adder Comparison vs. NCSU
PDK based 45nm Custom CMOS Layout.

Fabric Design Delay Power Complexity

CMOS Custom 400ps 44.5µW
Area = 40µm2

Transistor Count = 64

SPWF with I/O ME

With AT 605ps 0.18µW
Area = 12λ ∗ 8λ = 0.96µm2

ME Count = 11

W/O AT 535ps 0.2µW
Area = 15λ ∗ 8λ = 1.20µm2

ME Count = 11

IF-AT 600ps 0.3µW
Area = 12λ ∗ 17λ = 2.04µm2

ME Count = 18

IF-W/O AT 530ps 0.34µW
Area = 15λ ∗ 17λ = 2.55µm2

ME Count = 18

SPWF without I/O ME

With AT 375ps 0.1µW
Area = 6λ ∗ 9λ = 0.54µm2

ME Count = 4

W/O AT 295ps 0.1µW
Area = 11λ ∗ 6λ = 0.66µm2

ME Count = 3

IF-AT 370ps 0.15µW
Area = 9λ ∗ 13λ = 1.17µm2

ME Count = 6

IF-W/O AT 290ps 0.1µW
Area = 11λ ∗ 13λ = 1.43µm2

ME Count = 4
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Our evaluation also shows that, SPWF design may even have larger benefits when

all the inputs are directly available as incoming spin waves (without any I/O ME

cells). We can expect up to 300x reduction in overall power consumption, up to 60x

area benefit for the 2-bit regular w/o AT adder design (Table 5.2). Similar benefits

are also seen for the 1-bit adder design as shown in Table 5.1. Due to reduction in

the number of ME cells on the critical path and reduction of SPWF area, a delay

reduction of up to 25% can also be expected for these internal SPWF based circuits.

5.4 Chapter Summary

Our explorations on integrated SPWF fabric-circuit development were discussed

based on the Amplitude Tracing and without Amplitude Tracing designs. Alternate

circuit styles and waveguide topologies enable realization of inversion-free designs

with relaxed waveguide patterning constraints. Detailed comparisons in terms of

area, power and performance vs. 45nm CMOS adder design were also presented. Our

estimates show that, for a 1-bit adder, 40x reduction in area and 228x reduction

in power may be possible with the spin wave based implementation. For the 2-bit

adder, results show that 33x area reduction and 222x reductions in power may be

possible. SPWF based data streaming approaches for building large scale designs is

discussed in the next paper.

However, performance comparisons show that SPWF designs may not compare

favourably vs. CMOS. This is mainly due to lower spin wave group velocity compared

to charge propagation speeds.
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CHAPTER 6

ASYNCHRONOUS SPIN WAVE FUNCTIONS

6.1 Overview of Asynchronous Circuits

In the previous chapters, the basic concept of SPWFs, logic design examples and

our integrated fabric circuit explorations were presented. Building large scale SPWF-

based circuits would need mechanisms for data synchronization and data streaming.

Currently, CMOS digital design is primarily focused on synchronous architectures.

However, designing circuits with synchronous approach, with one or more global

clocks, leads to large amount of power consumption and performance of circuits will

be mainly limited by the worst case behaviour. Moreover, synchronous designs are

more susceptible to timing faults due to variability.

In contrast, asynchronous designs do not use global clocks for synchronization

and streaming [33, 32, 42, 49]. The basic concept of synchronous vs. asynchronous

pipelines is shown in Fig. 6.1. In the asynchronous approach, communication is based

on completion detection and local handshaking between neighbouring blocks. Asyn-

chronous designs leverage on the fact that computation delay in circuits is based on

the input data operands. This allows for average case pipeline performance vs. worst

case. Local handshaking also eliminates the problems (e.g. skew) and reduces the

overheads associated with clock distribution (e.g power consumption, buffer insertion

etc). Asynchronous circuits have also been shown to be less vulnerable to timing

faults and have greater resilience to variability [42]. In addition, signal transitions oc-

cur only during computation leading to fewer glitches and thereby enable significant

reduction in power consumption.
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Moreover, synchronous approach for SPWFs would require careful layout balanc-

ing and special type of ME cells with ‘instant-on’ behaviour. It should be noted

that, in SPWF designs waveguide length affects both computational delay and also

functionality. Thereby, synchronous SPWF designs would require careful layout bal-

ancing. This chapter presents our initial explorations on data streaming approaches

using asynchronous SPWFs (A-SPWFs). Detailed description of various components

and mechanisms involved in A-SPWF based pipeline design is provided. As an exam-

ple, a 32-bit Carry Completion Sensing Adder (CCSA) is designed using A-SPWFs

and preliminary evaluations are shown in this section.

Figure 6.1. Generic pipeline block diagrams. a) Synchronous b) Asynchronous

6.2 Components and Mechanisms for A-SPWF Designs

Asynchronous circuits work based on local handshaking between computing blocks.

In contrast with synchronous circuits, where data on a given wire is ‘VALID’ after a

certain fixed time, asynchronous designs have arbitrary delays to obtaining ‘VALID’
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data bits. This is primarily due to the data-dependent computational delay of asyn-

chronous logic blocks. Thereby, asynchronous designs require additional design com-

ponents and mechanisms for a) detecting completion of a given computation - Com-

pletion detection, b) Handshaking between sender and receiver. Thereby, in addition

to computing the actual data values, computing blocks also need to communicate

information about validity of signals. Several handshaking protocols e.g. 4-phase

dual rail, 2-phase dual rail, bundled data protocols etc. have been proposed in the

literature [46]. Compared to the 2-phase protocol, 4-phase dual rail protocol is simple

for physical realization. Thereby all the A-SPWF designs explored in this thesis are

based on the 4-phase protocol. Table 6.1 shows the 4-phase encoding scheme.

Table 6.1. 4-phase handshaking protocol.

Data0 Data1 Signal

0 0 Reset

0 1 0

1 0 1

1 1 Invalid

In addition to signal encoding schemes shown above, the concept of acknowledge-

ment is very important in asynchronous circuit design. In synchronous circuits, global

clock plays the role of establishing the time at which valid data is available at the

input of a pipeline stage and also the availability of successive stage to accept new

data. In case of asynchronous pipelines, the C-element (also called as Muller C-

element [33, 32]) is used for establishing control across different pipeline stages. The

truth table for C-element operation is shown in Table 6.2. A simple SPWF layout of

a 2-input C-element is shown in Fig. 6.2.

Completion detection in the proposed A-SPWF circuits is based on the above

dual-rail encoding scheme. In order to distinguish successive valid data signals, a

‘Reset Spacer’ is inserted after every computation. Thereby, when one of the wires
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Table 6.2. Truth Table for 2-input C-element.

A(reqi-1) B(acki+1) Ci(reqi/acki)

0 0 0

0 1 Ci−1

1 0 Ci−1

1 1 1

Figure 6.2. SPWF C-element Implementation.

goes to state ‘1’ after a reset, a simple OR gate can used for completion detection.

Efficient majority logic based completion detection is also shown in section 6.4.

6.3 A-SPWF Pipelines

Generic SPWF based pipeline designs using the concept of dual rail logic and

C-elements is discussed in this section. Each pipeline stage consist of a logic block

implemented using dual rail logic. Input and output ME cells are controlled based

on the C-elements corresponding to that stage. This section shows how pipeline

structures can be different based on the choice of reset mechanism.

6.3.1 Electrical RESET based on feedback

Fig. 6.3 shows the overall pipeline diagram with ‘reset’ based on voltage control of

output ME cells. Here, the output of C-element is converted back to charge domain

and this voltage is used to reset ME cells. Since, the ‘reset’ involves spin-charge-spin

conversion, this approach requires more detailed description of how ME cells function
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to a) latch incoming wave, b) generate new waves, c) generate output electrical pulses

and d) reset.

Figure 6.3. A-SPWF Pipeline with electrical signal based RESET. Here, the output
from C-elements is converted back to electrical domain. This feedback signal (red
color) is used to reset output ME cells after each computation.

6.3.2 RESET inserted as DATA

In this approach (shown in Fig. 6.4), input data to the pipeline is modified to

include ‘reset’ data inputs. These ‘reset’ inputs would progress through the pipeline

similar to actual valid data. One of the main advantages of such a pipeline scheme

is that it does not involve any intermediate spin-charge-spin conversions. Thus, we

expect this approach to be relatively simple for physical implementation using spin

wave guides and ME cells. However, in this scheme ‘reset’ delay is comparable to

the delay for actual data inputs. This may lead to increase in pipeline latency and

reduced throughput.

6.4 Carry Completion Sensing Adder

Completion detection in the proposed asynchronous designs is based on dual-rail

logic and OR gate to indicate when a new result is available. Dual rail logic results

in a large implementation overhead due to duplication of logic blocks. However,
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Figure 6.4. A-SPWF Pipeline with RESET spacers inserted as DATA at input
of pipelines. Here RESET signals are same as data inputs which RESET output
ME cells. This approach implements relatively simple RESET mechanism for SPWF
pipelines.

for completion detection, it is sufficient to use dual rail logic only on critical path.

Here, we have shown one such example using the Carry Completion Sensing Adders

(CCSA) which uses dual-rail only along the carry chain, thereby significantly reducing

the overhead of dual-rail implementation. CCSA is based on the principle that for

certain inputs (00 and 11), outgoing carry generation is independent of the incoming

carry [16, 7]. This feature, in conjunction with a completion detection mechanism,

allows the overall carry chain (LSB to MSB) to be broken into smaller independent

chains that operate in parallel leading to considerable speed-up. The general principle

of operation is illustrated in Fig. 6.5.

Fig. 6.5.a shows the block diagram of a ripple carry adder, where irrespective of

the input operands, worst case carry chain delay determines adder performance. In

comparison, Fig. 6.5.b shows an example where carry inputs at certain bit positions

are available in parallel based on the input operands at these positions. Thereby,
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Figure 6.5. General principle of operation in CCSA. a) Shows a generic ripple carry
adder where worst case carry chain delay determines the adder performance. b) CCSA
block diagram with an example illustrating the operating principle. The actual LSB
to MSB carry chain is broken into two smaller carry chains that operate in parallel.
CCSA benefits from this feature by using a completion detection block.

the original carry chain is now broken into smaller chains that operate in parallel. A

completion detection block is used to indicate completion of a particular addition.

Fig. 6.6.a shows A-SPWF layout design of a 4-bit CCSA. It can be observed that,

dual rail logic is used only along the carry chain. Since SPWFs are highly efficient in

majority logic realization, we have used direct majority logic based completion detec-

tion (Fig. 6.6.b). Thereby, even higher benefits can be expected with the proposed

layout.

6.4.1 Preliminary evaluation of 32-bit A-SPWF CCSA

Fig. 6.7.a shows the 4-stage A-SPWF 32-bit CCSA design. Each stage consists of

8-bit CCSA units with an internal completion detection circuit. Communication be-

tween individual pipeline stages is enabled by C-elements based on local handshaking.

Fig. 6.7.b shows the pipeline phases, where each row corresponds to a time snapshot
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Figure 6.6. a)A-SPWF based 4-bit CCSA layout. Dual rail logic is used only along
carry chain path and majority logic is used for completion detection. b)Schematic of
completion detection block.
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of the 4 stages. It can be observed that, each stage resets after every computation

and holds the state till the successive stage completes its computation.

Figure 6.7. a) 32-bit A-SPWF block diagram. b) Pipeline phases of individual
stages in the 4-stage A-SPWF 32-bit CCSA.

In our design evaluations, ME cell dimension of 100nm*100nm and 10aJ of en-

ergy/switching is assumed with a switching delay of 100ps. Wavelength (λ) is assumed

to be 100nm with a group velocity of 104m/s.

In asynchronous designs computation delay is variable and dependent on several

factors like input operands and number of active data tokens in pipeline. Thereby, per-

formance evaluation is one of the key challenges for asynchronous circuits. For CCSA,

performance calculation is based on the average case carry chain length. A generic

analytical expression (log2(5n/4), where ‘n’ is the CCSA bit-width) was proposed by

Hendrickson [17] for calculating average carry chain length in CCSAs. Performance

evaluations in this work are based on this analytical expression.

In conjunction to evaluating the core CCSA logic, we have also considered over-

heads due to C-elements and completion detection circuit. Table 6.3 shows the area,

power and performance overheads due to C-elements and completion detection cir-

cuit. It should be noted that detailed description of how ME cells function to a) latch

incoming wave, b) generate new waves, c) generate output electrical pulses, and d)

reset, is necessary to further validate these designs and their benefits.
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Table 6.3. C-element and Completion Detector overhead.

C-element Completion Detector

Area(µm2) 0.13 0.5

Power(µW ) 0.2 0.7

Delay(ps) 200 260

Area, power and performance evaluations for 32-bit SPWF-based CCSA are shown

in Table 6.4. For comparison, preliminary evaluations of a synchronous SPWF ripple

carry based 32-bit adder are also shown in Table 6.4. It should be noted that the

evaluations for the synchronous ripple carry adder are based on the assumption of

availability of SPWF based inter-stage latches with ‘instant-on’ capability. It is ex-

pected that these latches and also the overhead due to layout balancing would result

in additional area, power and delay for the synchronous designs. For a 4-sate pipeline,

our current evaluations show that the synchronous version may compare favourably

vs. the A-SPWF design. However, we expect to get larger benefits with the A-SPWF

approach as the pipeline depth is increased and with higher bit-width. Designing a

A-SPWF based CCSA with variable stage widths may provide additional benefits vs.

synchronous designs. These trade-offs and other design alternatives could be explored

as future extensions of the proposed A-SPWF CCSAs.

Table 6.4. Preliminary evaluations of 32-bit A-SPWF CCSA and 32-bit synchronous
SPWF adder.

A-SPWF Sync-SPWF

Area(µm2) 24 17.5

Power(µW ) 1 0.4

Latency(ns) 6 (Avg. case) 4.8 (Worst case)

Period(ns) 4.5 (Avg. case) 1.2 (Worst case)
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6.5 Chapter Summary

Compared to the clocked designs, asynchronous approach provides several ben-

efits such as i) eliminates the clock distribution related issues (no global clocks) ii)

provides average case performance vs. worst case iii) is inherently resilient to tim-

ing faults due to local variations. Moreover, a clocked approach would require an

‘instant-on’ type of ME cell, which is currently not supported by SPWF fabric. Data

encoding, handshaking, completion detection and reset mechanisms were presented

with discussion on possible variants. As an example, a 32-bit A-SPWF based Carry

Completion Sensing Adder (CCSA) was shown with preliminary area, power and

performance evaluations.
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CHAPTER 7

CONCLUSION

Spin Wave Functions logic fabric is one of the promising options for building

post-CMOS nanoscale systems. Spin wave propagation does not involve any physical

movement of charge particles. This provides a fundamental advantage over conven-

tional charge based electronics and opens new horizons for novel nano-scale archi-

tectures. In this thesis, we have shown how compressed information representation,

in terms of wave amplitude and phase, can significantly reduce circuit level power

consumption and area. We have shown several variants of the SPWFs based on

topology, signal weights, control inputs and wave frequencies. SPWF based designs

of arithmetic circuits like adders and parallel counters were presented. With different

topologies and circuit styles we have explored how capabilities at individual fabric

components level can affect design and vice versa. In-depth experimental work on

ME cell characterization is necessary to further validate the assumptions in this work.

Our estimates on benefits vs. 45nm CMOS implementation show that, for a 1-bit

adder, up to 40x reduction in area and 228x reduction in power may be possible. For

the 2-bit adder, results show that up to 33x area reduction and 222x reduction in

power may be possible. Data streaming approaches based on Asynchronous SPWFs

were also discussed with Carry Completion Sensing Adders as example. The proposed

SPWFs fabric along with the directions discussed in this thesis have the potential of

significantly impacting assumptions and methodologies in important areas of future

nanoscale system design.
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